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SUMMER SCHOOL LECTURES



PREFACE

The sixteenth annual SLAC Summer Institute on Particle Physics was held
from July 18-29, 1988. The subject of “Probing the Weak Interaction: CP Vi-
olation and Rare Decays” was studied in both its experimental and theoretical
aspects by a total of 342 participants from thirteen countries. The school portion
of the Institute featured excellent lectures on this subject by K. Berkelman, 1. Bigi,
B. Cabrera, L. Hall, H. Harari, J. Sandweiss, A.J.S. Smith, M. Witherell, and L.
Wolfenstein. The afternoon discussion were very much enhanced and enlivened by
C. Ahn, R. Aleksan, M. Davier, C. Dibb, R. Ezmaizaldeh, R. Frey, J. Frieman,
M. Karliner, R. Kauffman, I. Klebanov, A. Lankford, B. Lockman, C. Munger,
J. Ritchie, D. Shroeder, N. Wang, A. Weinstein, and M. Woods who acted as
“provocateurs.” As is traditional, the last three days of the Institute were taken
up by a Topical Conference, with invited talks from ongoing experiments and the
associated theory.

We thank Eileen Brennan for organizing and running the meeting, and with
great persistence, editing these Proceedings. She and her staff contributed much
to the success of the meeting both through their hard work and their good humor.

Gary Feldman
Frederick J. Gilman
David W. G. S. Leith

Program Directors




TABLE OF CONTENTS

Part I. LECTURES

Part I1.

K. BERKELMAN
“Results on b-Decay in ete™ Collisions, with Emphasis on

CP Violation” . . . . . ¢ . . . v i i e e e e e

I. 1. BIGI
“Precious Rarities —On Rare Decays of K, D and B Mesons” . . . .

B. CABRERA

“Superconducting Detectors for Monopoles and

Weakly Interacting Particles” . . . . . . ... ... .. ... . ...
L. J. HALL

“Cosmic Relics from the Big Bang” . . . . ... .. ... ... ...

M. S. WITHERELL
“Double Beta Decay” . . . . . . . .. .. ... L.

L. WOLFENSTEIN

“Neutrino Masses and Mixings” . . . . . .. . ... .. ... ...

H. HARARI

“The Bottom Quark: A Key to ‘Beyond Standard’ Physics” . . . . .

J. SANDWEISS
“b-Physics in Fixed Target Experiments” . . . . . . . ... ... ..

A.J.S. SMITH

“Experimental Searches for Rare Decays” . . . ... .. ... ...

TOPICAL CONFERENCE
C. YANAGISAWA
“Recent Results from CUSB-II” . . . . ... ... ... ......
N. KATAYAMA
“Recent Results from CLEO —An Observation of B® —
and a Search for Charmless B Meson Decays, B~ — ppr~ and
B - pprtETT L
D. B. MACFARLANE
“B Decay Studies from ARGUS” . . . . . . ... .. ... ... ..

B Mixing

page

31

Part II. TOPICAL CONFERENCE page

D. PITMAN

“Evidence for Df — et X” . . . . . . oo 209
J. SHIRAI

“Recent Results from TRISTAN™ . . .. .. .. .. ... .. ... 217
M. S. WITHERELL

“Prospects for B Physics” . . . . . . .. ..o 241
S. CONETTI

“Hadroproduction of ¢ and x States” . .. .. .. ... ...... 253

B. T. MEADOWS
“Recent Results on § = —3 Baryon Spectroscopy from the

LASS Spectrometer” . . . . . . ... .. 255
S. R. SHARPE

“Calculations of Hadronic Weak Matrix Elements:

A Status Report” . . . . . . . .. .. L 271
J. M. LOSECCO

“Recent Results from IMB” . . . . . .. .. .. .. ... ... . 289
M. KOSHIBA

“The Neutrino Astrophysics: Birth and Future” . . . . . . . .. .. 301
H. SCHELLMAN

“Neutrino Production of Charm at FNAL E744” . . . . . . . . . .. 315
C. N. BROWN

“Twenty Years of Drell-Yan Dileptons” . . . . .. . .. .. ... .. 327

R. J. MORRISON
“Recent Results from E-691” . . . . . . ... .. .. ... ..... 335

V. CHALOUPKA
“Study of K+ — wte*e™, and Search for
Kt —satpfe at BNL” . . . .. ... ... 347

W. M. MORSE
“Search for Flavor Changing Neutral Currents—-
K} — preF eteand 7lte™ ..o oo 355



Part II. TOPICAL CONFERENCE page

G. ZECH

“Qbservation of Direct CP Violation and Status of the

$00 _ $+— Measurement in the NA-31 Experiment at CERN” . . . . 367
B. PEYAUD

“Results from E731 - %' Measurement at FNAL” . . . . .. .. .. 389

P. R. BURCHAT
“Status of the SLAC Linear Collider and Mark II”

.......... 399
D. AMIDEI
“Results from the CDF Experiment at Fermilab” . . ... ... .. 415
APPENDIX

List of Particivants . . . . . .« v« v i v e e e e e e 431

cipa. R
Previous SLAC Summer Institute Titles and Speakers . . . . . . . . 445



RESULTS ON b-DECAY IN e¥e”™ COLLISIONS,
WITH EMPHASIS ON CP VIOLATION

Lectures given at the SLAC Summer Institute, 18-23 July 88
Karl Berkelman, Laboratory of Nuclear Studies, Cornell University

1. STANDARD MODEL BASICS

Decays of the b~quark take place through the flavor changing
weak interaction. In the standard electroweak model the GIM

1

mechanism requires that there be no flavor changing neutral

current interactions (which is confirmed by the absence of B S Ptex
decay52 ). The flavor changing weak interaction is a gauge
interaction carried by the charged W intermediate vector boson, of
mass 81.8 GeV. The WF couples to doublets of left-handed leptons or
quarks (Fig. 1.1). There are at least three lepton doublets, e ,v)
= (e7,Vg), (B,vp), or (1,vg), and three quark doublets, (D,U) =
(d,u), (s,c), or (b,t}. The color-weighted sum of charges for each
of the three families should be zero (g, + g, * 394 + 3q, = 0, for
instance), or the triangle anomaly contribution to processes such as
Compton scattering (Fig. 1.2) will violate unitarity. Therefore, in
the standard model the number of lepton families has to equal the
number of quark families. There are good reasons to believe that
the number of families cannot be much greater than the three we
know, but as far as I know, there is no proof yet that there cannot
be a fourth family.

Two familiar examples (Fig. 1.3) of flavor changing weak

interactions are muon decay,

4
1 g 5
s —— 2 _n f(m /m ),
S SE R S e u
w
and pion decay,
1 4 2.2 2
r = sg—ilvdlfnm mF(m/mn).
2'n Mw v s ’

The formulas illustrate several important dependences of the weak
interaction rates: (a) family mixing, (b) phase space, (c) helicity,

and (d) hadron binding.

©K. Berkelman 1988
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Fig. 1.1 Charged current weak couplings, leptonic and hadronic.
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Fig. 1.2 The triangle anomaly graph for Compton scattering.
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(a) (b)

Fig. 1.3 (a) Muon decay u~ —%vue_ ;é: (b) pien decay mn~ —)u'&h.

(a) Weak coupling

Reactions involving only leptons are characterized by a single
universal coupling constant g, which can be related to the
electromagnetic coupling and the Weinberg angle parametrizing the
electroweak symmetry breaking: g = e/sin@, = 0.637. Since the
interactions we are considering involve a virtual four-momentum g
<< M, the coupling and propagator factor gz/(qwz—Mw2) always

reduces to gz/Mw2 = (B/JE)GF = 6.60x107° Gev™2,

(b) Phase space

The rate for any final state in a weak decay is suppressed by a
relative phase space factor that depends on the final state particle
masses and the total available energy. In the case of the muon
decay the factor is

£(x) = 1 - 8x + 8x5 - x* - 12x%{n(x),

which is very close to one for x = (me/mu)2 If we apply the same
rate formula to the T~ Aavru_Gk decay the phase space factor is
£ = 0.973 for x = (m/m)?.

In the case of a decay of a particle of mass m; to two
particles of mass m, and one massless particle, the appropriate

phase space factor is

2 3
X 3x 2 X e
g(x) = (1 - & e —AlT)Vl - x + 3x (1 —R)m—————_-——

with x = (2m2/m1)2.
The phase space factor for m or K decay to L+v is
Fix) = (1 - %2,

: i = - 2 - = 2
which is F = 0.182 for x = (mu/mn) and F = 0.910 for x = (mu/mK) .

(¢c) Helicity suppression

In the decay n~ — Lv the two final state fermions are emitted
in opposite directions in the pion rest frame and must have the same
helicity. in order to have angular momentum components that sum to
zero, the spin of the pion. The V-A nature of the weak interaction
requires that the virtual W~ couple to a left-handed {” and a right-

handed V. Since the massless neutrino travels at velocity ¢, its




helicity cannot be changed by a choice of frame. Angular momentum
conservation then forces the £~ to have the wrong helicity, which is
not impossible if it is nonrelativistic. The decay rate however is
then suppressed by the factor 1 - Bi = 2m0_2/(m7!2 + "YZ)' This
explains the factor mu2 in the n -9u.Vu decay rate formula and
accounts for the fact that the 1 —e ;é branching ratio is conly

1.23x10’4, in spite of the more favorable phase space factor.

(d) Hadronic binding
When a meson decays leptonically the bound quark and antiguark

annihilate into the W that produces the {+v final state. In a non-
relativistic model of quark-antiguark binding, the amplitude would
be proportional to y{0), the g q wave function at zero separation.
More generally, this is contained in the "decay constant™ f of the
meson, which can in principle be calculated from QCD with lattice
gauge theory methods. The observed charged pion and kaon leptonic

decay rates imply that fp = 0.9%4mg, and fi = 0.34mg.

(e) Family mixing

The effective couplings in reactions involving quarks are
reduced, especially in cases where the W couples two quarks from
different families, as for example in the K —uv decay. First
parametrized in terms of the Cabibbo angle, the effect is now
described in terms of a 3-by-3 unitary family-mixing matrix
(Kobayashi—Maskawa3 ). That is, the D (charge -1/3) members of the
weak interaction doublets, df s’ b’, are related to the pure quark
states, d s b (eigenstates of the strong interaction) by a unitary
matrix V. The effective coupling for any WUD vertex is given by
9Vup-

The nine matrix elements are not independent, but depend on the
three angles specifying the rotation from the d s b basis to the
d’s’b’ basis, plus a complex phase. They can be chosen in various
ways; rather than the original Kobayashi-Maskawa convention, I

prefer the choice which defines the angles to correspond to the

three most easily measurable off-diagonal family transitions, 6,
for s -u, 8,3 for b ¢, 8,3 for b —u, and concentrates the

phase dependence in the corners farthest from the diagonal:

Vud Vus Vub
v = Vea Ves Veb
Ved Ves Veo J
-i8
€12€13 51213 s13®
= 18 i8
= | -s120237c128235138%0  ©1262375125239138 52313

; id
$12523C120238138%0  ~c1p83-s15003813¢ ©23°13 '

where cy4 = cosGij and 5314

matrix in the limit in which the three angles are small, so that

= sineij. It is easier to understand the

Cij = 1:
-i8
( 1 S1p sy3€ \
V= -sppmapgsizet 523 J
' 8
( s1p3p3-s13e™ ~sz3 1
1

An equivalent form, due to Wolfenstein, substitutes A for sinelz,
M2 for sinB,3, and Ak3(p+in) for sin613e'i5. In the A<<1 limit it

reduces to

1 A a3 (p+im)
v=1] - 1 a2
a3 (1-p-in) -mr? 1

The angles and phases (B8y;, 853, 6,3, and S or alternatively A,
A, p, and M) are assumed parameters in the Standard Model on the
same footing as lepton and quark masses, coupling constants, etc.
In order to come up with a more generxal theory which predicts all
the assumed parameters, it is important that we know their values.

In measuring them we are also testing the Standard Model and the

~3-




assumption that there are only three families. With four families
the 4x4 matrix can be parametrized by nine independent constants. If
the neutrinos have mass, there will in general be a mixing matrix

for leptons also. From now on we will assume three quark families
and no lepton mixing.

Provided that the KM angles, 054 and 913, involving the third
quark family are small enough, the matrix elements in the upper-left
2x2 quadrant depend only on 912, essentially the Cabibbo angle.
Measurements of decay rates for the first two families give the

following matrix elements:®

IVag!l  1Vagl ) = [ 0-9744%0.0009 0.2196:0.0023)

[ 1Veal  1Vegl ) [ 0.19 *0.03 0.96 *0.08

The measurementa are all consistent with 012 = 0.226, If we assume
three quark families and unitarity of the matrix, they also imply
that lvub‘ < 0.084 and lvcb] < 0.46 {90% confidence).

To find out anything about the remaining two mixing angles, we
have to involve the third quark family. If these angles are small
(they are), the model predicts that the dominant flavor changing
decay of the t quark is to the b quark, so that even if we could
readily observe the decays of hadrons containing the top quark,
there would not be much sensitivity to the off-diagonal matrix
elements containing 653 and 8;3. That is, we have to depend on
measurements of the decay of the b quark, which has to decay through

family mixing.

2. B MESON DECAY MECHANTISMS

{a) Idealized spectator decays

Ideally, one could get the KM matrix elements [V yt and [V !
by measuring, for example, the rates for b —ce” Gé and b —ue” Jé,
then using the formula given above for muon decay (with the
appropriate factor of !Vlz) to extract the matrix elements. Since
we don’t have free quarks, we look instead at B —+Xce‘ ;é and
B —éXue— G;, where Xc and X, represent all charmed meson and all
uncharmed meson final states inclusively. The hope is that the b
quark would decay according to the muon decay diagram, while its
partner antiquark in the B would continue without affecting the weak
interaction (Fig. 2.1) and combine with some unpaired quark in the
inclusive hadron final state. In this ideal model the existence of
the "spectator™ antiquark and its strong interactions with the b
quark and the final ¢ or v gquark would not affect the weak decay
rate. In fact, however, we should expect corrections which may be
difficult to calculate and/or decay amplitude contributions from
other decay mechanisms. We have to measure in some detail the
decays of mesons containing heavy quarks before we can have
confidence in extracting experimental information about the basic
parameters of the quark decay.

Whether a meson containing a heavy quark is charged or neutral
is determined by the partner light antiquark: K® = sd, K~ = su;
ot =cd, p° = cu; B® =bd, B~ =bu. If it is only a spectator in
the weak decay, then the lifetimes of the charged and neutral heavy
mesons should be identical. The measured ratio of lifetimes
Tch/Tneut for K and D mesons show important nonspectator effects;

the data for B’s are inconclusive:

K*/Kg, K¥/Kp:  139,0.239 (pDGS )
pt/po: 2.4 (E6917 )
Bt/BRO: between 0.5 and 2.3 (cLEOB )
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Spectator graphs for B decay.

c

In the spectator picture the branching ratios at the lepton and
quark level are predictable using the muon decay rate formula. We
substitute the approximate masses (m, = my = 0.34, my = 0.50,

m. = 1,66, my, = 5.04 GeV) and KM matrix elements along with a factor

c
of three for quark colors to arrive at the following predicted

branching ratios, as compared to experiment:

Quark Decay Prediction Data(t) Data(o) Data Ref.

c s setv, 0.21 0.18 0.07 Mark 111°
su+vu 0.21 0.18 0.07 assume H=e
sud 0.57 0.61 0.85 closure
sus 0.01 0.028 0.014 Mark 11110,11

b —ce” v, 0.16 0.11 creol?
e~ V—u 0.16 0.11 "
ct” vy 0.04
c ud 0.47
cus 0.02
cacs 0.13 0.12 CLEO, ARGUSL3.1H
cecd 0.01

The predicted branching ratios involving the dominant ¢ —s and

b —»c transitions are not very sensitive to the assumed values of
the KM matrix elements, but for the numerical values I have assumed
that |vcd/vcs|2 = tan2912 = 0.052 and that Ivub/vcblz is negligible.
The conclusion from the comparison of predictions and data is that D
decays deviate significantly from spectator dominance, and B decays
less so.

7

Although neither the lifetimes’ T nor the semileptonic

branching ratios? B are the same for charged and neutral D’s, the

8

corresponding semileptonic decay rates (I = By /1) are equal, as one

s

would expect if the spectator mechanism were dominant just for the
semileptonic decays:
it sxetvy) = 0.17 + 0.02 psec™?

Tp° —xe*v,) = 0.16 + 0.03 psec™?.



In a simple spectator decay the initial light quark or
antiquark continue through the decay to the final state. One
example of an observed decay for which this is not true is
p° - K%, which has a branching ratio = 0.95 % 0.21%.1%  7This can
be compared with the Mark III resultll for the corresponding
nonresonant mode

p°® - KOkYk~ Branching ratio = 0.8 * 0.3 * 0.2%,
which could go through the simple spectator mechanism. The
comparison suggests that other mechanisms are present in D decays.

Even if the light antiquark in the initial heavy meson is
present in the hadronic final state, it is not an ideal spectator
decay unless the final hadrons can be divided into two groups, one
charged combination that could be the product of the W (wt for D or
B decay, W~ for D or E'decay), and one combinaticn that could be
the product of the spectator and the direct daughter of the original
heavy quark. We can write down some low multiplicity modes that are
allowed by all the conservation laws but do not fit this criterion
(assuming that c quarks are not produced in hadronization). Their
branching ratics (below left) can be compared with those for similar

final states (below right) that can be reached by ideal spectator

decays.16 (11
D°® - KOr® 1.940.4%0.2% p° Hk'rt 4,210,440 4%
p* - KOn* 3.240.540.2%
p° - K%° 0.8%£0.1%£0.5% p® Kk p* 10.8%0.4+1.7%
p* 5 K*°ox° 2.6+£0.3+0.7% pt 5 K*oxt 5.9%1,9+2,5%

A subset of this class of nonideal decays consists of the modes
in which the ¢ quark from the b —cW transition pairs with the c
from the W~ —s ¢ to form a bound charmonium state, VY, Y, %, or ups
(Fig. 2.2). The inclusive branching ratic for B - yX is measured
to be 1.2 = 0.3%.%4

Obviously, the simplest spectator picture is a poor description
of hadronic D decays, and is not strictly true for B decays. Can we

understand the nonspectator effects?

0050888-018
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Fig. 2.2 Charmonium formation in B decay.




(b} Annihilation and exchange contributions

The diagram for pion decay (Fig. 1.3b) is an example of a
nonspectator mechanism. In a charged heavy meson (negatively, say)
the heavy guark and its antiquark partner can annihilate into a W,
which can form either a ¢+ v leptonic final state or a hadronic
final state evolved from a D+ U quark combination (Fig. 2.3a). If
annihilation is the dominant amplitude, the decay rate is given by
the same formula as in the pion decay, except for the substitution
of the appropriate masses, decay constant, and KM element. Note
that the annihilation mechanism is more likely to be important when
the initial quark and antiquark are in the same weak doublet (e.g.,
Dy = ¢ ;), so that |v|2 is large. For a gquark-antiquark D+G.final

state there will be an extra IVUDI2 factor in the rate for the final
— 0050868 -019
WD U coupling and a factor of three to account for the color degree

of freedom. b 1_ o b U
Although annihilation into a W~ is forbidden for a neutral 8 _“_I_ or 'éo Wi

i ~ v ) | —

meson, there is an analogous exchange mechanism (Fig. 2.3b). The u v u E 1 U

heavy quark (b for instance) exchanges a W with its partner (a) (b)
antiquark (say a d), changing the b to a ¢ or u and changing the d
to a u (or E}. Since the W mass is large compared to the other
masses, the distinction between s-channel and t-channel propagator Fig. 2.3 (a) Annihilation and (b) exchange graphs in B decay.
factors for the virtual W in the annihilation and exchange diagrams

is immaterial. Both are effectively four-fermion interactions, with

the same factor MW"2

in the amplitude.

The KM matrix affects the annihilation and exchange decays of
the p¥, D®, and D, differently. The c u 5w vertex in pt decay
costs a factor of AZ in the rate, while in the D° and Dy decays all
vertices can be with diagonal KM elements (a factor of 1). So even
if annihilation and exchange decays are important contributors to
hadronic D and Dg decays, they are unlikely to have an effect on
the bt decay rate. One would expect T, > To ~ Tgr and indeed that
is roughly what is observed7:

T, = 1.06 £ 0.05 % 0.03 psec
T = 0.44 £ 0.02 £ 0.01 psec
T, = 0.48 £ 0.06 * 0.02 psec.




We should note that the muon decay rate formula implies that
the decay through the spectator mechanism of a meson containing a
heavy gquark has a rate proportional to the fifth power of the mass
of the decaying quark, while the pion decay rate formula indicates a

more gradual dependence on the mass of the decaying meson for the 0050888-020

annihilation or exchange case. Obvicusly, the higher the mass of

the heavy quark, the greater the chance that the spectator picture ’Z'
will dominate. b . W__ —

In first order, the annihilation or exchange mechanism cannot - i7
lead to a semileptonic decay like B —x{v, but one could imagine the B

[4]

b and U in a charged B annihilating into £V, with extra hadrons X
emerging from one of the initial quarks via a gluon line (Fig. 2.4).
The emission of a hard gluon would modify the decay rate formula;
although the decay would be inhibited by a factor of ag, it could Fig. 2.4 Semileptonic B decay by weak annihilation.
avoid the helicity suppression. Such a mechanism could contribute

to semileptonic charged B decay and not to the corresponding neutral

B decay, although the fact that the semileptonic rates are the same

for charged and neutral D’'s suggests that it is not a significant

contributor. It does not follow that we can neglect the

0050888-021

annihilation or exchange mechanism in nonleptonic decays.

) w
{c) Penquin Decays T

The standard model forbids flavor changing neutral current b c,t S
decays in lowest order. That is, couplings like b —s2° cannot g or ),

occur. One can construct however a higher order graph (Fig. 2.5)

l
e

which accomplishes the same effect. The heavy quark decays to a
lighter quark of the same charge through a virtual loop containing a
W and a quark of the other charge (KM factors favor ¢ or t). .

Fig. 2.5 Penguin graph in B decay.
Energy-momentum conservation is preserved by emitting gluons and/or

photons that may or may not couple to the spectator antiquark. This

is called a "penguin" diagram.

The possibility of such a decay contribution first arose in

connection with the AI=1/2 rule in K decay. The spectator,
annihilation, and exchange graph for hadronic K decay each has two

weak vertices, one involving s S uW™ or su — W (with isospin

-8~




change 1AI1=1/2), the other involving W~ —>du or dW — u (with
{AT(=1). The net effect can be {AI{=1/2 or 3/2. Observed charge
ratios, such as (KsO ——)7t+1t')/(K5° —-7°2°) = 2 and

(x¥ —n*nT)/(K® —all mm) <<1, imply the dominance of |AT|=1/2 in
hadronic K decays. It could happen naturally if K decays were

dominated instead by the penguin graph, giving an effective single- 2430788-040

step s —d decay with ]JAI|=1/2. The penguin graph, which contains ‘ AN it S L A S A R B LA AR I LI B
a KM-suppressed vertex, has a chance of competing because the 6.0 -_ poK- (o
conventional decay graphs are suppressed by essentially the same KM " 1
4.0} ]
factor. L J
Such a mechanism could contribute to the decay of the b quark. 2.0 -1
The signature would be the decay of a B meson into a noncharm, but 0.0 :lfﬂ D ﬂ| \ — ; [LJ ﬂ | [—! I—! ﬂ ‘[ . .
strange, final state. Severxal modes have been searched for (see ?J ' - ' ' ——I - o -
Fig. 2.6), so far unsuccessfully.17 The experimental upper limits uz). 6.0} KO b
are getting close to the predictions. Qj 4.0 L .j
b - _j
MODE measured %Br predicted %Br § 2.0 t ” I—-L_I I_LLL_H N
¥ 0.0 b0 PP U 2 S
B~ — K°n~ 0.068 cLeo  0.00618 - DO - (c :
K*on~  0.013 " 0.00518 s.or 4
Kp° 0.007 " 0.00118 4.0 7]
K¢ 0.008 " 0.004,18 0.00519 2.0 - i
K*7y 0.10 ARGUS OOL T s B ¢ DY P T
K ete” 0.005 CLEO 0.0001-0.0003%8,20 . 5,210 5,230 5.250 5.270 5,290
Kt~ 0.012 " " Beam Consirained Mass (GeV)
B° 5knt 0.009 cLeo  0.01,%8 g,00721
K*n* 0.07 " 0.0118
K%p© 0.08 “ 6.000418 Fig. 2.6 CLEO candidates (Ref. 17)for B~ SKnta” with
) 0.13 " 0.004,18 ¢.pps521 {a) 'z~ = p°, (b Kx* = K *°, and (c} K7n* = DO,
K*°p© 0.12 “
K*¢ 0.047 " 0.0058
K*oy 0.04 ARGUS  0.001-0.0320
K*%ete™ 0.065 CLEO  0.0001-0.000320
K*optu™  0.045 w "



{d) QCD Effects

Once the final quarks are produced by the weak interaction, the
hadronization process takes over to produce the various modes of
hadron final states. We have tacitly assumed that the decay rate is
not modified by the second stage, which involves poorly understood
soft hadronic interactions. There are several ways in which this
assumption can be wrong.

{1) Even if the overall hadronic decay rate were not affected
by strong interactions, we would still need to understand them in
order to calculate the branching ratios for the various exclusive
decay modes. The distribution of multiplicities of the final state
hadrons in D or B decay depends on the detailed dynamics of the
hadronization process, as do the branching ratios for the low
multiplicity final states that are the most convenient experimental
signatures for charm or bottom production.

{2) Hadronic interactions can remix the quarks and turn a
simple spectator configuration into a first-order forbidden final
state. For instance, in the "spectator™ decay
bc_{_ - (c c;)w’ - (c CY) (d c_) one expects that a hadronization
interaction in which the ¢ and ¢ quarks combine to form a y (Fig.
2.2) would have a rate that is suppressed by a factor (1/3)2 because
of the 1/3 chance that the two combining quarks would have the right
color-anticoloxr combination. Decay modes which suggest weak
annihilation or exchange diagrams (Fig. 2.3) can be the product of
spectator decays with strong final state interactions; for example,
the D° —¢ K° decay can be explained either by an exchange graph
(with an s ;-popped in the final state), or for example as a
spectator~dominated D° —+p+K" weak decay followed by a strong,

Zwelg violating rescattering p+K"—+¢ K°.
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(3) Interferences between different diagrams carn be influenced
by the identity of the spectator quark; that is, they can cause the
decay rates of the charged and neutral heavy mesons to be different,
even when the basic weak decay is predominantly through the
spectator graph. For example, in the spectator decay of the D+,
cd o (s d)+(uad) leading to final states like %1%, the two ways of
pairing the d quarks in the hadronization process can interfere,
while in the corresponding decay of the p°, (¢ J) — (s J)+(u a)
leading to K_n+, or of the Dg, (¢ ;) - (s §5+(u 5) leading to ¢n+,
there is no such possibility. This could be part of the explanation
why the ot lifetime is significantly longer than that of the D° or
DS'

{4) Particle-antiparticle oscillations, which can occur in the
B9 B° system as in the K© K° system, are intrinsically non-spectator.
I will consider this in more detail later.

There have been a number of attempts to understand exclusive
branching ratios for two-body D and B decays. I will discuss here
briefly the calculations of Bauer, Stech, and wirbel,22 based on a
factorization hypothesis, that is, that the short range effects of
perturbative gluon exchange and long range quark binding can be
dealt with separately. This model has been quite successful in
explaining D decay branching ratios, with the exception of D° — EO¢
(perhaps because the model neglects final state rescattering). All
amplitudes for two-body B (=b i) decays are expressed as linear
combinations of only two amplitudes on the basis of "flavor flow",
one amplitude a; corresponding to the case in which the initial
partner iris paired in a final state hadron with the daughter guark
of the initial heavy quark (the ¢ or u from the b), and the other
amplitude ap in which the initial a and the heavy quark daughter are
not in the same hadron.

There are only three two-body B decay modes to final states
containing charm for which c1e0?3  and ARGUS?? have measured the
branching fractions well enough to make a meaningful comparison with
the theory. Of the three, one depends on a,, one depends on as, and

one involves both amplitudes.




1

Mode % B.R., expt Predicted decay rate, psec’
B° =D *n” 0.34%0.14 131V Vgl 2as?

B® - yk"© 0.3740.13 2901V V1 %852

B~ —Dp°n” 0.47£0.17 1.7V Vgl 2 (a1+0.75a5) 2

The numerical factors in the predicted rates are calculated assuming
a simple model for the effect of quark binding. From the
factorization hypothesis one expects a; = Cyp + §C2 and

ay = &Cl + Co, where the coefficients €y = 1.1 and Cp = -0.24 are
calculated from perturbative QCD at the b mass scale. Note that in
the approximation C, << Cy, the WK* mode (which requires color-
matched ¢ and g) would have an amplitude proportional to the color
factor &, which naively should be 1/3. If we use the experimental
branching ratios and the PEP-PETRA average value for the b
lifetime,25 the data imply laj! = 1.0 * 0.2, lapl = 0.09 + 0.02,
and laq+0.75a51 = 1.0 £ 0.2. The three measurements are consistent
with each other and with the QCD factorization prediction, implying
£ = 0.31 % 0.05 (if a; and ap have the same sign) or & = 0.13 % 0.03
(if they have opposite signs).

The measured two-body B branching ratios are therefeore well
reproduced by the factorization model, and the value of the color
factor £ is probably close to the expected value of 1/3, although
there is evidence from other experiments (the inclusive B —yX
rate, for example) that E may be near zero. 1In the following we
will use this model to predict branching ratios for other two-body

modes .

_1i-

3. MEASUREMENTS OF V b AND Viy

(a) The B meson semileptonic decay rate

While we cannot assume that the spectator diagram dominates all
B decays, it may be more nearly true for the B semileptonic decays.
We have noted above ({(Sec. 2a) that the measured p* and D°
semileptonic decay rates are independent of the spectator quark
type. Because of the mq5 factor in the spectator decay rate, it is
even more likely that it will dominate in the B case.

The average lifetime of b hadrons has been measured in several

experiments at PEP and PETRA.ZJ

It is not possible to separate
unambiguously the 1/11 of the ete™ annihilation events that are bb;
one selects an enriched sample either by requiring a lepton with a
high pq with respect to the jet axis or by making a cut related to
sphericity. The measurement averages over B, BC, Bg, Ay, and so
on, weighted by the unknown relative abundances in high energy
hadron jets and weighted by the relative efficiencies of the
selection cuts for the various kinds of b hadrons.

The effective average decay distance for the selected event
sample is measured either by determining the mean impact parameter
of the lepton tracks or by actually locating a secondary vertex
event by event. To extract an average b lifetime one has to model
the contamination of non-b events in the sample, the momentum
spectrum and angular distribution of the b-hadrons, the tracking
resolution, and other systematic effects. In spite of the rather
indirect nature of the measurements, different detectors using
different techniques give compatible results (Fig, 3.1), all

consistent with the world average,25

T =1.18 * 0.14 psec.

To get the semileptonic decay rate we also need the branching
ratio for the average b-~hadron to decay into electron or muon.
Although this has been measured in the same PEP and PETRA
experiments for presumably the same mixture ¢f b-hadrons as in the
lifetime measurement, the most accurate measurements come from

experiments at the Y(4S) resonance, where only BYE™ and B® B are

produced. In the PEP and PETRA experiments one models the effect of
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Fig. 3.1 b lifetime measurements (from Ref. 25).
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contaminations in the enriched b-jet sample and assumes that the
rate for efe”™ - bb is 1/11 of the total. At the Y(4S) resonance
the data rates are much greater, and the non-B grbackgrounds, both in
the total BB rate and in the lepton sample, are easily subtracted
using data taken below B B threshold. The branching ratio results
(see Fig. 3.2), averaged for electrons and muons are?®
By = 12.4 £ 0.8% (PEP, PETRA)

11.1 + 0.5% (CESR, DORIS)

11.5 £ 0.4% (world average).

The consistency of the threshold and high energy measurements
is evidence that the difference in the mix of b-hadrons is not too
important. We will therefore use the weighted average branching
ratio, combine it with the world average lifetime measurement, and
assume that the spectator quark is irrelevant, to arrive at the
following semileptonic b-decay rate

Ib - (c or w)+fV] = 0.0%4 = 0.012 psec™l.

The theoretical expression for the rate (essentially the muon
decay rate formula given in Section 1} has to be summed over the c
and u quark final states, each with its KM factor and phase space
factor:

G 2 5
—E—T%— n (fcch I2 + fuIV IZL

1931 o ub
The QCD correction factor T is estimated to be 0.87 + 0.05. The

T(B »ivx) =

phase space factor is 0.97 for the light u quark; and assuming
m, = 1.65 GeV, it is about 0.46 for the charmed quark,although one
can get different estimates using meson masses. The largest
uncertainty, however, comes from the b-quark mass, which is raised
to the fifth power. Taking m, = 5.00 £ 0.15 GeV we have

I(B — LVX) = (94 % 14 psec™ 1) [0.461v 12 + 0,971V 1 12].

The measurement therefore implies

(Vap!2 + V127,048 = 0.0022 + 0.0004.




0050988-027

CLEO B4 ——

fL

— I

CLEO 87 ol el
cuss | — N
ARGUS —.— —ef—

Mk 1 ae |
MAC R E— —L'——
DELCO ! —_— |
TPC e e I ——
Mk J ! —t—
TASSO g g
CELLO I .
JADE —_—
] L ll 1 1 ll 1 1
0.10 0.12 0.14 0.I0 0.12 0.4
B—evX B—’H._Vx
B~ ol B— all

Fig. 3.2 B semileptonic branching ratio measurements
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(b) Charmless B Decavys

It was clear from the earliest CLEO observations of the Y({485)
decays that the decay of the B meson is predominantly through the
27

Veb coupling rather than via V.. The inclusive kaon rate is

large {(from b —c¢ —s), and the total inclusive rate for D+, D°,28

D5,13 Ac,29 and w14 is not far from one per B. This makes getting
a measurement or even an interesting upper limit on V), rather
difficult. There are two techniques that may be sensitive enough:
(1) observing the shape of the end point of the lepton momentum
spectrum in semileptonic B decays, and (2) searching for exclusive
charmless B decay modes.

The first technique relies on the fact that the minimum final
state hadronic effective mass M, in charmed B —X. ﬂ;~decays is at
least mp, while in the charmless B ~+XUQ;-decays it can be as low as
mp. This should be reflected in the end point of the lepton

momentum spectrum:

Py, max ZMB !

which in the rest frame of the decaying B is Py, max = 2.31 GeV/c for
M, = mp and 2.64 GeV/c for My = my,. Figure 3.3 shows the creo30
observed p, and Py spectra for B mesons produced almost at rest in
T(4S) decays. The contribution from non-B B sources is subtracted
using data taken below B B threshold. There is no evidence for any
contribution beyond p = 2.4 GeV/¢; that is, no contribution from the
b —uW~ coupling.

In order to turn the observed upper limit on the rate for
B =X, v with p > 2.4 GeV/c into an upper limit on 1Vyp| we need a
theoretical model for (B —)XulG} p£>2.4)/lvub;2. There are two
kinds of models (see Fig. 3.4); the "inclusive" starts at the quark
level and predicts the full lepton momentum spectrum, and the

"exclusive” starts with a few low multiplicity channels (nl&: plﬁ;

‘etc.) and predicts only the high momentum end of the spectrum where

they dominate. In the inclusive model the overall B —éxulg-rate is
given by the free quark decay rate (b —auLG}, but one has to guess

the initial gquark momentum distribution and the hadronization
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spectrum in M, in order to predict the high momentum end of the
lepton spectrum where the measurements are made. On the other hand,
the exclusive models can predict only the high momentum end of the
spectrum. They are sensitive to assumptions about form factors, and

different calculations vary widely. Based on CLEC data and several
2430788-039
Lﬁ' " L 1 T ] T T ] j T Ll T rT T T ‘

6.0 [~ {a

models, here are the 90% confidence upper limits for Wub/vcb“
31

1Vup/Vep! < 0.10  inclusive

0.13 inclusives?

0.17 exclusives? 4,0+ —

0.14 exclusive.34 o .
2.0k .
Without clear guidance on what calculation to believe, we have to ﬂ d
MRTORTU B I A N E 0 5 1 I I
t—+ et

take the one that gives the highest upper limit. 0.0 T

> . -4
In a variation on this technique we can try to decrease the % 3.0 (b -
statistical effect of the non-B B background subtraction by looking er" 2.0 t. j
for the exclusive charmless semileptonic modes B apL\T and ndv. : : I .
Because of the unseen neutrino, one cannot make an overconstrained ;C: I.OL -
kinematic reconstruction of the decay, but one can at least check u>J 0.0 _H [ ﬂ ,ﬂﬂ N .ﬂ . .ﬂ N
each candidate avent with pa > 2.4 GeV/c for the possible presence ' LN oo ll j I( i
of a kinematically consistent p or ®. Because of efficiency losses 4.0 - + + + + ¢ o
the limits one derives on |V,,| turn out to be no better than the 0.0 } | } J[lll[+l++ +L +++"IL+' by |+'+++lll
ones derived inclusively. 'T (T T + +T +
In the other technigue we try to reconstruct ezclusive B decays -4.0 : :
P SRR W AT UUN WA U N TR VT TN DOUN S ST S M

to modes which do not contain a charmed (or strange) particle in the

i
5.210 5.230 5,250 5,270 5.290

final state. 1In order to keep the combinatoric background of X
8eam Consirained Mass (GeV)

spurious reconstructions low, we have to restrict ourselves to low

multiplicity modes. We also suppress background from two-jet non-B B

continuum by requiring a minimum sphericity for the “other B". The Fig. 3.5 CLEO candidates (Ref. 17) for B satn”:
efficiency for reconstructing these charmless modes is fortunately (a) on the Y(4S) resonance, (b) below BB threshold,
much higher than for the charmed modes, because one does not have to (c) net BB contribution.

use a low-branching-ratio D mode a5 a signature. Figure 3.5 shows a
CLEO searchl? for B »n™n” in the dipion invariant mass spectrum on

the YT{45) resonance. The charmless branching ratios reported by

cLeEol” and ARGUS3® are given in the table below, along with the . A
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Bauer, Stech, and Wirbel predictionszz for the mesonic modes

normalized to [V,p/Vop!t = 1.

MCDE

B” —n°n”
[
p®aq (1270)°
p®aj(1320) 7
A®p
pAT”
ppn”

BO —»ntn”
p™n” & pTrt (sum)
pOPO
nta; (127007 & -+
nta,(1320)7 & -+
PP
A° AP
At A

pprtn”

Since the theory used

CLEC %Br

.23
.015
.32
.23
.033
.01
.03
.009
.61
05
12
.16
.004
.18
.013
.12

o 0 0O 0O D O O O O O 0 0o oo o o o

o o o o

$Br for ]Vub/vcb|=l

.062
.022
.33

.20
.68
.011
.60

to predict the charmless branching ratios

gives reasonable values for the measured charmed branching ratios

(Section 5¢, above), we may be justified in using it to derive

conclusions about the value of [Vl implied by the data.

The most

stringent limit (90%) from the mesonic modes comes from the

B® 5ntn” decay:

1Vup/Vept < 0.21,

which is not as good as the limit from the lepton spectra.

ARGUS3®  has reported signals in two baryonic modes, BT —p Eh"

and B® —pprtn”. cLeo3’

sees no evidence for these decays and

sets branching ratio upper limits that are considerably lower than

the ARGUS numbers.

lower limit on V.

Until this is resolved we have no experimental
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{c) Results
Figure 3.6 shows the 90% confidence limits in the |V yl, ]Vcbl

plane. Note however that the upper limit on {V,p| is quite model
dependent and may turn out to be wrong. Taking the limits at face
value and assuming only three families, we can write

[Vop! = 853 = AAZ = 0.047 + 0.004

V! = 813 = aA3 (p249%) < 0.008.
Recalling that 912 = A = 0.226, we then have the Wolfenstein

parameters:

A =0.92 £ 0.08

J(pz +n?%) <o.8.
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Fig. 3.6 90% confidence limits in V,, versus Vi u.




4, PARTICLE-ANTIPARTICLE OSCILLATIONS

a) Mixing Phenomenology

The B® and B® (or the Bg° and Bg®) differ only in the sign of
the quantum number ("beauty") carried by the b quark. Since this is
not a conserved quantity in weak decays, the eigenstates for which
the lifetimes and masses are defined are not the b-eigenstates
created in the production reaction. A pure b-eigenstate, which is a
superposition of the two mass eigenstates propagating with different
frequencies given by my and mp, will then develop an admixture of the
anti-b-eigenstate with a beat frequency Am = my - my. If the ratio

xg (or x4 in the By case) of the beat rate Am and the decay rate I

s
is near one or greater, there is a chance that a produced B® will
decay as a B°, or vice versa. Or if B° BO pairs are produced, as in
Y (4S) decay, one can observe B®B® and B° B? decays, as indicated by
like-sign semileptonic final states, for instance.

For both the B and the K the particle-antiparticle oscillation
has a chance to take place because the decay of the heavy quark (b
or s) is suppressed by a small KM angle. One important difference
between the B and K cases, however, is the fact that most of the B
decay modes are common to both mass eigenstates, so that the two
lifetimes should be the same and a single decay rate I' can be
assumed.

In general the mass eigenstates are orthogonal superpositions
of the B® and B° states:

IBy> = pIB> + gl B>), IBy> = pIB> - qf B>.
For now, we will assume that CP is conserved in B decay (probably
only approximately true), so that the mass eigenstates are just the
CP-even and CP-odd combinations and p = q = 1/4 2. The time
evolution of a decay eigenstate, |By> or [Bp>, is given by

1By (0)> = 1B5(0)> eTE/2 exp(~imyt) .
Expressing (B> and léS as superpositions of |B1> and [By> and
substituting the above time dependence, one gets

IB(t)> = a,(t) IB(O)> + a_(t) | B(0)>

[B(E)> = a_(t) IB(O)> + a,(t) [ B(O)>,

where !ai(t)Jz is the fraction of an original B or ﬁ-present at time
t as a B or B (or vice versa):

lag(t) (2 = e TE(1 £ cosAme)/2 (Am = my - m),
shown in Fig. 4.1.

Although the oscillation is easily observable in neutral K
decays, over meters of flight path, the much shorter lifetime of B
mesons requires one to measure decay lengths in the tens of microns
in order to observe the oscillation directly. It is therefore

useful to integrate over time:

2
Prob(B —B) = prob(B —»B) = | la_(v)1far = L X
21 + x
S 2 12+
Prob(B »B) = Prob(® —B) =/la (t)l7dt = — =—=
21 + x

where x = Am/I’. The ratio of probabilities for an initial isclated
B to decay as a B or to decay as a B is therefore x2/(2+x2).
The above formulas can be used to calculate the probability

that an originally produced Bﬁ‘pair will decay as BB or BB:

y - Prob (BB —BB) + Prob(BB —BB) _ (2 + )%’

= = = = 2 4
Prob (BB —BB) + Prob(BB —BB) 2 +2x + x
This formula is relevant only if the two initial B states are

uncorrelated. In Y(4S) decays however the two B’s are in a p-wave
state, which is odd under exchange, so that because of Bose

statistics we can never get a ByBy or ByB, pair. We have to write
the [BB(t)> two-particle state as a superposition of [BjBy(t}> and
iBoBq (£)> decay eigenstates, before calculating the probabilities.
The result is that as far as mixing is concerned the B B state from
the Y(4S) acts just like a single B, and the mixing ratio is

v - Prob(BB —BB) + Prob(BE DBB) _ _ x°

.
Prob(BB —BB) + Prob(BB —BB) 2+ x2 _
which is about half of the corresponding ratio for uncorrelated BB.
If on the other hand we start out with the B B in an even C state,
for example in the case of ete™ »BB* —?Bé&, then the corresponding

mixing ratio is enhanced (see Fig. 4.2):
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_ prob(8B —BB) + Prob(BB —»BB) _ 3% + x
= — = = = = -
Prob (BB — BB) + Prob(BB — BB} 2 +x +x
(b} The Box Diagram
Tn the Standard Model the B - BC transition takes place
through the box diagrams (Fig. 4.3). Note that the process is

inherently "non-spectator™; the heavy quark and the light antiguark
have to interact, and the amplitude will therefore depend on the
details of the bound state wavefunction. Although the intermediate
state involves all the charge 2/3 quarks and hence most of the KM
matrig elements, the effect of the virtual t quark dominates over
the contribution of the ¢ and u quarks. From the box diagram the
ratic xg of BO- BO oscillation rate to decay rate is
2
X, = éT EE— m T f2 B IV .V *\2 g(m /M) M
d r 6n2 t B B B th td t W QCD

The factor g is one for my << My, and gradually decreases to about
1/2 at my = 2Mw.38 The QCD correction factor Tgep is about 0.85.39

The same formula holds for xg with Vig replaced by Vi, and
with B parameters replaced by the corresponding values for Bg. 1In
principle, the measurement of xg and xg are our only source of
information on Vi, and Vig until we are able to observe KM-
suppressed t gquark decays; Viy, will be close to one, if there are
only three families. 1In practice, however, there are serious
thecoretical obstacles to extracting Ved and Vig. The mass of the t
guark is probably between 44 cevi? and 200 Gev,?l but is otherwise
unknown. The bound state dependence may eventually be calculated
reliably by lattice gauge theory, but for now one can take
£V B g = 140 = 40 Mev.4?

Note that the ratio xs/xd should be greater than or
approximately equal to IVtS/thlz. In the Wolfenstein
parametrization this is X‘z[(l-p)2 + nz}_l, which is likely to be at

least 5, based on what we know about V. and Vip.
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(c) Measurement

Observations of B B oscillations have so far been made by
starting with the presumed production of a B 5 pair and looking for
both mesons to decay into final states that indicate whether the
decaying meson was B or 8. Such final state modes include B° —>2Tx
and B® —{ X, which have a reasonably large branching ratio (22% for
L =e or W, and 8% - DX and B° —»DX, which although the branching
ratio is almost 100%, involves a small branching ratio to a low
multiplicity final state in order to identify the D or b. Using
the semileptonic decay as an indicator, the mixing ratio y is equal
to [IN(LTZH) + N /N Eh ).

The first indication of a positive signal for B B mixing was
reported by UAl.43 They saw an excess of like-sign muon pairs
above the Monte Carlo calculation of the rate from mundane sources,
such as pion, kaon, and charm decays and misidentification of other
particles. They had to model the production of hadrons containing b
quarks in order to interpret the signal in terms of x4 and xg. The
observed rate of u+u+ and WL~ then defines the allowed region in
the x4 versus g plane shown in Fig. 4.4. There are also JADE, Mark

44

II, and MAC measurements of like-sign muon pairs in high energy

*te”. Here again the interpretation is model

bb jets produced by e
dependent, but perhaps one can have more confidence in the assumed
rate for ete” —bb than for pp S bbX.

Measurements made by ARGUS?® and CLEO?® at the Y(45)
resonance are sensitive to mixing only in B® B?; semileptonic decays
from BYB~ dilute the observed effect. The branching fractions for
Y(45) —B%B° and Y(45) —BTB” have to be assumed: 45 t 5% is a
good guess for B® E®. oOne also has to make an assumption about the
relative semileptonic branching ratios for charged and neutral B’s:
experimentally,2 they could be as much as a factor of two apart
although one expects them to be nearly equal. To minimize

background from misidentified leptons and especially from D
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Fig. 4.4 Experimental limits in xg versus xy.
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semileptonic decays one sets a minimum lepton momentum cut,
typically about 1.5 GeV/c. The measured results for the fraction of

like-sign dileptons, uncorrected for the B*B™ contributions, are

cLeo 8647 arGus?® cLeo 8846
NP+ N 5+ 5 25+ B+ 4 32+ 8+ 9
N 117 £ 12 270 £ 19 + 5 436 t 24
y, corr’d for BB 0.11 £ 0.11 0.21 + 0.08 (.18 + 0.08
average y 0.18 * 0.05
xg 0.66 % 0.12

Fig. 4.4 shows the limits on x5 implied by this result for xy and

the ua143 and Mark 11%% data.

(d) Constraints on the KM Matrix

Through the box diagram formula the present experimental value
of x4 implies

eV §1Vegl = mVarrda-pi? + 0%) = 0.5 £ 0.1 Gev,

mVgll-p)2 + %] = 50 £ 8 Gev,
where the errors include the contribution of the theocretical
uncertainty in fBZBBA As we have seen in Section 5, the
experimental limits on charmless b decays imply \J(p2 + nz) < 0.8.
The allowed region in the 1 vs. p plane is shown in Fig. 4.5 for
several assumed values of m . Note that there is no solution for
mg < 50 GeV (taking account of the uncertainty in Xq). For my up to

about 150 GeV the mixing result favors negative p values.
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5. CP_VIOLATION PHENOMENCLOGY

Since 1964 we have known that CP is not conserved in kaon
decays. The mass (i.e. decay) eigenstates of the neutral kaon, Ky
and Kg, are not the CP eigenstates, but contain a small admixture of
the "wrong" CP. In 1973 Kobayashi and Maskawa> discovered that the
most general quark family mixing matrix for three families contains
a phase parameter that can give rise naturally to CP violation at
the level observed in kaon decay. In principle, the effect should
be observable alsc in B decays. As in the case of kaon decay, CP
can be violated in B decay either through the possibility that the
mass eigenstates are not CP eigenstates or directly in the decay

amplitudes.

(a) Case I: Mass Eigenstates Are Not CP Eigenstates

We will start with the case most familiar from kaon decay. If
the mass eigenstates are not the CP eigenstates, the factors
p=4qg= 1/¥ 2 in the Section 6 expressions for {B1> and {By> in terms
of |B> and | B> are replaced by generalized factors
p = (1+eg/V2(lteg?) and g = (1 - eg) /V2(1+e5%). CP is not
conserved if {q/pl # 1 (that is, €g # 0). The mass eigenstates are
then

{By(£)> = pIB(t)> + gl B(t)> = exp(-T1t/2)exp (imt) IBy (0)>

IB5(t)> = pIB(t)> - ql B(t)> = exp(-Tyt/2)exp(imyt) |By (0)>.

We therefore have

IB(t)> = e Tt/2eimt (o5 (Amt/2) IB(0)> + i(a/p)sin(Amt/2) ]| B(0)>)

| B(t)> = e TE/26imE (4 (p/q)sin (Amt/2) 1B(0)> + cos(Amt/2)1] B(0)>],
where m = (mj + mz)/Z, Am = my - my, and I' = rl ~ FZ. The

probabilities for an initial B; to be observed at time t as a B: are

given by squaring the coefficients in the above equations: ’
Prob(8 —=8) = e tcos? (Amt/2)
Prob(B — B) = 1p/q129'rtsin2(Amt/2)
Prob(B — B) = e_rtcosz(Amt/Z)
Prob(B —B8) = iq/pile Ttsin? (Amt,2).
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The asymmetry between B — B and B —-B is a measure of CP

violation:

- - 4 4
A = Prob(B —B) - Prob(B —5) _ lpi - 19l

Prob(B —B) + Prob(B —»B) ipté o+ igr?

~ 4 Re€p (for Retp << 1).
Tt is time independent and is therefore equal to the asymmetry in
the corresponding time integrated decay rates for any mode, provided
there is no significant direct CP violation (cases II and III) in
that mode.

This expression holds for B mesons regardless of how they are
produced. However, since the effect depends on mixing, its
observability in the decay of a B B pair depends on the guantum state
of the pair. To get the difference in BB and BB rates relative to
the overall B B rate, we have to multiply the CP asymmetry A by the
appropriate mixing ratio y, which we discussed in the previous
section.

An inequality in the neutral B oscillation rates B® — B° and
B° —5B% is what gives rise to the fact that the CP eigenstates Bj
and By (equal proportions of B® and B®) will not remain pure as they
propagate and decay. Such an inequality can arise from the box
diagram amplitudes if there is an imaginary part in one or several
KM matrix elements. In the Wolfenstein parametrization the dominant
terxm in the amplitude contains

VepVea® = BA3(L - p + im).
The resulting interference terms contribute with opposite sign to
the B > B and B —B rates to give eg # 0. BAs Kobayashi and
Maskawa discovered, CP violation effects involve all three quark
families; any CP violating rate contribution is proportional to
S1985351358§. For the & parameter in kaon decay this has to be
divided by the kaon decay rate, so that one might expect
e ~ X-Alz-Al3n/K2 ~ 0.002, which is actually the measured value. The
same reasoning applied to B decays gives

€(B%) ~ e(Bg) ~ A A2 aadn/(ma%)2 - 0.05.




However, a more detailed calculation48 gives much lower asymmetry
values:

A(B%) ~ 4Ret (B%) 5 1077

A(Bg) ~ 4Ret (B5) < 107%

since we are looking for the effect of a "wrong CP" admixture

in the mass eigenstate, it doesn’t matter which mode we pick to look
at, provided it is flavoer specific and is not expected to exhibit CP
violation directly in the decay amplitude. The semileptonic decay

B° — {7™X has the highest branching ratic and detection efficiency,

although other modes are also suitable. That is, we wish to measure
Ao NETYH - NWTET)

NPT+ N
The statistical error in the measurement of an asymmetry A = AN/N
is 1/473, so establishing a nonzerco effect to s standard deviations
requires a sample size N = s2/82, For like-sign semileptonic decay
pairs this is N = N(B g)bzezy/Z. The factor of 1/2 is for B
neutral/total; b is the semileptonic branching ratio; € is the
lepton detection efficiency (including the effect of lepton charge
separation impurity); and y is the mixing ratio (see Bection 4a).

The total number of B B events required to get an s standard

deviation effect is therefore N(B B) = 252/(b2A2£2y). If we assume
s=V10, A=10"3, b=0.2, €=0.7, and y=0.2, we reguire N(B B) = sx10°

produced B B events to establish CP violation. If this is true, it
will be practically impcssible in the foreseeable future to see CP

violation in this way.

{b) Case II: Interference in Decay to Flavor-Specific Final States

For a phase to be measurable in a direct decay rate we have to
have an interference between two amplitudes. Two diagrams for the
same direct decay process B — f can have an interference term
containing T that contributes oppositely for the corresponding
B o> £ decay, thus giving rise to a CP violating asymmetry. - To
avoid the effects of B- B oscillations, which we will consider in

case III, we require that the decays be "flavor specific,™ that is,

23~

the b or b content of the decaying meson be implied by the final
state. This is always true for charged B decays, but for neutral
modes, such as BO —aK‘n+, one needs some other final state quantum
number such as strangeness to indicate whether it was a B° or B°
decay. Starting with a sample of equal numbers of B and E, one
looks for an asymmetry in the occurrence of f and £ final states.
The asymmetry will be largest if the two interfering amplitudes (a)
are comparable in magnitude, (b) have different strong interaction
phases, and {c¢) involve several small KM matrix elements.

An example is the decay B™ —K'p° (versus B 5K*p%), which
goes through either a spectator b —uts u graph or a penguin
b Ss+uu graph (Fig. 5.1). The predicted asymmetry48 is

a = LEPO) - T = 3 to 10%

Cxp° + T(kHp©)

Although the asymmetry is large compared to the CP violation
asymmetry in kaon decay, the branching ratio is below 1074, 1t is
typical for large asymmetries to be asscciated with small branching
ratios, because the only way to make a CP violation effect
(proportional to $755335138§) give a large asymmetry is to find a
rare mode involving several small KM angles that can cancel those in
the CP violation factor.

Other examples involve a spectator diagram interfering with
annihilation, for instance, B~ — =% p° or BT —D®"D” (Fig. 5.2).
The interference can even involve different intermediate decay
paths, for example, B~ — (D°K” or DPK™) - K n°k”. Figure 5.3 shows
a plot of asymmetry versus branching ratio on which are located
estimates for a number of decay modes of interest. For all
asymmetries in this category, the predictions depend on a detailed
understanding of the hadron dynamics in the decay. Once the
asymmetry is known experimentally it will be difficult to extract
reliably the value of the CP violating phase (8§ or m) from the
measurement.

Starting with equal numbers of B and g'produced, the experiment

consists in measuring the asymmetry in the occurrence of charge
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5.3 Estimates of branching ratios and CP violating asymmetries

for several interesting B decays modes (Ref. 48).
Modes in brackets do not require tagging (case II); the
others do (case III). Dashed lines are loci of fixed

sensitivity to CP violation (fixed ba?).




conjugate B —»f and B — E-decays. The sample size for any
particular mode is N = N(B B)be (note that the factor of 2 for B and
é.cancels the factor of 1/2 for B charged/total). The total number
of BB events required to get a s standard deviation effect in the
this mode alone is sz/ba2€, and therefore N(B E) = sz/bazs.
Experimentally, one of the more favorable modes seems to be K7p%,
for which we estimate (using Fig. 5.3) b = 1074, a = 0.03, ¢ = 0.5.
We would then need N(B g) = 2)(108 produced events in order to
establish CP violation in this mode alone. 1If there were, in
effect, four modes with this sensitivity, we could combine the data
and establish an effect with 5x107 events.

Note that many of the favorable modes are charmless modes.
Although they have small branching ratios, they do not suffer from
the low detection efficiencies typical of charmed final states.
There is no advantage in seeing separated B decay vertices and
measuring decay times unless it helps to reduce the combinatorial
background. The search can be carried out in any experiment in
which B and B are produced in equal numbers, either at an e'te”
collider, where the rate favors running at the Y(4S) resonance, or
at a pp collider, where the production rate is much higher but the

backgrounds may be prohibitive.

(c) Case III: Interference Between Mixed and Unmixed Decays to Non-—

Flavor-Specific Final States

To aveoid the small KM angles that make it so difficult to see
CP violation in case II, we can let the rather large B B oscillation
amplitude do the job of providing the alternate decay route needed
for interference. By definition, a non-flavor-specific final state
£© can be reached by either B® or B® decay. The interference
between B® — £° and B® — B° — f° can be of opposite sign from the
inteference between B° — f° and B° —B° — f°. The time dependent
differential decay rates for an initial B® and for an initial B° are

then

- 2 . 2 Amt -2
YB £t = e C (2 cos? A a1 4 2 sin? 22 L5
2 2 p
-% p
- 2 sin(Amt) Im(AA E*)] ’
- - 2 Amt p 7 2 :
V(B —Ft) =e'F 12 cos,zé;\—t 312 + 2 sin TZ—[A; :

+ 2 sin(Amt) Im(AA g«)] ,

where A is the decay amplitude for B —f and A is the one for
B - f. For the example f = WKg Figure 5.4 shows the expected time
evolution for B® —f and B° for three values of x = Am/T.

To observe the CP violating asymmetry in the decay rates we
have to know for each decay whether the produced meson was a B or E,
but we cannot tell from the final states, since f and E are common
to both. We therefore have to rely on the fact that b-hadrons are
produced in pairs of opposite flavor. 1In order to "tag" the flavor
of the first b-hadron decaying into a non-flavor-specific final
state, we observe the second b-hadron decaying into a flavor-
specific final state. If the tagging b-hadron is a neutral B, it
can also oscillate to its antiparticle, and we have to consider the
joint decay rate of the 8° BO pair, which depends on its C state.

In general for C = *1 we have

- -2
|AAf XA’ A}

— - ‘ 2 Am{ctt’
YIBB -»>f(L)f ()} = e Tierer) {2 cos ——i%‘——l

Am(ttt’
+ 2 sin2 Am(EFeT) 1%—

-, 2
2 BA" t —BRA’}

+ 2 sinAm(ttt’) Im(%—m\.’ + g—zlfv) (ARt AR Y.
We will assume for now that the semileptonic mode is used to tag the
flavor of the second B, although other channels could be used. The
tagged asymmetry with the decay to final state f or f at time t and
the lepton tag £% or £ at time t’ is

. . .
= ——*—»—“fa’ SVEY) ) sinam(etts) Im e
yeLh) + ¥ (L) T a1 + 1Al

It contains the factor sinAmT, where T depends on the C of the B B

A(t,t7)

state:



(i) C = -1 (such as at the Y{(4S)) for which T =t - t',
(ii) C = +1 (like e*e” »BB* 5 BBY) for which T = t + t’
(iii) a B®X,, combination without a definite C, for which T = t.
b

Measuring the asymmetry without observing the decay lengths is

— equivalent to integrating e T+t ) 3inAmT over all t and t'. For

the three cases we get
- (i) identically zero,
(1i) a factor 4x/(1+x?)2,
(iii) a factor x/{1+x?).
In the C = -1 case (i) the oscillations in the semileptonic tagging

decay and in the B - f decay occur in unison in such a way that the

time integrated asymmetry vanishes. In the other two cases the

- asymmetry for x >> 1 (in B, decays, for instance) is reduced by the
near cancellation of the contributions to the integral from

~ alternate half cycles of sinAmT. For x < 1 only the first half
cycle survives the exponential decay factor, so that although the CP
% violating asymmetry vanishes in the x = 0 limit, no sensitivity is
lost by integrating over decay times. The cancellations can be
avoided by observing decay times and binning the data in T. In

effect, one can then integrate over the rectified oscillation,

e_r(t+t’)|sinAmT|. At low x the result is not significantly
different from the simple time integral (except that it is not zero
4 for source (i)), but at large x alternate half cycles do not cancel
and the x-dependent factor gets replaced by a constant of order one.
% Flgure 5.3 shows a plot of asymmetry versus branching ratio on
which are located estimates (with the x-dependent factor set equal
to one}) for a number of decay modes of interest. There are two

categories: (i) final states for which £ and f are distinct (ex.,

I3 D°°, p7n*, D%, =*p7), and (ii) CP eigenstates £ = f (ex., YK,

T {lifetime units) Wb, n'n”, K*k™, D*D”). Theorists favor the latter because in that

case pg = | A/Al = 1 and the calculation of the CP asymmetry is more
Fig. 5.4 Predicted time evolution for the decays B° YKy (solid) reliable. With

Ip/gl ~ 1 too, the only dependence on the dynamics

and B® —yK, (dashed) for (a) x = 0.2, (b} x = 0.79, of the particular mode, that is the Im(pgp/q) factor, is just the

(c) x = 5.0. sine of a complex phase depending only on the KM matrix elements.
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To establish a nonzero CP violation asymmetry to s standard
deviations in a mode with branching ratio b, effective asymmetxy a,
and efficiency £, the numberx of B B events required will be
N{(B 5) = 52/(bs £ baze). one of the experimentally more favorable
modes seems to be WK, with b ~ 5X10_4, a~ 0.03, and € ~ 0.1 (at
CESR, say). Assuming for the tagging that bg = 0.2 and €54 = 0.7,
we therefore need about N(B B) = 2%x108 events in this mode in order
to see CP violation at the level of three standard deviations. Just to
get an idea of the order of magnitude, I assume that we can sum over
about four similarly favorable modes s0 that N(BE) ~ leo7 events. The
optimum search strategy depends critically on the kind of B factory

one has available.

o At a symmetric ete™ collider in the threshold energy region
{like CESR or the PSI proposal) the produced B's are
traveling too slowly to make observable decay lengths. We
will therefore not be able to observe a time-binned asymmetry
at the Y(45), but could run 50 to 100 MeV higher where the
B° B® production cross section is probably dominated by ete”
3BB” (and charge conjugate) —B® 5%, with the final B°B° in
a C=+1 state. We sacrifice about a factor of four in
production cross section relative to the Y(45). With a pure
BB or BB* final state one uses the known incident beam energy
to achieve very narrow mass resolution (2.5 MeV r.m.s. at
CESR) in B reconstruction and suppress the combinatoric

background.

o With an asymmetric ete” collider one could measure tagged
neutral B decay times t-t’, since the collision frame is
boosted in the lab. One would therefore run at the T (4s)
resonance to look for CP violation in the BC, and perhaps at

the Y(5S) in the case of Bg.

27~

o A high energy ete™ collider (like CESR running at 14 Gev
¢.m., PEP, TRISTAN, SLC, or LEP) could in principle observe
CP asymmetries with tagged decay time measurements, but very
high luminosities would be needed to offset the low
production cross sections between the Y(45) and z°
resonances. The high multiplicities and low b b/total
production fractions will make it difficult to get good
reconstruction efficiencies. Lepton tagging at PEP suffers
from charm background, but at the z° the electroweak
interference causes a forward-backward asymmetry in BO B®
production (especially if the beams are polarized), so that
one may be able to dispense with tagging and thereby gain as

much as an order of magnitude in sensitivity.

o The bb production rate at a Eb collider or in a high energy
fixed target experiment can be very high. The problem in
measuring time dependent CP asymmetries will be to get
acceptable reconstruction efficiencies in the face of severe
backgrounds. Fixed target experiments typically have better
access close to the production vertex and may be able to pick

out the decay vertices morxe easily.

(d) Case IV: CP_violation in single Events

*e~ collisions near threshold

Since BB pairs are produced in e
in states of definite CP, we can leok for a violation in individual
events, instead of measuring a rate asymmetry. To establish that CP
is not conserved it would be sufficient to observe the decay of a
BO B® state of known CP into a pair of eigenstate modes f£f’ for which
the combined CP is different. Since the CP of the virtual photon in
the ete” annihilation is even {(odd C, odd P), an example would be
ete~ —»BOBP —ff’ with £ and £’ being either both even or both odd
under CP (f and £/ have to be in a relative p-state which

contributes a factor of -1 to the CP).




The rate for the CP violating decay of an initial state of B B

with C = ~1 into a pair of final states ff’ is
= oo =y PR 1 g9 g
T(BBE - £ff') = (B —=f) I'(B 3£") = ——— 4 Imip YImip,, ).
1+ x2 te £

The effective rate for ete” —B°B° —ff'is

N(EP) /N(BB) = [(E,bjaze)? + (Ebsasey)?1/2,
where b, aj, and € are the branching ratio, asymmetry, and
reconstruction efficiency for the ith mode, and the sums are over
the even (+) and odd (-) CP eigenstate modes. Typical bja; products
are around 1074 (Fig. 5.4): €, may average about 10”1; and there may
be about 10 usable modes. The estimated rate per B B would therefore
be of the order of 1079, which is not very encouraging.

There is no advantage in seeing separated B decay vertices and
measuring decay times except insofar as it may help reduce the
combinatorial reconstruction backgrounds. The search is best done

at the T(4S) resonance.

(e) General Comments

The above rate estimates seem to favor either (II) the
measurement of untagged flavor-specific B decay asymmetries or (III)
the measurement of tagged B® non-flavor-specific decay asymmetries.
A search for the former can be done at the Y(4S) with a symmetrical
ete” machine, and since all our present experimental information on
B mesons has come this way, I bet that our first evidence of CP
violation in B decay will too. Note that to measure such an
asymmetry, neither tagging nor time measurements are required.
Alsoc, since the detection efficiency is high for the interesting
modes (K™ p°, K‘n+, etc.), there may be little or no advantage in
boosting the B B frame. About 5x107 produced Y (45) will be required
for a first indication. At the present CESR luminosity level of 25
pb"l/week,that would take 40 years of 40 weeks each. We need to
come up with at least an order of magnitude increase in luminosity.

Such an increase in CESR luminosity is not out of the question.

Eventually it will be useful to see also the time evolution of
the asymmetry in tagged neutral B decays, coming from the interplay
of CP violation with mixing (case III). Also the asymmetry for
tagged decay into a CP eigenstate is more directly interpretable in
terms of the CP violating phase in the KM matrix. If an asymmetric
ete”™ collider at the Y(45) can be built with high enough
luminosity, it might provide the best conditions for observing such
an asymmetry.

Since we do not know the value of the KM phase that is supposed
to be responsible for CP violation, the asymmetry estimates are wild
guesses. The calculation of rare branching ratios and interference
amplitudes presumes that we understand the hadronic physics of heavy
quark decay better than we do. Reconstruction efficiencies of
course are strongly dependent on detector technology and background
discrimination. So the estimates for the required number of
produced B B events can easily be off by orders of magnitude.

The prediction that some modes can have CP asymmetries which
are much larger than in kaon decay is an almost inescapable
consequence of the Kobayashi-Maskawa three-family Standard Model.

If CP violation is not there, there must be New Physics. On the
other hand, if the dilepton charge asymmetry turns out to be larger
than 1%, it probably means that there are more than three quark
families. So there is good reason to keep an eye on the potential
CP violating asymmetries even before we have produced 5x107 Y(48)
events. And of course the first priorities are (1) to measure BC B®
and Bg E; mixing and (2) measure the branching ratios of the rare
decay modes of interest: charmless, penguin, and CP eigenstate

modes.
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A detailed analysis of K decays has been quite instrumental, if not even crucial for
developing the present Standard Model of particle physics. There is no reason to
believe that such a line of research has already exhausted its discovery potential. Quite
on the contrary we can suspect that further dedicated studies of the rare decays of K, B
and maybe even D mesons will reveal "New Physics.” At the very least they will
provide highly sensitive tests of the Standard Model. A crucial element in any such
analysis is the reliability of the thegretical tools that are employed. I attempt to give a
comprehensive and detailed evaluation of the scope and the limitations of the various
theoretical technologies that are presently available.
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I. INTRODUCTION

An event is called rare if it occurs with a probability much smaller than unity.
This, however, does not make it automatically an interesting object for study. The case
of elephant-antielephant fluctuations is sometimes used to illustrate this point. While
there exists no first principle forbidding them to contribute to, say, (g-2) for muons it is
utterly obvious that those contributions can safely be ignored. In the following I will
call a rare event precious only if there exists a realistic chance for it to be ever observed
- even if it takes many years.

Since T am the first lecturer at this Summer Institute, I can be forgiven for
making a few general remarks although later speakers will address these issues in more
detail and with presumably more eloquence as well.

The theoretical landscape presents itself today as a combination of strong and
electroweak forces which are described in terms of a gauge theory based on the group
SU3)c x SU2)L x U(1). (For these lectures 1 ignore the existence of gravity and I do
so without feelings of guilt.) Tomorrow's theoretical landscape will still contain QCD
as the theory of strong interactions; yet the question on the underlying electroweak
theory remains quite unsettled. This is to say that QCD is the “only thing" whereas the
SU(2)L x U(1) gauge theory is only the "best thing"; for the latter merely incorporates
many of the fundamental mysteries of particle physics without offering any
explanations: what is the origin of the various flavour degrees of freedom, why do
they exhibit a family structure and family replication, etc. etc.?

Enlightenment can be sought via two alternative routes:

A) One can adopt the approach pioneered by the "Eastern Monks" --- These sages
living typically by themselves or in very small groups sought enlightenment by pure
thinking and meditating. Their contacts with the rest of society were rather limited:
pious people from the surrounding villages and towns would come out to see these
venerable monks and would do so in the hope of being addressed by them (though with
scant hope to understand such teachings).

B) One can follow the example set by the "Western Monk Orders” --- Large
collaborations that set out to cut down forests, take virgin land under the plow, baptize
the heathens (with occasional, unfortunate losses) and do all of this under the motto of
"ora et labora"!
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I believe that "praying" for inspiration coupled with "working" hard to make
measurements and to calculate rates represents the appropriate method for our field;
therefore, I will use this approach as guidance in the subsequent discussion. May I add
in passing that any similarity between the approach sketched under A) and an existing
theoretical school is purely accidental.

The question we want to address then is:

"Flavours: Whence do they come - where do they go?"

Yet it has to be understood that even a detailed study of flavour decays ("where
do they go") will not reveal directly and immediately the reason behind the existence of
different flavours ("whence do they come”). What can be achieved or learnt is the
following:

(o) There has to be a dynamical distinction between the different flavours; the
existence of such new forces - i.e., "New Physics", hereafter referred to as NP -

would in general lead to decay processes
M 212 (1.1)

oy (12)
M— mjg, 12
where M and m denote mesons and 2] and £, different charged leptons.

Examples are _
K, —— g

K'— ntetp®
These processes are strictly forbidden in the Standard Model since they would
violate the individual lepton number.

Processes of the type
M— 278 (1.3)

M—m2t % (1.4)
on the other hand can be generated in the Standard Model as a 1-loop quantum
effect; yet NP can boost their transition rates very significantly, modify the
kinematical distributions of the decay products or it could even produce CP
asymmetries!
I had already stated the obvious: discovery of this kind of New Physics per se
would not resolve the flavour mystery. However it would teach us lessons that




1 had already stated the obvious: discovery of this kind of New Physics per se
would not resolve the flavour mystery. However it would teach us lessons that
are of crucial importance for any such resolution, namely (i) that a dynamical
distinction does indeed exist and (ii) by which mass scale it is characterised.

(B) Measuring the rates of those transitions that - within the Standard Model - can
proceed only via 1-loop effects will allow us to probe fundamental parameters like
m(top) and the KM parameters V(td), V(ts).

(y) At the very least we will learn important or even crucial lessons on QCD - lessons
that are rather unique due to the interplay of weak forces and strong forces that
occurs in flavour decays.

The last item points also to a central problem in this line of research: when one
finds a difference between an expected and a measured decay rate one would like to
claim that such a discrepancy indirectly establishes the existence of New Physics! Yet
one has to be concerned that this merely signals the need for "New, i.e., better
Physicists or Theorists" meaning that our theoretical computations contained hidden
uncertainties. Therefore we have to subject our tools to a very careful evaluation and
re-evaluation.

There exists a naive folklore about the available theoretical technologies, namely
that our calculations become necessarily more reliable for heavier flavours, i.e., when
going from K decays to D decays and then B decays. One usually cites as supporting
evidence for this folklore that the heavier a flavour hadron is, the more short-distance
dominated its dynamics become. This is reflected also in the emergence of a more and
more universa} lifetime for flavour hadrons when their mass increases: 1 (K¥) ~ 600
1(Kg) vs. T(DE) ~ 2.5 1(DO) vs. T (B%) <2 1 (By).

However I want to urge you not to accept this folklore at face value. For it is
based on rather simplistic considerations read off from quark diagrams. There are other
theoretical technologies that enjoy a much less tenuous relationship with QCD and that
yield quite a different pattern of reliability for their predictions . This is sketched in
Table I, where the symbol " @ “ means "not applicable”, " ¥V " "quite reliable
application” and "V" "order of magnitude estimates." Thus we see that the
trustworthiness of a theoretical computation has to be evaluated almost on a case-by-
case level - a central point of these lectures.

These lectures are organized as follows: in Sect. II, I discuss K, D and B
decays that are strictly forbidden in the Standard Model; in Sect. Il and IV, 1 treat K
decays that occur due to quantum corrections; in Sect. I it is the process K+ — n+ +

"unseen” whereas in Sect. IV, I analyse radiative K decays in the framework of Chiral
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Perturbation Theory; rare D decays are treated in Sect. V and rare B decays in Sect. VI;

the conclusions are presented in Sect. VIIL

tools quark ChPT /N QCD SR
diagrams
flavour
K %) W v v
D V7 ] W W
B ) %) ) v
Table I

Pattern of reliability that different theoretical tools offer for heavy flavour decays




1. "A FARMER AND HIS SON VISIT VIENNA" OR
"BREAKING THE FLAYOQUR CODE"

Our understanding of the flavour puzzle - why are there families, why are they

so much alike? - can be illustrated by the following story: A farmer from a little town
had to visit the great city of Vienna to take care of some business. He decided to bring
his little son along who had never seen Vienna. While they walked through the streets
the little boy was all eyes and looked left and right. He then pointed at a big building
and asked: "Hey, Daddy, what is this?" His father looked at it, scratched his head,
looked at it again, shook his head and said: "I don’t know, my son.” This sequence -
the son asking a question and his father being unable to answer it - repeated itself a few
times. Then the son said: "Daddy, are you getting mad at me for asking all these
guestions?" whereupon his father replied: "Of course not, my son, how can you learn
something if you don't ask questions!” The fact that we have not received yet a
satisfactory answer to the flavour puzzle does not imply that no such answer can ever
be secured; it only means that we have to be more persistent and maybe have to
rephrase our questions.

In all likelihood there has to be a dynamical distinction between the different
families, i.e. one that goes beyond the mere difference in mass; in particular there could
be a neutral boson Y which connects members of different families

Y——*ll 22,21 # A,

Exchanges of such bosons would produce processes like

etes ey, eT, Ut
or
ep — uX, 1X

which can be searched for. At low energies they will produce decay processes

M— &2
12 @.1
M——m 2112.

It is those that we are going to analyze.
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A. Zoology

A very convenient classification of the effective couplings that generate these
reactions has been provided by Buchmiiller and Wyler.(1) Only "low energy" fields
appear explicitly, namely

matter fields f (either leptons or quarks)
photons Y
weak bosons W,Z and

light Higgs fields ¢
All other fields are "integrated out" in the same fashion as W boson fields are
“integrated out" in the effective weak Lagrangian. There this procedure introduced the
non-renormalizable Fermi interaction of dimension six; here more generally it will
generate non-renormalizable interactons of dimension d 2 5:

=4 1 L6=9 1 d=6
it = Bgsw T —/\? Ty *+ . 3 J'SNP + ... (22
P (8]

Lgsw denotes the Lagrangian of the Standard Model and Aﬁ'p characterize the mass
scale of the new interactions - again in analogy to the Fermi constant G o< I/M\ZV .
Anticipating that Anp >> GF - otherwise we would have seen already these
processes - we conclude that L np better be invariant under SU(3); x S{2)L x U(1)
rotations.

L:)P describes the coupling of two scalar fields - ¢ or ¢* - to two fermion fields
f1 and fp as shown in Fig. 1. Since the two fermion fields have to form a scalar (or
pseudoscalar), one of them has to be left-handed and the other one right-handed.
Accordingly they cary the same electroweak quantum numbers as the left-handed field
alone, namely a weak isospin of half a unit and a non-vanishing hypercharge. If the
two scalars that couple to these fermions are the Higgs field ¢ and its conjugate ¢* then
they carry zero hypercharge; such a coupling cannot be SU(2)L x U(1) invariant and,
following our prescription stated above, is therefore ruled out. If on the other hand the
two scalars are ¢¢ or ¢*¢* then they carry weak isospin one. The two fermions would
have to carry isospin one as well which - as mentioned above - is not possible. There
is one tiny loophole in this last argument: the right-handed fermion field could be the
charge conjugate of a lefi-handed field and a weak isospin of one unit is thus attainable.
However such a coupling violates fermion number by two units and is thus allowed at




Fig. 1:

/ \
/

/6" b/6"
Fig. |

A dimension five coupling of two scalar fields to two fermion fields.
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best for neutral fermion fields, namely neutrinos, where such couplings produce

. . o) .

Majorana mass terms. Yet the corresponding scale Agp has to be huge and a term
1 o

] NP is quite academic in the present context.

NP

Thus one arrives at a result that one would have guessed immediately and quite

A

naively, namely that the New Physics can be described by a dimension six term:

(¢4) 1 @=9
S p< 2.3)
(%)
@d=6)
IZNP =Z C,* current x current (2.4)

The ¢ number coefficients c; are determined by the specific dynamical model one has in
mind.

There is no shortage of such dynamical models: there are many GUTs on the
market that contain "horizontal” interactions, i.e., flavour changing neutral currents
(= FCNC) mediated via spin one or spin zero bosons; extended technicolour models
can be accused of many vices, but not of forbidding FCNC; the same holds for
composite models. Such new forces can in particular be mediated by so-called “lepto-
quarks” (= LQ), i.e., bosons that carry both lepton and quark quantum numbers. They
emerged first in Pati-Salam models based on a gauge group SU(4) where lepton
number is treated as a fourth colour. Yet they appear in many other models as well and
represent a rather generic feature of models that are inspired by a superstring ansatz.
Even “ordinary” Supersymmetry enters this arena if sneutrinos develop a non-
vanishing vacuum expectation value. In summary, there are many models that will
produce non-vanishing values for the coefficients c; in (2.4); however nothing definite
can be said or predicted concerning their actual vaiues. In addition, the couplings of
FCNC 1o up-type quarks - u, c, t - could a priori be completely different from those to
down-type quarks - d, s, b. In that sense one gains independent pieces of information
when searching for K — eyt and D — e decays.

B. The Down Side

So far we have looked at the optimistic side of things; now let us review the

more depressing aspects.




®

(i)

(iii)

(o)

No decay that violates lepton flavour conservation like K — ey, nt ey, D — e,
eun, or B = ey, epK has been observed yet. The bounds on Anp that can be
derived from that will be given below .

Exactly because the New Physics contributions are new they cannot interfere with
the Standard Model contributions. Therefore one finds for the branching ratios

[ 2,2
1 gy B

BR o< /\2 o ._YL“ll_ 2.5)
NP MY

where My denotes the mass of the "new" boson Y and gyqlgy ] its couplings 1o
quarks [leptons]. An increase in experimental sensitivity, as far as branching
ratios are concerned, by a highly impressive factor of 10 translates itself into a
much more modest increase by a factor of 10 in sensitivity for the mass My! This
is not encouraging when one keeps in mind that no theoretical upper limit on My
has been suggested so far that is reasonably reliable. A non-observation of these
decays will therefore not lead to a breakdown of any meaningful theoretical
benchmark. Such searches are therefore not for the faint-hearted!

However they are not for the reckless either! The decay of a pseudoscalar meson

PS=(Qq) -~ 1112 is represented in Fig. 2 for an s-channel exchange of the Y

boson. Its transition rate is subject to two concurrent suppression mechanisms:
If Y carries spin one then the rate is helicity suppressed, i.e., it vanishes for
m(2y), m (27) — 0. More specifically

2 2
—_ HHOIE&

BR(PS — £ 2 )< (2.6)
J=1"1"2 Mf’s

If Y is spinless there is no such "kinematical” suppression. Yet scalar
couplings violate chiral invariance; since this symmetry is apparently the only
principle that can keep fermion masses light one (as a theorist) is very reluctant to
give it up. Accordingly, one suspects that all such scalar or pseudoscalar
couplings depend on the mass of the field they couple to - exactly like Higgs
bosons. Thus

Fig. 2: Diagram for the decay of a pseudoscalar meson into a lepton pair.
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2 2
m, ormy

Ml

PS

BR (PS T=0 ,lllz)f>< (2.7)

as before, but this time due to genuine dynamical considerations - as perceived

by theorists.
(B) The exchange of these massive Y bosons produces pointlike interactions, i.e.,
forces of zero range. The transition amplitude then depends on the wave function

of the decaying meson at zero separation or the decay constant:
2

— f]’S
BR(PS = £4,2,) = |74~ |. 2.8)

For K — ep we have

1
mp~—5- MK
1
fe~ E} My

and these suppression factors are not huge.

For D — ey, B — ep on the other hand, we encounter huge suppression
factors since my << mp < mp, fp << mp and fg << mp. Let me list just one telling
example: the mode DO — 4" has been searched for unsuccessfully leading 10(2)

BR(D° - e ) <041x10°  E¢91 (2.9)

Yet this apparently impressive bound loses its luster if compared to the upper limit on
the quite ordinary mode D+ — pitv;:(3)

BR (D”L—)u*vu )<$6x 10* MARKII (2.10)
From this number one extracts fp <290 MeV; theoretically one estimates fp ~ 150-200
MeV and therefore )

BR(D - ptv, )=15x10% [Tsﬁ%?v] .11
Compare (2.9) with (2.11), and I can rest my case.

When extracting bounds on mass scales that characterize New Physics one
should therefore quote numbers for two q;/lamilics, namely ANp as it appears in (2.3)
2 t M,

. ~2 . .
withci=1(see 2.4)and App = AppX g1~ vie, ¢=3r—. Asexplained above,
Ps Mps

[ believe that KNP is the appropriate quantity for M —4 2_2 transitions whereas
M->m 1172 decays offer a much better chance to probe ANp withour mass
suppression factors.
The existing bounds are summarized in Table II, where I have underlined the
"most likely" bounds as explained above.

Process BR ANP KNP
Kp —eu <10-8 <35TeV <16 TeV
K+ > mrep | <4.8x109 <20TeV <9 TeV
DO —ep <4.1x 105 <1 TeV <024 TeV
B —en <3x 105 <34 TeV <0.5TeV
Table 1I

For details on the experimental numbers see the lectures by K. Berkelman and
A.J. 8. Smith.4. 5

C. Resume on the forbidden decays M—(m) £_£2

(i)  There is an obligation to continue careful and dedicated searches for these striking
decay modes.

(ii) Improved experimental upper bounds just raise the bounds on ANP, the mass
scale characterizing the New Physics that distinguishes between the different
families, and they do it very slowly

1

/\NP min
’ 4/BR (max)

Unfortunately, no sound theoretical upper bounds on ANp have been
established so far, but this might change in the future.
(iii) Searches for D — e or B — eyl are classical examples of "lamp post searches™:
‘ one looks for something where it can be seen most easily, not where one has the
best chance of finding it. Nevertheless it would be imprudent to discontinue
them.




(iv)

(O]

vi)

In any case one must search for D — n/p ej and B — K/K" eft decays as well,

or even better for the inclusive modes D — ep + X, B — ep + X. They are not
affected by helicity suppression and the inclusive rates are also not reduced by
(fp/mp)2 o (fg/mp)2 respectively.

Furthermore the different decays are governed by different hadronic matrix
elements; e.g.,

Doep = <0 |A|_/P|D>
D — mep = <R 'Vp/SID>
D — pey = <p IAL,/PID>

where S, P, Vy, Ay denote scalar, pseudoscalar, vector and axialvector currents
respectively.

The mixing angles that are contained in the couplings of these FCNC could in
principle be “dialed” in such a way as to greatly suppress, say, K — ey, while
not reducing D — nept. In that sense studies of rare K and rare D decays are
complementary, not competitive. It is however a different question whether this
can make up for the much smaller branching ratios that can be reached in K
decays vs. D decays.
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1. K* — g+ + "nothing seen" - THE PRECIOUS RARITY PAR EXCELLENCE
The transition
K 5 n'vy @3.1)

requires a FCNC; in the Standard Model it has therefore to proceed via a one-loop
process as shown in Fig. 3. Computing the contributions of these diagrams -- which
amounts to integrating out the heavy fields W, Z, t, ¢ -- one obtains the effective
interaction Ler(AS = 1).(6) To calculate a rate one has to form the appropriate matrix

element

_ ) @
< vy B as=1) | K'>=coeff. j, <n* 3y IK'>  (32)

With this Eenurbative reatment one can compute the ¢ number coeff., the leptonic
current j(tl; and one can identify the general transformation properties of the hadronic
current ¥ 1. Yet one cannot obtain the magnitude of the on-shell matrix element
<n* llgl K'> this way since the latter depends on long-distance dynamics.
Fortunately the well-measured decay K — n ev depends on a matrix element
<n’ IJ?‘[ K™ >that can be related to <n* IJ?' K”> via an isospin rotation of the
hadronic current and that is probed at almost the identical momentum transfer.
There is a small loophole in this line of reasoning which is analyzed in the
Appendix A and then discarded. BR (K*~—xn* w) can thus be expressed mainly in
terms of quark and lepton parameters - masses, KM angles; the impact of long-distance

dynamics is isolated into one hadronic matrix element whose size can be obtained from
the measured decay K — mev:

2
BREK' — ' v#) = 143x10° " 1Y V" (g9) V (@) Dix,, y,)
2 q
L=e,,1; q =1u,0c,1 (3.3)




Fig.3

Fig. 3a, b, ¢: Quark diagrams that generate the transition operator s > dV V.
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V(ij) denote the corresponding KM matrix elements and the function D(xq, y £) enter
when one integrates out the internal loop in the diagrams of Fig. 3. They were first
calculated by Inami and Lin(6) and for y 4 ~ O they read

2

4-x
D(x,O):% 1+(13)2 [TT] xlogx+§ - 4?1’_‘)() . (3.4)
-X

With three families there are thus three unknown parameters - my, V(td) and V(ts) - that
determine the rate:

2
BR(K' - 1t v, ¥, )~ 143x 10° | V" (€5) V (¢d) D(x, O) | x

2
A (ORC D (x, 0)]
+ *
V' (c9) Vied) D &e0)] (3.5)

+ + -
=BRK - n*v,V,)
BR (K" — n*v,¥,) is slightly smaller (at most 20%) since the T mass that enters in the

loop cannot be completely ignored.
Using the unitarity of the 3 x 3 KM matrix one obtains

V (ts) = -V (cb) = AAZ (3.6)
where the last equality refers to the Wolfenstein representation 1)

A =sinB,

A=11%202 3.7

For V(td) no such deﬁnile}stalemcm can be made:
V(ld):Als(l-P—iﬂ) (3.8)
Vb~ AL (P—im
Bounds on |V (ub)lyield information on v P2+ n? only, but not on the sign of p
which is quite relevant for Ivaa)| :Al’ (1-pl+nt . Using |pl < 0.8 as

inferred from semi-leptonic B decays one finds
0.32 0 1.0 40
037 » <BR(K o n*vv) x10"° <434} form = {100+ Gev (3.9)
0.42 74 160

where the upper [lower] bound holds for p = -0.8 [+0.8]. If one ignores the top
contribution completely one gets BR (K = n* v V) = 3x 107




The strength of B, -§d mixing is directly and crucially affected by IV (dy ]
and m;. The signals observed by ARGUS and by CLEO strongly favour p < 0 and
tend to push p towards -0.8 unless top quarks are very massive. For the range
50 GeV < my <200 GeV one can use the approximate scaling laws

Amp o< (mpl 73
D(xy, 0) e my
The predictions in (3.9) have to be taken with a certain grain of salt: they were
obtained using
mg = 1.5 GeV. (3.10)
While this represents a reasonable choice, it is not a uniquely determined one. A range
me~1.2-1.8GeV
has to be allowed for; this in turn leads to a non-negligible variation in
BR (K" 5 #*v¥) in particular for moderate top masses. Using "reasonable” and
"typical" values for the KM parameters, namely

A=11p=-07,1=025

one finds for example a roughly 50%[35%] variation in the branching ratio for a top
mass of 40[100] GeV.
With these caveats in mind we conclude that the present findings on B - Ed mixing
imply

BR (K" > n*vv) ~107°- 107 3.1

More accurate information on my, Bd- Ed mixing, etc. when it becomes
available will enable us to restate (3.11) in a more precise way. To say it differently:

there is an upper limit on BR (K" — 1" v V) that the Standard Model with three
families can accommodate; its present value is given in (3.11):

BR (K" > " V9) {g¢. M, 3 fam. SL (3.12)

L ("now") ~ 107

If data were to show a branching ratio in excess of such a limit we would have to
conclude that New Physics were at work. There is a whole host of candidates for New
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Physics of which I will sketch just a few typical examples that can produce sizeable
rates for
K* — n+ + "unseen”

1. The least radical extension: a fourth family

There could exist a fourth family with two new quarks t" and b' and two new
leptons A and va. The new parameters that are most significant for the process under
study are the mass m(t') and the KM parameters V (t's) and V (t'd). (For the quark
contributions act coherently whereas the lepton terms are incoherent due to the absence
of lepton flavour mixing. This is explicitly expressed in (3.3).)

Making V(t'd) and V(t's) as large as still allowed by the unitarity constraints on
a 4 x 4 KM matrix would allow to push BR (K" = m* v¥)up to the present
experimental upper limits, On the other hand generalizing a Wolfenstein ansatz to four
families or inferring the t' and b' parameters from fixed point solutions to the

renormalization group equations leads typically to

Br (K" - n*w)<fewx 107, 10° (3.13)

2. The most elegant extension: SUSY

Supersymmetry introduces new neutrino-like states, namely photinos ¥ (which
can contain some admixtures of other neutralinos). The process K* — n+ + "nothing
seen” can then be realized by

K ->ntyy (3.14)

if the photinos are sufficiently light - a possible, though not very likely scenario.
Flavour mixing among the different down-type squarks D = (@, 5, B)can
generate K™ — n* §7 already on the tree level as shown in Fig.4 where the dots point
out the odd R-parity of the field involved. One finds that()
BR (K’ - ' ¥5)210"",10° (3.15)
represent conceivable cases.
Without such flavour mixing in the squark mass matrix, one has to invoke one-
loop reactions as sketched in Fig. 5. They typically yield rather small numbers,




Fig. 4:

Fig. 5:

Tree level diagram for K" — n~ ¥§,

One-loop diagrams for K" — n~ Y7,
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namely

-10

BRK - yp)-10"-10 (3.16)

3. The most stirring exteasion: direct FCNC via ETC. LO, ...

finds

With direct FCNC mediated by the exchange of a new boson of mass My one

e e o 25TeV Y
BR(K —n"vy, +=x vuvc)~10 M, (3.17)

where I have ignored any helicity suppression.

4. The odd-ball extensions

Adopting a phrase coined by M. K. Gaillard one includes here
K+ — n* + "funnies"

where "funnies” stand for axion, familon, majoron, Higgs and all the other even more

fascinating objects that have not been invented yet. T will list just two examples which

are - relatively speaking - the ones with the most specific phenomenology.

(@)

Higgs:
The Standard Model contains just one flavour diagonal neutral Higgs field; its
mass Mg is - strictly speaking - undetermined. Theoretical constraints like the
Weinberg-Linde bound can be evaded if there is a sufficiently heavy quark field
Q, ie.

Mq 280 GeV (3.18)
This has actually become a more likely scenario in the absence of a direct
observation of top quarks. A very light Higgs becomes then conceivable and the
process

Kt—onte, ¢—putu, ete, "unseen” 3.19

could occur due to higher order processes.®
No decay of this type has been observed; unless some delicate cancellations
between different contributions occur one has to conclude that K* = n* ¢ is
forbidden kinematically, i.e.

mg 2360 MeV (3.20)
Going beyond the Standard Model and extending the Higgs sector will lead to
more flavour diagonal neutral Higgs fields ¢;. Their Yukawa couplings are not




uniquely fixed anymore by the requirement that they give mass to the gauge
bosons and fermions.
Thus

m (¢;) < 360 MeV (3.21)
is still allowed if the Yukawa coupling of this light Higgs boson is roughly an
order of magnitude smaller than prescribed by the Standard Model.

(8) Majoron:

Neutrinos can obtain a Majorana mass only if lepton number is violated. If this
global symmetry is broken spontaneously then a Goldstone boson will emerge -
the (generic) Majoron. It can be accomplished by a scalar partner, and both are
typically rather light objects. Then the decay(®)

K+ — n+ + 2 light scalars
would be allowed kinematically. Unfortunately it is unlikely that its branching
ratio would exceed that for K™ — n* Vv (with three families).

This tour d' horizon of Old and New Physics can lead to one conclusion only:
Dedicated searches for K+ — i+ + "unseen” are a definite must for serious research!
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IV. OTHER PRECIOUS RARE K DECAYS -- A FIELD DAY FOR CHIRAL
PER ATION THEQRY

There is a rich class of rare K decays that involve photons both on-and off-shell:
KL Kg =y, 1"

B PA S “4.1)

Koy 4.2)
- AL

K-ornyy 4.3)

{K — = yis forbidden by gauge invariance (or alternatively, by angufar
momentum conservation).}

Unfortunately there exists a certain complication that we have to address at this
juncture - a complication that is sometimes referred to as the "Problem of the Two
Worlds."

(1) On the one hand there is the world in which theorists work; it is characterized by
distances d < 10-!5 cm; it is populated by quarks and gluons (and... and ...) and it
is this world where theorists indulge themselves in building models and computing
transition rates .

(1) On the other hand there is the "Real World"” where everybody else works and
everybody (theorists included) lives; it is characterized by much larger distances
d 2 10-13 cm and is inhabited by hadrons: pions, p mesons, protons etc. It is in

this world that detectors are built and transition rates measured.

Obviously one has to establish communication between these two worlds
which allows to translate results that have been obtained in the Theorists’ World into
those that are testable in the Real World and vice versa. This task is, we all believe,
performed by QCD - in principle. In practice however we have so far fallen short of
realizing this noble goal in a comprehensive way.

To cite but one (relevant) example. The decay K1 — vy is viewed to proceed
via the diagram in Fig. 6a (and related ones) in the Theorists' World, whereas it is
represented by Fig.6b in the Real World.

A. Fundamentals
Fortunately there are some favourable circumstances that can come to our rescue




L T My

Fig.6a Fig.6b

Fig. 6: The decay Ky, — vy viewed in the Theorist's World (6a) and in the Real World
(6b).
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if properly exploited:

e the only hadrons that appear in K decays are pions and kaons; they double as
§q bound states and as chiral Goldstone bosons, i.e., bosons that emerge due
to the spontaneous realization of the chiral (and global) SU(3)gL, group:

SU(3) @ SU@B) 2SUB) gz +7s, Ks, Mg 4.4
¢ the masses and momenta that appear are "soft":
2
Ipl < mé << ("normal hadronic scale” ~ 1 GeV) (4.5)

This vague statement will be made more precise later on.

Chiral perturbation theory (hereafter referred to as ChPT) describes the
theoretical framework that exploits these two facts: it starts from the fundamental
dogma already mentioned, namely that (approximate) chiral symmetry is realized
spontaneously in nature. This dogma consists actually of two parts:

(i) For massless u, d and s quarks, i.e.

my=mg=ms=0 4.6)
there are eight massless Goldstone bosons

nt,n
o o0 4.7
Kt K N 4.7)
n
and one mass scale
4n T = 1.2Gev 4.8
where
- fr
fr = 7= = 933 MeV (4.9)

2

denotes the pion decay constant. The Goldstone nature of these mesons puts severe
conswaints on how they couple to each other and to electromagnetic and weak currents.
(ii) When u, d and s quarks obtain non-vanishing masses,chiral symmetry is broken




explicitly and the eight pseudoscalar mesons cease 1o be massless .
Yet
2 2 2 732
my, my << my << (4x fy)
A * (4.10)
“’3( << mi << (4n —f,[)z

still holds; thus the real world where pions and kaons do have a mass is not expected to
be so different form one where they are massless. More specifically, the real world can
be described as a perturbation around a world where chiral invariance is realized
spontaneously. The small quantity which serves as an expansion parameter in this
meatment is given by

m V[ m Y
i) angy | <1 (4.11)

(whereq=u,d,s;a=n, K, n).

ChPT thus generates an effective Lagrangian for the strong interactions among

pseudoscalar mesons
5= woT . 4.12)

1=1
B . ~
The Oi denote operators that describe the couplings of Goldstone bosons; ¢, are
numerical coefficients that contain the small expansion parameters given in (4.11)

i

p2
T = (41:}_")2] < (4.13)

where ‘/? denotes quark masses, meson masses or the momenta carried by the
mesons; in K decays we have for on-shell fields p2 < mf(-

It is instructive to compare the expression (4.12) with the one that is usually
written down to describe the effective weak interactions of u, d and s quarks:

&) _uds)
r,eﬁ AS=1) o zci o, (4.14)
i=
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with the six operators Ogud’s) expressed as a product of two currents.(10)
There are structural similarities between (4.12) and (4.14):

- The operators Oi(u’d's) are expressed solely in terms of the u, d and s quarks,
i.e., the light fields. The operators OfB also contain only the light fields,
namely the Goldstone bosons 1, K and 1.

~  The coefficients CEH) represent the effects due to the existence of the heavy
fields - the ¢, b and t quarks and the W bosons - that have been "integrated out”
and do not appear explicitly in the low-energy Lagrangian. Similarly the heavy
fields - the p and A1 mesons etc. - do not appear explicidy in (4.12); however
they determine the magnitude of the coefficients ¢; in (4.12, 13).

Yet there are essential differences as well between the expressions (4.12) and (4.14):

~  There is a finjte number of operators appearing in (4.14), namely six, and their
coefficients C?b are galculable through an analysis of renormalization group
equations, at least at sufficiently high momentum scales. In (4.12) on the other
hand an infinite string of operators O:B appears; furthermore the coefficients c;
are, as a matter of principle, completely undetermined by ChPT.

These findings should not come as a surprise: for the chiral Lagrangian describes a
non-renormalizable interaction as is explained in more detail in Appendix B. Quantum
corrections do therefore force upon us new effective operators at each loop level and
their coefficients are undetermined as a matter of principle. These coefficients will in
general be scale dependent since the higher loop contributions will typically contain
divergent momentum integrals.
Details can be found in the literature.(1!) What we should keep in mind for our
subsequent discussion is the following:
1) ChPT is more than just another cute model; it is not based on any assumption
concerning the smallness of the strong coupling o -- instead ChPT is QCD at
(sufficiently) low energies!

(i)  Not surprisingly, a certain price has to be paid up-front for this panacea: when we
2

g0 to higher orders in the expansion parameter 7 we are forced to include

(4nt)

new operators with undetermined coefficients ¢; (though with a well-defined chiral
structure). Their values can either be extracted from one set of data and then
applied to another; or one can attempt to estimate their magnitude by employing




additional theoretical technologies: phenomenological models like p exchange

dominance, 1/N expansions, QCD sum rules and - blessed be the day! - lattice 4 A

m, O
QCD. M= m, (4.19)
This leads typically to a very involved and lengthy analysis and it costs us in lo) m,
predictive power, but there is nothing ad-hoc about it! And there is still lots of predictive
power left as can be studied in the literature. The meaning of the first term in (4.16) becomes clearer when one expands (4.17) in the
Here we concentrate on the radiative K decays listed in (4.1 - 4.3) where strong, pion fields
electromagnetic and weak forces are intertwined 2
fn + 1 25 2
awr an T - Tuapuapu )xaunauwj O apn (4.20)
L, AS=1)=3 + B, +5_, (4.15) fx
The reader that is interested in results rather than how to obtain them can skip the next *oe
section and go to section C. i.e., it contains the kinetic terms for massless meson fields and their (derivative)
interactions.
B. Constuction of the effective Lagrangian The second term which contains the quark mass matrix represents the gxplicit
. of the effective Lagrangian
breaking of chiral invariance that yields non-vanishing meson masses
CHPT
(@) Sy ) 2,
The strong Lagrangian can be expressed by three terms: -f,‘z Mi, [ M; I MK- 2
v = = = 4.2
N 2(my+my)  2(my+mg)  2(my+my)
1;ChPT.—_£’l w@ U3 U) +vir +UTM) + Finally the last term in (4.16) is produced by loop corrections that generate couplings of
=2 r@,U3, ") MU+U"M) p p
. the meson fields that contain four, six etc. derivatives (or momenta) each of which is
+ higher order terms (4.16) -
scaled by fy .
with
ChPT
42 (R
U=exp L“‘f— ¢ 417 -
R
where the matrix ¢ contains the eight Goldstone boson fields ® As usual the electromagnetic couplings are obtained by replacing the normal
derivatves with covariant ones:
r° n + + i
7= +ﬁ T K 9, U—-D,U=3,U-ieA,[0,U] (4.22)
° . n < “4.18) where Ay denotes the electromagnetic field and Q the quark charge matrix
- o .
¢ = 2 /8
o 2n
K i B
K I3

and M denotes the quark mass matrix
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w2
o

(@]
i
i

(4.23)

W=

There are now additional higher order terms, two of which are of relevance for radiatve
K decays(12)

@
B = -ieLgF,, r(@QD,UD,U" + QD, U D, U)
2 +
+e? L F, Fr QU Q) (4.24)
F]_w =auAv—avAu

The two quantities Lo, L1 are undetermined parameters of the type discussed before.
(il  With the couplings written down so far

T°,N =YY

cannot proceed; to implement it one has to include the Wess-Zumino-Witten term

1
B =2 Fuy Foe (R°+—=1) (4.25)
wzw = g Euvpa Fiuv Fpa AN

(c) An intermediate resurne

L L
sTR * Pem  describes the strong and electromagnetic interactions of «t's,
K's and 's

~ to all orders in the strong coupling

~ for "soft" momenta |pl <1GeV

~ in terms of a priori undetermined parameters:

fan L. L,

It has yielded a successful phenomenology with two possible exceptions, namely an
underestimate of I' (1 — w* n=%") and I" (] = =° vy). One can actually give some
rather natural arguments why terms that are of higher order in ChPT are nevertheless of
great numerical importance in those particular cases.(13)
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Otherwise if those discrepancies turned into failures or new ones emerged one
would face a very awkward situation: keeping in mind that ChPT is QCD at low
energies one would have to adapt a dictum by B. Brecht: "I suggest”, says Mr. K.,
"that QCD dissolves Nature and elects a new one.”

@

Ecker, Pich and de Rafael (hereafter referred to as EPR) using the pioneering

work of Donaghue er al.(16) have shown in a beautiful series of papers (14) how to

implement the weak interactions in a chiral Lagrangian. One starts from the same quark
level Lagrangian that was already discussed:

¥ as=1 ey wh V' ws) Y Pot Y .

5 H

H
i=1

h.c.

The operators Oi(ud‘s) which are products of two currents can belong to an § or a 27 of
SUB)FL. According to the Al = 1/2 rule the 8 piece is by far the dominant one. In the
following we will mostly ignore the 27-plet. It is this algebraic structure that one has to
mimick in ChPT:

:B“CZT (AS=1) = Gy @y, L,),, +h.c. + non-octet terms

+ higher orders (4.26)
Gy =7_2E V (ud) V* (us) gg 4.27)

where L, denotes the matrix that represents the Noether current for the V-A chiral
rotation:

L = it u ERIN (4.28)

The appropriate numerical size of the parameter gg is obtained from the observed width
for Ks — nn:

lgg| ~5.1 (4.29)

For radiative K decays we still need electromagnetic corrections to these weak




couplings; as before they are implemented by introducing covariant derivatives, see
(4.22). They also induce terms of higher order in ChPT:
(4) ie GB
T (aS=1em=-—" F, {w v @k L L)+
n

+w QLA L) + WJ%VPU"(Q[—:P)“O‘G.WLG)} (4.30)

+ h.c.

22
(¢ 216

905 =1, em?) =

$ W4 Fuv Fp.vcr (16-i7 QHQQ+)+hC (431)

where
- -2 +
Ly = 1f"uD“Q

and A . i7 denote the appropriate Gell-Mann matrices acting in SUQB)F space; wj, wa,
w1 and wy are new a priori unspecified parameters.
(e) Summary on the theoretcal tools
ChPT describes the strong and electroweak interactions of pseudoscalar mesons
by an effective Lagrangian that contains Goldstone boson fields GB, their (covariant)
derivatives, electroweak currents and ¢ number coefficients:
- (em) + (weak)

ChPT
=% (GBD,GB,j, , coeff.) (4.32)

It describes the dynamics to all orders in the strong coupling and to the appropriate
perturbative order in the electro-weak couplings.
Feynman diagrams can be written down which contain as building blocks
— propagators of Goldstone bosons
— vertices that describe their couplings among themselves
— vertices that in addition contain couplings to electro-weak currents.

The expansion parameter is given by

2 2
p— 7 2 2 (4.33)
@nf,)’  (13GeV)

making ChPT applicable if only soft momenta are present.

There is a price to be paid for including the strong interactions to all orders in
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their coupling strength: a priori undetermined parameters are introduced as the
coefficients of the chiral operators. There are three such parameters to the quadratic
order in ChPT

@ _
52 5., [ 8] (4.34)

and six additional ones to the quartic order:

)
L5 L9, L W, W, Wy, W, (4.35)

These parameters can be momentum scale dependent, i.e.,

10°

wi=w; (q¥ N?) (4.36)

and this happens when the loop integrals that are generated by quantum corrections
diverge.

The numerical value of these parameters can be inferred from data: e.g., _f,[
from m — 2v and gg from K5 — nn. This, by the way, does not mean that we have
finally understood the dynamical origin of Al = 1/2 rule and its range of validity.
However once the Al = 1/2 rule has been postulated in one reaction, then ChPT allows
us to implement it in a theoretically consistent way and apply it to other processes.
C._Applicationg

There are two simple, yet important theorems that apply to radiative K decays:
Theorem 1

Ampl(K—ny)=0 4.37)

The conflicting requirements of gauge invariance and conservation of orbital
angular momentum enforce the vanishing of this amplitude.
Theorem II

4
Cer ey o | = J (4.38)
Ampl (K- (m)+Y's+ £'s)=0 [(41&_")4

where the final state contains any number of photons and charged lepton pairs and at

" most one pion. It is again the conflict between two requirements, this time between

those of gauge invariance and chiral invariance, that leads to a vanishing amplitude to
second, i.e., lowest order in ChPT.

There is a two-fold motivation for studying these decays in a dedicated fashion:
(i) They provide stringent tests of our understanding of chiral invariance - a concept




that is deeply rooted in QCD (remember "B, Brecht”).

(ii) Direct CP violation represents itself as a minute (though highly important)
phenomenon in K; — nn decays. This is partly due to the dominance of the

Al = 172 over the Al = 3/2 amplitude in these non-leptonic decays. In radiative K
decays on the other hand one finds, as stated above in Theorem II that the large

A I = 1/2 enhancement is at least partly off-set by the chiral suppression
~p' /4ty )2' This can make Al = 3/2 and 5/2 amplitudes more significant

thus allowing direct CP violation to manifest itself in a less suppressed manner.
@ K°, K> vy

CP invariance is assumed for this discussion. The mass eigenstates Ks and K|
have - in this approximation - to be identified with even and odd CP eigenstates

respectively.

Fig. 7a (7b) contains the diagrams of lowest order in ChPT that generate
Ks - vy (KL — 7). They are not shown to establish bragging rights, but to illustrate
two points of general interest for the serious student of ChPT:

— some vertices have a decidedly hedgehog-like appearance which will actually
intensify in higher orders. This should not surprise us - after all ChPT is produced
from a non-renormalizable dynamical description.

~ The reactions Ks — ¥y and Kp, — ¥y that look so (deceptively) similar on the quark
level are described by very different diagrams in ChPT.

The diagrams of Fig. 7a yield

BR (K, > 7y =20x10° l% N (4.39)

where we have calibrated gg according to (4.29). There exists a preliminary
experimental number from NA 32 on it

BR(K, > = 24+12)x10° (4.40)
which agrees with this prediction although the statistical significance is not
overwhelming.

So far no reliable number on BR(Ky — ¥Y) has been derived within ChPT. For

++
™
rt K e Y ,K Y
Ks Pt Kg pmTT
————— &« ---- ,
~ ) ‘.~ .
N =T
wanean Y 14
K
TiKY AN
- 4 \
Ks 7T, , ’ :
_____ PAAA~A AY
< . Ks N Y
Y Y

Fig. 7a: Diagrams of lowest non-trivial order in ChPT for K5 — ¥v.

Fig. 7b: Same as Fig. 7a, but for Ky - vv.
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e The theoretical predictions on I" (Kg — yptu-) differ by 10% to at most 20%. The
experimental sensitivity level therefore has to reach the few percent level before the
different predictions can be distinguished.

The rado I' (K, — vy £+2- )/ T (KL — vY) is not sensitive to SU(3)fy, breaking
and can thus be predicted:

.. -2 -
Fr® —>y2 4) 3 1.59x104 for L=e @4
FrE -vw) 7 [409x10 2=p

The spectrum -11_.- % (K, = yu*p) with z = m2 (u+p?) /Mf( is predicted to
peak just above z=0.2 and to drop off rapidly for larger z both in ChPT and in a phase
space description.Yet in ChPT the peak is even more pronounced and the drop-off is

even steeper than in the phase space ansatz. These differences occur roughly on the
20% level. Details can be found in Ref. 14.

© K°,K° s noyy
ChPT allows to relate Kp, — n° vy to Ks — Yy independently of the value of gg:

r®, - ®° YY)
F&—)
which translate into [see (4.39)]:

=59x10" (4.42)

2

B

5.1
In describing K5 — ®° vy one introduces a cut-off in m (yy) to avoid the physical x°

BR (K - 7° 1) =69x 107 (4.43)

pole since here one is not interested in studying K — =°=°, &° — vy where both
pions are on-shell. One then finds

=4x10®

2202 (4.44)

BR (K, = ©° vy)
with z=m2 (yy)/ Mf(

Again ChPT leads to a different distribution in z than, say, a phase space
ansatz. As shown in Fig. 8 this difference is really striking for %I‘ X, = )

chiral symmetry produces a dramatic suppression at low values of z.
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Fig. 8: The di-photon mass distribution in Ki, = #° Y, both for ChPT (solid line) and a

pure phase space ansatz (broken line); from Ref. 14.




@ KE - wtyy

The transition rates for the decays considered so far depended on gg and f"n ,
but on no other hadronic coupling parameters. This is not true for K* — 7t vy higher
order terms 5 (4) that are produced by quantum corrections contribute here; they
actually enter via the following combination of their coefficients

1
ez32n2[4@9+L10)--§(w1+2w2+2w4)]. (4.45)
The parameters Lg + Lo can be extracted from the observed width of 1 — ev v, no
such reliable information has so far been obtained on the parameters wj, w2 and wg.

However we can state a lower limit

BR (K* -t yy) 24 x 107 (4.46)

and a "most likely" value

BR(K - " yy)~10° (4.47)
since a QCD weatment suggests € ~ ® (1).
(e) Kf - nt 2+ t-
At last there exists a measurement of one of these decay modes:
+ Foata.
ITE >ree) _(s6x11)x10° (4.48)

T -»n°e’v)
The ratio in (4.48) appears surprisingly tiny since naively one might give a different
guestimate:

TrK -»n*ete)

FE -~ n°e*v)
Of course one can do better than this overly naive ansatz: one can describe K*—n*ete

- © @)~ fewx 107 (4.49)

as an electromagnetc correcton to the non-leptonic (pole) transiion K = 1 with its

non-leptonic enhancement factor gnNL:

2
r& - ntee) 1 f fx g ~10‘5g2
NL

y (4.50)
'K - n°e'v)
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which overshoots the observed ratio (4.48) even in the absence of a non-leptonic
enhancement.

Yet what we have ignored so far is Theorem I, (4.38), which states that we
have to go to the quartic order in ChPT. Accordingly, one estimates roughly

2
ra 2
* o ntete efrg oK .
TR orwlee) | = | ~3x107g2, @sy
FrK - n°e’v) my (@rfr)

That shows that even the tny ratio (4.48) allows for a sizeable non-leptonic
enhancement in K+ — n+ £+.2- if one takes into account the chiral suppression
expressed in (4.38).

To turn this qualitative "success" of ChPT into a quantitative one is, however,
quite a different matter: for the counter terms that are produced by the 1-loop quantum
corrections contribute to K+ — n+ £+ £-. Their impact is represented by the
coefficients Lg , L1g, wy, w2, w3, w4, since the one-loop integrations now yield
divergent results one has to deal with the scale dependent part of these coefficients.
This represents an additional complicaton relative to the case of K+ — m+yy where
only the scale independent part of these coefficients entered. EPR chose the following
procedure to deal with this complication:

— fix, within reason, the parameters such that the absolute width I' (K* — =t e*e’) is
reproduced.
: . . _L d + + gt .t
= Then predict I' (K* — &* ") and the distributions -1 4~ r® —-nt22),
2= (47 4) /M.
This program can be fulfilled up to a two-fold ambiguity; for details consult Ref. 14.
® KK sty

The discussion of Kg— =° £*£- proceeds in complete analogy to
Kt—sn*2+2. A completely new clement - and one of fundamental importance -
however enters when one analyzes

KL - n° 2+2- (4.52)
For the final state in
K -y
Lty (4.5%)

represents an gven eigenstate of CP




CP[ (@ Y');J = CP () CP (Y] (1) = (1) (+1) (1) = +1 (4.54)

Yet the inidal K|, is CP odd in the (almost realized) limit of CP invariance; since

therefore

¢p linitall  cp [final) (4.55)
one realizes that the reaction (4.53) can proceed only via 2 violation of CP invariance!
Accordingly one obtains as an order of magnitude estimate
BR(K, -1y > e e )~ lgl BRK > cte)~ 1072 10" @s6)
Yet before an observation of Ki, — ®° 2+£- can be listed as another
manifestation of CP violation in K decays one has to guard against two other
possibilities:

(or) The £+ .2 pair is produced not from a (virtual) photon, like in (4.53); instead it
comes from a Higgs scalar (that can be on-shell or off-shell for that mater). The
observadon of Ki, — n° 2+£- --- with presumably BR (KL — #° ptu-) >>
BR (K, — n° e*e” ) -— would in this scenario not represent a CP violation, but
instead the presence of New Physics. This would obviously constitute a highly
desirable interpretation.

(B) Unfortunately there exists a much more mundane process leading to
KL — n°2+2-, namely

K ~myy
Loy (4.57)
i.e., a process of higher order in QED, yet without CP violadon.
There is no simple way to estimate the relative weight between the two
reactions, namely the CP violating one-photon processes (4.53) and the CP conserving

two-photon process (4.57) since they are characterized by parameters of comparable

size:

lq(!2~®[[f;]2) (4.58)

A more detailed dynamical treatment is therefore called for. Sehgal has applied an
analysis that is based on vector meson dominance and found (19

A(I(L—~>7t°y'—~>1t°,2+ﬂ|..[A(KL—ﬂr"y'y' —~>n:°l+[) (4.59)
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The ChPT loyalists of EPR and previously the authors of Ref.16 as well have
arrived at quite different conclusions:

. KL — n° e*e- is dominated by the CP violating one-photon process
BREK -7y »a°e'e)~0 (10™) (4.61)
{ _12
1.5x10
BR (K —-n° Y o nlete ):< " (4.62)
{L5x 10

where the two values listed in (4.62) reflect the rwo-fold ambiguity in the size of the

higher order parameters wj that was mentioned in our discussion of K* — n*2+4-,

No direct CP violation has actually been included in obtaining (4.62).

. Acordingly very linde manifest CP violaton is expected in the lepton diswributions
etc.

¢  The two-photon contribution to K, — n° J¥u- is not suppressed leading to a
relatively sizeable branching ratio

BR (K — =° p*w-) ~.—;-BR K o e'e) (4.63)

. CP violation can then manifest itself in a fransverse polarizationof the muons in
K — =° u*p-. Rough esdmates for the degree of transverse polarization yield
Pol (1) ~0.05-0.5 (4.64)

I want to address the conflict between (4.59) and (4.61) with the following two
preconceived notions:

(i) ChPT when applied carefully and properly cannot be wrong.

(i) Iris highly unlikely that this conflict is due to algebraic mistakes.

EPR have examined the most general effective chiral Lagrangian where vector and axial
vector fields appear explicitly . (In the usual approach these fields are integrated out
and enter only indirectly via the coefficients of the Goldstone boson operators). They
find that the vector coupling employed in Ref. 15 cannot appear directly due to the
constraints imposed by chiral invariance. Although they can be induced indirectly by

higher order contributions their coefficients in ChPT are so tiny as to render them

totally insignificant. To say it differently: it would constitute an extremely heavy blow
to ChPT if the dynamical description of Ref.15 were borne out by experiment!

Let me add two more notes on CP violation in radiatve K decays before




concluding this secdon:

TK ortee)-TK o rwe'e) ¥
——— - - ~10 (4.65)
T »rtee)+I'K-onee)
a depressing result and
+ + -
FrK -x"y)-I'(K - yw) 510.3 (4.66)

rK'snam+IX - yw)

which does not appear to be beyond our experimental capabilites.

(0]

(2)

(3

Interlude: Resume on Rare K Decays

A study of radiadve K decays will teach us significant and quite important lessons
on QCD; in particular it will provide us with crucial tests of our understanding of
chiral symmetry and its breaking.

A well developed theoretical technology has emerged that provides us with a
quantitative treatment of these K decays: Chiral Perturbation Theory.

As always there is a prize to be paid: ChPT introduces - as a matter of principle -
a priori unspecified parameters: gg, g27, Lo, L1g, w1, ... w4. Yet ChPT
produces many highly non-trivial relations between different transition rates:
Therefore one has to measure many decay rates and disaributions to fully exploit
the opportunities that are offered by K decays. This makes a K factory a highly
desirable undentaking.

Item (1) - (3) concermed our understanding of QCD. Yet also our

understanding of the weak forces and of New Physics can be extended by further
experimentation in this field.

@

&)
(6)

A dedicated search for

K* - n* + "unseen”
is an unequivocal must - as stated before.
Helicity suppression etc. presumably do not affect K — epl, mejl in a crucial way.
CP viplation:
It has been stated with increasing vigour (though not necessarily rigour as well)
that dedicated searches for CP violation in B decays present an almost irresistible
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temptaton, at least for a theorist:
The theoretical prediction that can be made there are typically more reliable than for
K decays;
Finding them or not finding them has very obvious implications for or against the
KM implementation of CP violation;
A very rich structure exists in their phenomenology.
1 subscribe quite strongly to these statements. Nevertheless I would consider it
quite foolish to suspend further searches for CP violation in K decays:
After all, nobody has really demonstrated yet that sufficient experimental
sensitivity can be acquired in B decay studies.
It should not be forgotten that theoretical predictions could be contradicted by the
experimental findings. If that happened as far as CP violation in B decays is
concerned we would have made progress in a negative way: we would have
learnt that the KM ansatz does not represent the leading source of the observed
CP violation in Ky decays. Yet we would not know which force it is that
generates this fundamentally important phenomenon.

Dedicated searches for CP asymmetries in K decays and in B decays should

therefore not be viewed as competitors, but as complementing each other.



V. "Waiting for a Miracle" -- Rare D Decays

According to the Standard Model D decays represent a decidedly dull affair: the
relevant KM parameters -- V(cs) and V(cd) -- are "known" since they can be inferred
from V(ud), V(us) and V(cb); at most tiny D°-D° mixing, no observable CP violation
or other flavour changing neutral currents are expected. This apparent vice can

however be turned into a twofold virtue:

(i) Our alleged understanding of the electroweak forces in the charm sector allows
us to use charm decays as a unique laboratory for studying the strong forces in a novel

environment.

(ii) If -- contrary to our jaded expectation -- an interesting weak phenomenon like
flavour changing neutral currents were observed we would have found unequivocal
evidence for "New Physics" beyond the Standard Model. Of course, it would still be
ambiguous as to the precise nature of this New Physics.

In the following discussion of one-loop D decays and doubly Cabibbo

suppressed decays (hereafter referred to as DCSD) [ will expand on these general
statements and make them more specific. But first I want to mention briefly two

technical complications that arise in treatments of D decays.

@ The one-loop AC=1,2 operators are non-local: the internal quarks that appear in

the diagrams of Figs.9 are lighter than the external charm quark
m<m,.. 5.1

The strange quark can therefore not be integrated out to obtain a local effective AC=1,2
operator, The opposite situation arises for AS=2 etc. transitions.

(i) There cannot be a trustworthy application of ChPT. For the hadrons that appear
in these reactions, e.g.

Dop+X (5.2)
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w w d,
s
u o ds C y
Fig.9a Fig.9b

Fig. 9a, b: Quark level transition operators with AC = 2 and AC = 1, respectively.




cannot be described as Goldstone bosons and "hard" momentum transfers appear
2 2 732
mg, p* >> (4nfy) (5.3)
A. ne-loop D

There are quite a few processes that come to one's mind here

D° s A8 (5.4)
D° - vy (5.5)
D° — n/p + “nothing seen” (5.6)
D° — ¥+ "nothing seen” (5.7)

Unfortunately, one has to expect truly tiny branching ratios for these modes since more
than one suppression factor will typically intervene -~ like helicity suppression in (5.4},
wavefunction suppression in (5.4,5,7) and GIM suppression in all four of them. And
in addition, the normal D decays are not -- unlike K decays -- Cabibbo suppressed.

A few semi-quantitative comments can be added:
0] Doy
In analogy to Ky, — vy one can describe this reaction as a two-step process

D° = ", 7, 7x, KK, 3x..." 5 vy (5.8)

Since the first step represents a Cabibbo suppressed non-leptonic transition and
the second one a second order electromagnetic process one guestimates

BR(D® = yy) <O (1g%0, ab~2.7x10° (5.9)
This is probably a very generous number if not even a considerable overestimate

(which is why I used the "<" sign in (5.9)). For on general grounds one has to allow
for -- if not even expect -- sizeable cancellations to occur between the contributions
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from different intermediate states in (5.8). Describing D° — Yy on the other hand by a
quark diagram that is analogous to the one in Fig.6a would presumably lead to a gross
underestimate of the rate.

(i) D - w/p + "nothing seen”
Supersymmetry introduces the decay channel
Do n/p+ ¥y (5.10)

if the photinos ¥ are sufficiently light. The relevant tree-level diagram is analogous to
the one shown in Fig. 4; the corresponding amplitude is subject to GIM suppression
that enters through the couplings of the internal squarks U = (i, €, 1). Unfortunately --
for the present analysis -- almost all SUSY models that are imbedded in a supergravity
environment exhibit the following property for the squark mass splittings:

Am? (@) ~ mZ, m? (5.11)
Am? (D) ~ m?, m? (5.12)

The GIM suppression that results from (5.11) makes considering D — n/p + ¥ a

completely academic affair.

(iii) D° — v+ "nothing seen”

SUSY again allows for a realization of such a mode, namely
D° = y+W (5.13)
if the sneutrinos are sufficiently light. GIM suppression enters via the couplings of an

internal D squark where the more favourable scenario (5.12) holds. Yet even so it is

hard to see how a measurable branching ratio could result.




B. Doubl i Suppressed D D - D

These are necessarily non-leptonic decays. Thus one has to tackle the "Problem
of the Two Worlds" as described in Sec. IV, aithough it appears in a less virulent form
here. Starting from the observation that almost everything is of order one in the strong
interactions -- the relative weight of higher order corrections, Clebsch-Gordan
coefficients etc. -- two thinkers arrived quite independently at the Ma-lTk Theorem: To
be off in one's predictions by an order of magnitude or more one has to be
o) quite unjucky or
B rather dense or,
b9} most likely, both of these two requirements are fulfilled simultaneously.

The Al=1/2 rule is the classical example for case (@); everybody will know
examples of cases (B) and (y) from his or her own experience.

One consegquence of this theorem is that one cannot claim reliability for a model
just because it predicted a handful of decay rates more or less correctly. For a proper
evaluation one has to keep the wider theoretical and phenomenological landscape in
mind.

An expansion in 1/N, N being the number of colours, provides a very compact
and rather successful phenomenology of Cabibbo allowed and once Cabibbo
suppressed D decays (2 detailed description can be found in the literatre (7). It s
quite natural then to apply it to DCSD as well.(18)

Before I do that [ would like to recall to your attention the four-fold motivation
for a detailed and dedicated study of DCSD:

® Asis well known by now a good understanding of DCSD is relevant in searches for
D°-D° mixing.

¢ Asexplained below interesting lessons can be obtained on QCD.

o Such lessons are of obvious significance for attempts to extract the values of the KM

parameter V(ub) from non-leptonic B decays.

o There exists a certain (though by no means large) potential for New Physics to show
up. For example, New Physics could be realized by the existence of charged Higgs
fields H the exchange of which leads to ¢ — s(ud) as well as ¢ — d{(uS) wansidons. In
the first case the Higgs exchange produces a coupling proportional to meemyq {or
mc'mu)/mﬁ, in the latter one to mcomslmf{. The highly forbidden DCSD can thus

have a much higher sensitivity to New Physics than Cabibbo allowed D decays (19):

rate ("NP")/rate ("Ol Physics") [c—d(us)) _(ms

rate ("NP")/rate ("Old Physics™) [c —s(ud)] g0

(a) DCSD of D°:

Invoking the 1/N ansatz as rationale for including factorizable contributions
only, ignoring W exchange and putting the Bauer-Stech parameter £ to zero one finds

w..z Ig“@C (5.14)
BR(D® — Kn*)

o + -
_BE(D__)E_B_)_...O.S (g“ e, (5.15)
BR(D® - K7p*)

o +*
M~3[g“@c (5.16)

BRD® = K 1)

1t is of course the Cabibbo angle 8. that sets the overall order of magnitude for DCSD.
The coefficient of tg48, which reflects hadronization effects is of order one -- in

accordance with the Ma-Ik Theorem; for example the enhancement in (5.14) can be
traced back largely to if/fi2~1.6 etc. Furthermore

BR(D® = K'n-, K'p~, K ‘1)
BRD® - K'r*, Kp*, K %)

~12-15 (5.17)

i.e. summing over these channels yields an amusing (semi-quantitative) realization of
quark-hadron duality.




(b) DCSD of D+

A rather intriguing scenario emerges here:

BR(D" - K'n°) _

= 31g* @, (5.18)

BR(D' - K°n") & Fe

+ o+
“———h—BR(D*_)E I s1ngte, (5.19)
BR(D - K° n*)

+ +*
———-———-BR(D+ 2K 1 1229 e, (5.20)
BR(D" - X° 1)

+ + o
BR® -Kp°) 0.35 g'e, (5.21)

BRD" - K°p*)

The apparently dramatic enhancement factors in (5.18-20) reflect actually the
destructive interference that occurs in the Cabibbo allowed D+ decays which in turn is
the main motor for the D*-D° lifetime difference (19), Such a destructive interference
does not occur in DCSD and their relative weight is thus enhanced. This can be seen
most easily by considering the isospin of the final states rather than drawing cute
diagrams.

* The final states in D*— (S=-1) transitions carry a unique isospin, namely (II3) =

(%, + %); these decays are therefore described by a single amplitude in isospin space,

namely (Al Al3) = (1, +1). Interference can thus occur.

¢ D* - (§=+1) transitons on the other hand are described by the combination of two
amplitudes that differ in isospin, namely (AL, Al3) = (0, 0) and (1,0). This curtails the
possibility of interference.

The coefficient in (5.18) can then be understood as basically due to

ATCEATEN |
(&) = - 52
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The first factor -- fg/fy -- reflects SU(3)p, breaking in the K and 1t w:
the last one -- 1/¥2 -- the Clebsch-Gordan coefficient that ei
wavefunction. The coefficients c., ¢. finally denote the renormalizatio
weak quark couplings by QCD radiative corrections: c,~0.7, c.~2;
term does not contribute 0 D*—3(S5=-1) modes due to the destruct

mentioned above (19},

Analogous effects occur in (5.19, 20). The expected enhance:
much larger, but also numerically more uncertain there: the destructiv
. . . =Y . s
quite considerable in D° — K® 1™ and at the same time very sensitivi

—
changes in the model parameters. Comparing N - X n* Itheo
suggest that the lower end in (5.19, 20) should be favoured.

Therefore [ have to stress a general caveat concerning this ana
final state interactions have been completely ignored in the true spirit of
While matters of practicality favour this procedure there is good rea
universal wisdom. A detailed analysis of DCSD that is based on Q(C
quite desirable, but is not yet available at this time (19,

C. Resume on Rare D D

@) The prospects of ever observing 1-loop decays of D mesons
gloomy since quite typically several concurrent suppression factor
mechanism, helicity arguments, small wavefunction overlaps, small ¥
etc.

(i)  D°-D°mixing could be as "large" as to produce (18)

Am, Al
—F 0.04
New Physics could lead to
Am_ gy

r

(i) A detailed study of DCSD of D mesons appears 1o be
experimentally as well as theoretically. An intriguing and instructive patu



to emerge teaching us unique lessons on the strong interactions at the interface between

the perturbative and non-perturbative regime. VI "GUARANTEED DISCOVERIES" - RARE B DECAYS
. : i The B d imply "exciting" - ithin the confines of th
(iv)  Miracles can occur. Do not let them slip away by not watching! Standard I\iodel?cays are simply "exciting" - even within nfines of the

+ A priori unknown KM parameters - V (cb), V (ub), V (td), V (is) - enter.

+  B°- B° mixing had been predicted and - even better - it was observed (actually
on a higher level than anticipated).

» B decays present the best odds to observe CP violation outside K decays.

«  Charmless decays like B —K*y will occur.

Since one is dealing here with reactions that typically require the presence of loop

processes, i.e., that represent genuine quantum effects, one encounters a rather

high sensitivity to New Physics in these transitions. The three generic scenarios for

New Physics that ] am going to invoke are

- afourth family;

- anextended Higgs sector;

- Supersymmetry ( = SUSY).

Unfortunately there are a few technical complications we have to face here:

+  ChPT is clearly not applicable in decays like B— D p , B -K” yetc.

» The two-body modes B — PP, PV, VV where P [V] denotes a pseudoscalar
[vector] meson are not the dominant decay channels anymore (although they are
not insignificant either) . QCD sum rules that have been developed for these
exclusive modes are therefore of restricted use in B decays.

» It seems that rare inclusive decays like B — (C=0,S = 1) are hard to measure.
This is quite unfortunate since theoretically they can be treated more directly.

A. KM suppressed wee level B decays

There are charmless B decays that occur already on the level of tree
diagrams via the KM coupling V (ub). Among these there is a certain subset of
modes with a particularly clean experimental signature: two-prong, two-body
decays of beauty of which there are six channels

B — ntn, K*K- (6.1)
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B—K=x* (6.2)

Bopp 6.3) BR(B,~ ©'5)< 9x 107 CLEO  (6.52)
nn M vty - o a3 T EN {6 62)
BR{(B,—-Kn )< 1. .62

3, - pr, pK° (6.4) TamR ORI S
BR(B;—pp)<4 x 10 CLEO {6.92)

(a) Following the same procedure as in Sect. V.B - i.e. including factorizable The bounds (6.5a) and (6.92) have already reached theoretically interesting
contributions only, setting & ~ 0 and ignoring final state interactions (hereafter territory as expressed by (6.5) and (6.9). The bound of (6.62) appears to be
referred to as FST)- we find 20) still an order of magnitude above it -- yet, as already indicated -- this is a point

to which we will return.
2
3| V. (ub)

BR (B,— a'n") ~ BR (B, > K1) = 2x 10

V (©b) (6.5)
(b) There are three more of these decay modes, but they should be further

[ suppressed, i.e.
—~ — K — .
BR (B, K7*) = BR (B, - K'K") :LF;) g%, BR (B, - 11~ )

Va2 (6.6) BR (B, - K'K') <<BR (B, n'n) (6.10)
=1.6x10 | Vien) BR (B, - n'n-) << BR (B, » K'K") (6.11)
2 BR (B;— pp ) <<<BR (B, pp ) (6.12)
3| Vb
BR(3b—)p7r)~3x10 W 6.7)
The reason for that is the following: the decays
2 B, K K, B,— n'n and B,— pp cannot proceed via simple tree
f 4| V{ub) . . . . . . .
BR (3b_) pK)=| T tg2 8, BR (3b Spr)~23x107° 5 =) 6.8) diagrams; instead they require the intervention of FSI (i.e., rescattering and
r channel mixing), of annihilation or of KM suppressed penguin contributions -
v 2 circumstances which are expected to reduce the rate (maybe I should add that
BR (B, - pp) < few x 10 } V%cl_ll)))l (6.9) it is somewhat academic on this level to distinguish those three mechanisms).
4 < .
A violation of the relations (6.10-12) might not necessarily amount to a
V (ub) 2 disaster for theory - after all we have included factorizable contributions only -
u
l V (cb) < 0.05 yet it would at least represent an acute embarassment for our theoretical
description of heavy flavour decays.
These processes, in particular §d—+ K =* and By »K*K- can receive ()  The three modes

B, -K=rB, oK K,3, —pK
contributions from Penguin graphs which we have ignored here; this point d s v P

will be re-addressed later on. Altogether we estimate the uncertainties due to

the hadronization process to amount to factors of 2 - 3 roughly on the other hand could be significantly enhanced over the rates given in (6.5-
None of these rare decays have been observed yet -- which is not surprising 6.8) d.uc to the 1ntcrver'nion of FSI, .arTmhlla'uon and/or KM favoured
in view of the predicted tiny branching ratios. The present 90 % C.L. upper penguins. Let me sketch just one scenario involving a two-step process

limits read as follows (for a more detailed discussion see Ref. 4):
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— =M_®
B,— "D, PP Skt (6.13)
The first transition has a huge enhancement factor over the direct process
B, Kn:

2
M AL s00 (6.14)

v bl e

The re-scattering efficiency for the second transition in (6.13) will certainly

EF ~

be quite small; yet we do not know how tiny it is. A re-scattering efficiency
of 1% might not represent an inflated number - after all the process takes place
less than 1.5 GeV above the ﬁ: D" threshold; even then this two-step process
would dominate the B — K™ mode in view of (6.14).

Clearly more theoretical work is needed here. A refined analysis based on
QCD sum rules appears quite promising, be it only to give a theoretical
underpinning to some of the rather ad hoc phenomenological assumptions made so
far.

In any case, dedicated experimental searches for these decay modes should
receive a high priority. Determining their branching ratios will yield new and
unique informations on the hadronization process and thus on QCD. For that
purpose it is not essential to obtain these branching ratios with high precision - I
would consider a 30% measurement as quite adequate: on the other hand it is highly
desirable to obtain data on several of these decay channels.

These informations on hadronization can then serve as essential input for
even more ambitious searches in these rare B decays, namely for B°- B mixing
and - ultimately - CP violation. 32)

B. One-logp AB =1 Pr es in the Standard Model
(a) Generalities

The generic diagram for Q — q + Yor Z or g is shown in Fig. 10 where the
loops with a charm and a (virtual) top quark have been singled out; the u quark
contribution acts mainly as a GIM subtraction. It is understood that the photon or
the gluon can be on- or off-shell (a somewhat murky distinction for the gluon).
The dependence on the KM parameters for such a transition with an internal t quark

is then given by

Y,Z;9

Fig. 10: Quark level diagram for induced FCNC.

Fig. 11: Quark diagram for b — "y"s — 5.
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rate (b — s + yZ/g ) = [V (D) V (t5) IZ:AZK4 (6.15)

rate (s > d +7/2/ g ) o V1) V (td) - A0 en?)  6.16)

where I have used the Wolfenstein representation (21) of the KM matrix. Therefore
we find for the branching ratios

IV @by v [ 1
venl
vV (9 V ad)
Vsl

BR(Mbos+y/Z/g)e 6.17)

BR(s—=d+7/Z/g)e= :AAXB[(I-[))2+T]2]

~(1-2)x55x10%  (6.18)

i.e., these rare decays of beauty have a much higher sensitivity to the presence of
heavy quarks - the top quark in particular - than rare decays of stangeness. This
makes them such an exciting field of study ! (22)

®B-y+(S=-1)

(1) Quark-level results.

From the diagram in Fig. 10 we obtain (23) the effective coupling for the
quark-level transition b—sy
Se 5 g qu Ay sF, (g% my m ; KM Y (619

7 B O G Ay S Fy (@5 mo m; KM param. (6.19)

where Ay, denotes the photon field and qy its momentum. Gauge invariance tells us

{ g2 =

that for g2 = 0, i.e., real photons, there can be only one form factor, namely F;.

It depends, due to the GIM mechanism, approximately on the square of the internal
quark mass, i.e.
2 2

F (top) « — . F; (charm) = 2 (6.20)

My

This makes the charm contribution numerically quite insignificant and at the same
time introduces a strong sensitivity of I'(b — sY) to the top mass. The dependence

-60-

of this width on the KM parameters can be eliminated by considering the ratio
Tb-s)/To-c’v)sine [Vb) | ~1, Vs | =1 Vo) |. Onethen
finds (23)

4

2x10 m, ~ 65GeV

M =4 for ' (6.21)
Fhb-c”V) 10 m,~ 150 GeV

Equating " (b — ¢'v) with the measured width I(B — v X) one obtains for the
branching ratio

2x10° m, = 65 GeV

BR(b-osY)~ i for (6.22)
©==) ot m, = 150 GeV

Yet - as discussed before - what is measured are (exclusive) transitions involving
hadrons rather than free quarks.
Gauge invariance again implies

I'—-Ky)=0 (6.23)
The mode B — K*ycan proceed; since BR(B — K*Y) can neither be 100% nor 0%

one "infers” as an application of the Ma-Ik Theorem
BR (B > K'y)
—_— -~ 5.1 6.24
BR (b —s7y) 5-10% ©.24)

a guestimate that is "confirmed” by computations 24) employing specific models for
the hadronic wave functions. The final estimate then reads
2x10°° m, = 65 GeV
BR(B - K'y)~ s for (6.25)
7 <10 m, = 150 GeV

This steep dependence on m; does not allow us to make a reliable prediction on the
branching ratio. Yet such an apparent vice can swiftly be turned into a virtue by
noting that a measurement of BR (B — K™y) would in turn give us a good handle
on Nature's value of m;! Before however jumping to this conclusion it behooves
us to pause and think whether such a strong dependence indeed makes sense or not.
After all, we have considered mainly quark level diagrams so far, i.c., short-
distance dynamics.

(if) On the impact of long-range dynamics - Duality lost?

The authors of Ref.25 addressed the question whether there is another
mechanism leading to the same final state; in particular they considered a two-step
process a la Vector Meson Dominance




B "y K —»yK' (6.26)

One can make a very crude estimate for its branching ratio

BR(B - YK )~BR(B— "y K") x Prob ("¥" — y)

~(5x107) x &~ 10 6.27)
The point of this exercise is not to produce a reliable prediction, but to point out that
there could be a contribution to B — yK* that is independent of my, yet of
comparable magnitude to the numbers listed in (6.25). Furthermore these two
contributions are coherent; therefore their amplitudes could add or subtract thus
influencing the overall result quite dramatically. Such an observation -- namely that
there is a numerically significant contribution to B — K*y that is not produced by
the diagram in Fig. 10 -- would spell trouble for the applicability of quark-hadron
duality in B decays if it were true.

(iti) QCD radiative corrections - Duality regained!

The suggestion made above that there is no quark-level diagram
corresponding to (6.26) has to be examined more carefully. The diagram shown in
Fig. 11 would fit the bill and it merely represents a permissible distortion of the
charm loop in Fig. 10. However we had argued before that the GIM mechamism
relegates this diagram to numerical insignificance!

A more careful analysis of the GIM mechanism will help here: If two
quarks Q and g with masses mqg and mq respectively appear in a loop diagram
together with W bosons then such a diagram has 10 yield a vanishing contribution in
the limit mqQ = mq, Howcvczr this czan happen in two different ways:

mg;-m
Q q
. Ampl. e 7 (6.28)
My
this is usually called "hard" GIM suppression (at least for mé ) mé < M;).
2
. Ampl. e log -n—lgz— (6.29)
my

which is commonly referred to as "soft GIM suppression” although it actually
amounts to an enhancement for mg << mé .

Returning to the case under study here: as already stated, the diagram in Fig. 10
reproduces hard GIM suppression, (6.28). However QCD radiative corrections
change the situation very significantly:
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- Diagrams like the one in Fig. 12 produce "soft GIM suppression”, i.e., actually
an enhancement ~ log (My/mc)? which is particularly effective for m; < M.
(For my > My also the expression in (6.28) yields an enhancement. This at
first sight paradoxical result is due to the coupling of longitudinal W bosons).

- New and more leading log terms emerge for my ~ 0(Mw) since

2 2
o (my) m;
il J SIS
= log 5 < 1
in that case.

Putting everything together and including leading Jog terms only the authors of Ref.
26 found the results shown in Fig. 13. From it we draw the following conclusions:
» The QCD radiative corrections are very large indeed.

+ They decrease somewhat in relative importance as my increases: e.g., for m; -
50 GeV they produce an enhancement by a factor 17 whereas for my = 125 GeV
this factor has shrunk to 4.3. As discussed above such a trend was to be
expected since the biggest difference between soft and hard GIM suppression
occurs for small values of my.

» The dependence on m, therefore becomes less steep.

+  This makes it doubtful that the decay B — K* *y could reveal information on the
presence of a fourth family.

+ The lowered sensitivity to m; implies that the charm-loop contribution becomes
numerically much more significant .

« This means that the concept of quark-hadron duality escapes the disaster it was
facing before QCD radiative corrections were included.

« These radiative corrections obviously contain sizeable numerical uncertainties;
for example, the appropriate normalization scales have not been uniquely
determined so far. Yet the fact that they are large or even dominant per se does
not make them completely untrustworthy. For - as discussed before - we do
understand on fairly general grounds why in this particular case these correction
terms are so large: it is firstly the conversion of hard GIM suppression into soft
GIM suppression; secondly the appearance of large logarithms log m? which
have been summed to all orders on the leading log level. Higher order terms
which have been ignored so far cannot benefit from additional enhancements
over the terms already included. The situation here has something in common
with the one encountered in e*e- annihilation: the two-photon process



Fig. 12: QCD radiative corrections that produce "soft GIM suppression”.
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Fig. 13: The ratio T' (b = sy) /T (b = c£V) with (solid line) and without (broken

1ine)QCD radiative corrections; from ref. 26.
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dominates the one-photon reaction at the highest presently available energies;
yet nobody claims a breakdown of perturbative QED since we understand the
structural reasons behind the prominence of the two-photon process.
As an (optimistic) reference point we can then state:
BR®B = Ky)~33 x 10673 for m, ~ 150 GeV

This is to be compared to the upper bounds *}
2.9 x 10A4
BR (B, K" y)~ .
SR P P T

ARGUS
CLEO

© B> "*"+(=-1
Some new features emerge in a treatment of the transition b — s “+"'~:

» It can proceed due to the exchange of a photoninb — s "y"' — s "+~ Since
this photon is off-shell a new form factor that is not present in b — s 'y appears
here; it is usually referred to as Fy.

+  The lepton pair “"+"- can be produced from an intermediate Z° or W*+W- pair as
well. This introduces new terms for which there is no analogue in b - sy, for
heavy top quarks, say my > Mw, they actually yield the dominant contribution
(which is due to the coupling of the longitudinal Z or W bosons to the top
quarks that appear in the foop ).

Putting these ingredients together one obtains (27)

[35x10° [s0)
BR, (b - sc'e) 14 64x10° form, =4 100} Gev (6.30)
l 1.0x10°° l 150]

QCD radiative corrections treated in a leading log framework(?8) enhance these
numbers considerably, in particular for moderate values of my:

[73x10° (50 ]
BRch(b——)se+f:’):< 1% 107 for m =9 100 > Gev

| 150}

(6.31)

[14x10°
A few observations should be added here:




(1) The QCD corrections while considerable are not nearly as huge as the case of
b —» sy. That is not surprising: it was pointed out before that the transition
b — sy depends on a single form factor in a very restricted way and does
represent the exception rather than the rule. Inb — s “+"- on the other hand
several short-distance contributions appear, as discussed before.

(ii) Information on the underlying dynamics is contained not just in the branching
ratio, but in the di-lepton mass distribution as well; details can be found in
Ref. 29.

(iif) The virtual photon has a definite preference to materialize in an e*e- rather
than a g*iL- pair. The rate for b — s L*i- is thus suppresssed relative to b —
s e*e” beyond the mere phase space reduction; for details see Ref. 29.

Exclusive decay modes exhibit a cleaner experimental signature, while
introducing further theoretical uncertainties in the reatment of hadronization. Two
channels have been studied in particular, namely B — K ete- and B - K* ete-,

for which the following estimates have been given 29)

BR(B—>K'e'e)

0.2 X
BR (b > se’e) 6.32)

BR(B - Ke'e)
——_—— .~ 0.05 R
BR (b »se'e) 0 (6.33)

combining these numbers with (6.31) we arrive finally at

BR (B - K'e'e)~[1.5,22, 2.8 x 10°°
(6.34)

BR (B — K e*e) ~ [0.3, 0.6, 0.84] x 10°°

for my = [ 50, 100, 150) GeV.
These are tiny numbers indeed, but not zero. And they could be enhanced
quite considerably if there is a fourth family.
CLEO has obtained the following upper bound:
BR (BY 5K e'e)< 5x10°

(d) Bow+(S=-1)
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Theoretically this represents a truly lovely mode whose branching ratio
increases very strongly with my (the virtual photon contribution is of course absent
here). For my ~ 100 GeV one finds 30)

BR(b—sv)=2x10" (6.35)
which is twice the value of BR (b — set*e”) for this m;. This should not come as a
surprise since one sums over the three neutrino species (and the Z° couples more
strongly to neutrinos than charged leptons). Unfortunately it appears that the
experimental signature for such decays, even for exclusive channels like
B — K" W is not sufficiently clean.

(€)B2(=1)+glue

On the one-loop level there are four types of quark processes in this
category, namely b — sg, bq — sq, b = sqq and b — s gg. Itis actually the latter
two that dominate and altogether one obtains G1)

BR (b > s +gle, q7) ~1-2% (6.36)
for my ~ 30 - 200 GeV, i.e. the branching ratio exhibits fairly little sensitivity to the
top mass.

There exists a second source for charm-less final states with strangeness,
namely the KM and Cabibbo suppressed transition b — uts. A crude estimate
yields

BR (b o uls)~2tg? 8, <1% 6.37)

V(ub)
V(cb)
where the factor two reflects the phase space advantage of b — uover b— c.

The rates for these two reactions, namely the one-loop process b — s + glue
and the tree-level process b — uls, are therefore of a magnitude that is not very
dissimilar. Not only is this interesting by itself, but it also creates very favourable
conditions for the emergence of CP asymmetries in this class of B decays. 32

Alas, we have to face up to the usual unpleasant business of hadronization.
Gluon fragmentation

g—8eqq
is "soft" thus transforming the original (virtual) masses of up to a few GeV into
high hadronic multiplicities. It is therefore a multitude of exclusive channels that
builds up the not-so-small inclusive branching ratio given in (6.36). To make this




statement more quantiiaive we have at present to rely
They tend to yield numbers like (33)
BR (B, K'1*) ~ fewx 10 (6.38a)

<
Q
=
o
o
5]
o
14

BR (B, K ¢)~fewx 10 (6.38b)
A comparison of (6.38a) with (6.6) shows the considerable impact Penguin-like
contributions can have even on the branching ratios. In particular the number
quoted in (6.38a) is relatively close to the present experimental upper bound. We do
not have a reliable method for gauging the theoretical uncertainties in these
predictions, but we have to suspect they are large, say a factor of three or so.
For the same reason we have to conclude that the sensitivity to the presence
of a fourth family is submerged in this "theoretical noise”, at least as far as

exclusive decay modes are concerned.

C._One-loop AB = 1 Processes with New Physics

The predictions given so far for these one-loop B decays contain two types
of uncertainties:

+ The "embarrassing" uncertainties that enter into our estimates of branching
ratios for exclusive modes in particular; they are due to our less than satisfactory
mastery of hadronization.

* The "good" uncertainties concerning parameters of the quark world, in
particular the top mass. The unknown value of m; severely restricts the
numerical precision of our predictions; yet a measurement of the relevant
branching ratios would produce a lower and an upper bound on m.

We have reason to entertain even bolder hopes, namely to search for the presence of

New Physics in these B decays which represent classically forbidden processes. In

the preceding discussion of subsection B 1 had already included one such scenario,

namely the Standard Model with one additional, the fourth family. There we had
encountered the one general impediment for such an analysis: due to the

"embarrassing” uncertainties we can hope to perform a successful hunt only, if

some big game is waiting for us out there, i.e., if the measured rate is considerably

larger than the expected rate.
I will briefly review the situation with two other realizations of New

Physics, namely a non-minimal Higgs sector and supersymmetry ( = SUSY); I will

_64-

arle on Tight Higae coana ~ias A
187K O 1ignt DIggs sCenarnos a

(a) Non-minimal Higgs sector with Natural Flavour Conservation

The Standard Model contains one complex SU(2) doublet Higgs field.
Three of its four degrees of freedom are transmogrified into the longitudinal
components of the weak bosons while the fourth one emerges as the physical Higgs
field, which is neutral.

Since flavour changing neutrat currents are highly suppressed in nature one
does not want to enlargen the Higgs sector in a reckless manner. Instead one
introduces new Higgs doublets in such a way that they couple either to the up- or to
the down-type quarks .(36) For two doublets we are left with five physical Higgs
fields, two of which are charged and three neutral. (CP invariance is still
maintained; it is broken spontaneously if three Higgs doublets are introduced.)

Even with this imposition of natural flavour conservation we are dealing

with a high-dimensional space of new parameters. To identify an interesting comer
in this parameter space one can turn to B - Ed mixing.
The ARGUS and CLEO findings do not establish a need yet for New Physics in the
AB = 2 channel; on the other hand it cannot be ruled out that New Physics does
provide the dominant motor of BB’ mixing. It is thus legitimate to consider that
part of the parameter space where Higgs exchanges dominate AB = 2 dynamics and
then search for sizeable enhancements in AB = [ reactions.

Such an analysis has been undertaken in Ref. 37 . The authors’
conclusions for two quite different models with two Higgs doublets are
summarized in Table IV. One should add here that model 1I serves as an

imagination stretcher rather than a realistic dynamical scenario.




transition BR(in %] Enhancement Factor
Model | Model I I I
b — sy few x 0.1 <2 0(10) 0(100)
b— s+ <fewx 103 <fewx 102 0(10) 0 (100)
b—osg® <4 <100 (1) 2-4 0 (10)
Table IV

These numbers have to be taken with a grain of salt since radiative QCD corrections
have not been included here. Yet even so they show how large a discovery
potential there is in these transitions.

(b) Supersymmetry

There is one feature of particular relevance here 38): gluino exchanges
mediate flavour changing neutral currents with a strength of order a, i.e. the
strong rather than the electroweak coupling. This enhances the rates for b — syand
b — sg(*) by an order of magnitude for moderately heavy Susyons, i.e. if M
(gluino, squarks) ~ My 39! Again, QCD radiative corrections have not been fully
included.

(c) Light Higgs scenario

It was already mentioned in Sect, III that an arbitrarily light Higgs boson
can emerge in the presence of heavy quark fields Q, i.e. if Mg > 80 GeV. The
decay b — sH is dominated by the loop diagram containing the top quark and is
roughly proportional to m% : one factor of my enters through the Yukawa coupling
of the Higgs, the other is produced by the chiral structure. Therefore (40)

BR (b — sH) < m? (6.39)
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Assuming
m, > 80GeV (6.40)

as the raison d'étre for a light Higgs one infers from the available limits on such B
decays “41)
my, >3.7GeV (6.41)

There is still another window open, namely

0.3 GeV <my < 2 GeV;
it can be closed only by making more detailed theoretical assumptions on the
relevant Higgs decay channels. Those can be checked (or challenged) by further
experimentation.

D. Resume on Rare B Decays
B physics is "full of promise”; there is tantalizing "poetry in beauty™! All of

this is of course a euphemism for saying that B physics has not reached the maturity

level yet, neither experimentally nor theoretically.

+ Experimentally: as a theorist one cannot help but complain that measurements
of inclusive B decay rates have so far produced rough numbers only.

* Theoretically:
- As far as inclusive decay rates are concemned there is still some homework to
be done: QCD radiative corrections have to be included properly and
comprehensively (42); more detailed thinking should be applied to the question
of whether one can trust quark-hadron duality in B decays on the 10% or only
on the 50% level.
- More formidable tasks await our dedicated attention in exclusive B decays:
most hadronization prescriptions -- like potential models - are of untested
reliability; trustworthy results from lattice Monte Carlo computations are still a
few years away, it appears that an application and refinement of QCD sum rules
a la the Blok-Shifman treatment of D decays is the best available technology.
- As far as numbers are concerned one should keep in mind that the gxclusive
branching ratios for these rare B decays are typically of order 10-6-10-5; the
inclusive transitions on the other hand command branching ratios that are higher
by a factor 10-100!




In summary: if we apply the principles on which the Napoleonic campaigns were
built - i.e. employ large numbers, i.e. > 107 B's, spend a small fortune (but get
others to pay for it) and, very importantly, rely on "fortune” in the French sense -

then we are faced with the prospect of guaranteed discoveries!

VII - OUTLOOK

We should keep in mind how much New Physics has been unearthed in K
decays: parity violation, suppression of flavour changing neutral currents, CP
violation and the existence of the internal quantum numbers strangeness and charm

(and even top quarks). There is no reason to believe that the potential for indirect

discoveries of New Physics has been exhausted in any way. Yet there are two

important lessons we should draw from the past:

(1) A careful and continuous evaluation of our theoretical tools has to take place:
lattice Monte Carlo computations will answer all these questions sometime in
the future; for now (and for some time to come) we have to rely on a judicious
and detailed application of different theoretical technologies: ChPT for K
mesons, QCD sum rules etc., for D and B mesons.

(2) We have to pursue a comprehensive experimental program: for example the
relevant quark mixing angles could be completely different for down-type
quarks --like s and b -- than for up-type quarks -- like charm. Therefore one
has to study also rare D decays in a dedicated fashion to obtain a complete
picture even though one needs a gambler's luck to find New Physics there.

Dedicated searches for and studies of rare B decays are "assured" to yield a rich
harvest. Yet even so one should view studies of rare K and rare B decays as
perfectly complementary, not as competing.
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The diagrams in Fig. 3 generate a local AS = 1 operator which - as stated in the text
- can then be related to the operator that underlies K — mev decays. However there exists
another mechanism which is of relevance, at least in principle, namely the two-step process

K" = "R™ 5 n*vw (A1)
R* represents an intermediate state with S = 0: R = &, p, Ay,%x, 3x, ... Since such states
are not necessarily far off-shell, they can propagate over typical hadronic distances; the
process (A.1) therefore represents long-distance dynamics and it is not included in the
reference reaction K — mev to the same degree(34) (it appears there as a radiative correction
only). An analogous situation is encountered when one attempts(3%) to compute the long-
distance contribution to K° - K® mixing. Using similar arguments one estimates that the
process (A.1) could be numerically significant if top quarks are only moderately heavy,

i.e., mp < My,.




Appendix B: Some technical remarks on the basics of ChPT

Let g [gr] generate the transformation of the fields under the action of the group
SU(3)L [SU@B)r}. The unitary matrix U as defined in (4.17) then obeys a simple
ransformation law:

U—g Ug (B.)
under SU3);. x SU3)R.

(B.1) is so remarkable because it shows that the matrices U and U* are the
appropriate building blocks for constructing chirally invariant Lagrangians. There is then a
simple prescription: form pairs 0U dU* (the derivative operator commutes with chiral
transformations since those are global) and take the trace; the simplest non-trivial
expression onc can write down reads
[ wo, U, U (8.2)

The matrix U can be expressed by an expansion in powers of the Goldstone boson

fields ¢, see (4.17); the expansion parameter contains l/fn , L.e. has dimension of an

inverse mass. Thus we are dealing with a pon-rengrmalizable interaction. It is then

completely obvious that loop, i.e. quantum corrections will necessarily introduce new

coupling terms like

P, ua, U0, U (B.3)

with a relative weight that is completely undetermined by chiral invariance. Going to
higher loops will enforce couplings /(6), /(8) etc. where the superscript denotes the number

of derivatives.
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SUPERCONDUCTING DETECTORS
FOR MONOPOLES AND WEAKLY INTERACTING PARTICLES

B. Cabrera

Physics Department, Stanford University
Stanford, California 94305

In our laboratories at Stanford, we have undertaken several research programs to
search for dark matter candidates in our galaxy with laboratory based detectors. The
first effort is a search for magnetic monopoles in the cosmic rays. These would be
supermassive (1016-1019 GeV/c2) and a density of only one per 10-10,000 km? would
be sufficient to account for the local dark matter around our galaxy. We have been
operating 2 1.3 m2 times 47 sr detector utilizing eight SQUIDs. It is the largest
superconductive monopole detector. The second effort involves the development of
large mass (~1 kg) elementary particle detectors capable of sensing weakly interacting
particles. These ntilize silicon crystals at temperatures below 1 K, have spatial
resolution in three dimensions and would measure the total energy deposition. Such
detectors will be used for direct dark matter searches and for neutrino experiments
capable of setting better limits on the neutrino mass.

©B. Cabrera 1988
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PART A:
SEARCH FOR MAGNETIC MONOPOLES IN THE COSMIC RAYS

Introduction

In 1931, P.A.M. Dirac proposed the existence of magnetically charged particles
to explain the observed quantization of electric charge. He showed that only integer
multiples of a fundamental magnetic charge g (Dirac charge) = hc/4ne are consistent
with quantum mechanics. Many years of experimental searches produced no
convincing candidates. In 1974 't Hooft and independently Polyakov showed that in
all true unification theories (those based on simple or semi-simple compact groups)
magnetically charged particles are necessarily present. The modern theory predicts the
same long-range field and thus the same charge g as the Dirac solution; now, however,
the near field is also specified leading to a calculable mass. The standard SU(5) model
predicts a monopole mass of 1016 GeV/c?, much heavier than had been considered in
previous searches. More recent unification theories based on supersymmeury or
Kaluza-Klein models yield even higher mass values up to the Planck mass of 1019
GeV/c2.

Such supermassive magnetically charged particles would possess qualitatively
different properties from those assumed in earlier searches. These include necessarily
nonrelativistic velocities from which follow weak ionization and extreme penetration
through matter. Thus such particles may very well have escaped detection in earlier
searches based on heavy ionization of relativistic monopoles.

Although GUTs theories are very clear in their prediction of the existence of
monopoles, cosmological theories based on GUTs lead to impossibly high or
unobservably low predictions for monopole particle flux limits with the latter results
being exponentially model dependent. Thus, only astrophysical arguments provide
guidance for the relevant detector sensing areas for experiments. An upper bound of
10-15 ¢m? sr! s+) is obtained assuming an isotropic flux from arguments based on the
existence of the 3 microgauss galactic magnetic field (Parker bound). The Parker
bound becomes less severe linearly with monopole mass for masses above 1017
GeV/c? In addition, several authors have demonstrated that models incorporating
monopole plasma oscillations would allow a much larger particle flux, approaching in
some cases the local galactic dark mass limit. All of these bounds assume particle
velocities in gravitational virial equilibrium, i.e., very near 103 c.

Much more severe astrophysical limits can be obtained based on proton decay
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catalysis. It has been shown theoretically that the supermassive monopoles arising
from many grand unification theories would catalyze nucleon decay processes. If the
cross section for such events is of order the hadron cross section, as has been
suggested, then all attempts a: direct detection of the monopoles from such theories may
be doomed to failure. Arguments based on x-ray flux limits from galactic neutron
stars, which assume a strong interaction cross section for proton decay catalysis, lead
to an upper bound for magnetic particle flux of about 102! cm2 sr-! s'1. There remain
unanswered questions concerning the detailed theoretical understanding of the catalysis
cross section and concerning the astrophysical arguments based on our incomplete
understanding of neutron stars. In addition, proton decay has not yet been observed.
Thus, from an experimental point of view more weight should be given to the less
maodel dependent astrophysical limits.

Superconductive technologies, many developed at Stanford University over the
last decade, have led naturally to very sensitive detectors for magnetically charged
particles. These superconductive detectors directly measure the magnetic charge
independently of particle velocity, mass, electric charge and magnetic dipole moment
[1]. In addition, the detector response is based on simple and fundamental theoretical
arguments which are extremely convincing. Because of their velocity-independent
response, these detectors are a natural choice in searches for a particle flux of
supermassive (and therefore slow) magnetically charged particles. By far, the most
definitive positive identification of a magnetic charge would be made with a
superconductive detector. Other detectors, though larger, are less satisfactory for
positive identification of monopoles since the interaction of monopoles with matter
through ionization processes is less well understood {2].

Detailed reviews of the theoretical, the experimental and the astrophysical work
can be found in Magnetic Monopoles [R.A. Carrigan and W.P. Trower, eds.,
Plenum 1983] and Monopole '83 [J. Stone, ed., Plenum 1984].

Operation of Three Loop Detector

Between February, 1983 and March, 1986, we operated a three loop coincident
superconducting magnetic monopole detector [3]. The rms current noise levels in an
effective noise bandwidth of = 0.16 Hz were 0.02 ¢/L in all three loops, less than 1%
of the signal expected from the passage of a Dirac magnetic charge through one of the
two turn loops (4 ¢o/L). The sensing area based on this low noise operation was 476

cm? (71 em? loop area and 405 cm? near miss area) for events greater than 0.1 ¢/L.in




at least two of the three loops. The data were extremely clean and no candidate events
were seen. Based on the 1008 days of accumulated active running time, these data set
an upper limit of 4.4 x 10-1Z em2 sr-! 51 (90% C.L.) on any uniform flux of magnetic
monopoles passing through the earth's surface at any velocity [3).

New Large Area Octagonal Detector

Our group at Stanford, consisting of B. Cabrera, M. Huber, M. Taber and R.
Gardner, has designed, constructed, and brought into continuous operation an eight
loop detector [4] with a cross section averaged over 4m sr of 1.3 m? for double
coincident events and a signal-to-noise ratio of 30 for the passage of a single Dirac
charge. This detector shown schematically in Fig. 1, is composed of eight planar
superconducting detection coils arranged around a cylinder with an octagonal cross
section. Each coil is a gradiometer 16 cm wide and 6 m long and is connected to a high
sensitivity rf SQUID current sensor. The entire assembly is surrounded by a
superconducting lead shield and housed in a dewar which is enclosed in a p-metal
shield. This detector has a sensing area 30 times larger than that of the three loop
detector.

A very important design feature for the large scale use of superconducting coils as
monopole detectors is the use of a gradiometer winding pattern [5,6]. The sensitivity
of a gradiometer to external magnetic field changes is substantially reduced over that
from a simple coil whereas the sensitivity to the passage of a magnetic charge remains
high since the particle passes through only one element of the gradiometer pattern. We
have utilized computer calculations to optimize our coil design under constraints from
dewar size and minimum acceptable signal to noise ratio. The optimum pattern which
we have used for our design is shown in Fig. 2. The conducting elements are NbTi
ribbon, 2mm wide and 50 um thick. It is a repeating rectangular pattern with an aspect
ratio of 0.6 to 1.0. A further improvement was achieved by breaking the loop up into a
number of parallel elements which are connected together to one SQUID, This
technique reduces the coupling losses to the SQUID from a 1/L proportionality to 1 AL,
where L is the inductance of the single series loop [7].

The new 1.3 m2 monopole detector requires eight low-noise SQUID systems,
one for each panel of the detector array. We have chosen to use rf SQUIDs
manufactured by Biomagnetic Technologies Inc. [B.T.i.], (formerly S.H.E. Corp.)
together with rf electronics from Quantum Design. A shield of high magnetic
permeability metal (j1-metal) has been designed and constructed to shield the detector
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Fig. 1. Schematic diagram of octagonal detector.
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Fig. 2. Loop parameters for octagonal detector.
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from the earth's magnetic field during the initial cooldown, as the inner
superconducting lead shield goes through its transition temperature. The external shield
consists of 0.038 inch-thick sheets of p-metal mounted on an aluminum frame. The
shield provides an absolute field below 10 milligauss throughout most of its interior.
We are utilizing a Model 1200 closed-cycle liquid helium refrigeration system from
Koch with the new octagonal detector. We have modified the operation of the helium
liquifier to maintain a constant dewar pressure relative to atmosphere. This
modification eliminates SQUID signals resulting from the pressure variations of the
original cooling-capacity control system. A very slow drift remains, caused by
atmospheric pressure changes, but it is well below the bandwidth of our detection
system and poses no degradation of our signal to noise ratio for monopoles. There are
two significant advantages derived from using this system: lower long-term operating
costs, and the virtual elimination of disturbances that are produced by liquid cryogen
transfers. Now that the new system is cooled down and stabilized, we achieve
essentially 100% live time.

The geometry of our detector provides greater confidence in coincidence
correlations for true monopole events than our earlier detectors. A monopole can
intersect no more than two loops, and the only trajectories intersecting one loop are
those passing through the detector ends (which are not covered by detector loops) or
through small gaps between the panels. We thus exclude from consideration all signals
appearing in one loop only or in three or more loops. The response of the detector is
calculated from a numerical simulation of a uniform flux of cosmic ray monopoles.
This response is shown in Fig. 3 for positive signals in both loops; it is symmetric in
the other quadrants and includes trajectories which intersect one or two wires.

A computer and strip-chart recorder collect data at 10 Hz and 0.1 Hz,
respectively, from the SQUIDs, strain gauge, and other anti-coincidence
instrumentation. The strain gauge senses mechanical disturbances which sometimes
induce spurious offsets. Also recorded are a line voltage monitor, ultrasonic motion
detector, and flux-gate magnetometer in the anti-coincidence instrumentation. We also
have added a wide-band radio frequency voltmeter for EMI anti-coincidence.

We began obtaining low noise data on May 5, 1987 [8]. Figure 4 shows typical
filtered data (one point every 10 sec) from the computer data acquisition system.
Included is a calibration signal showing the signal to noise for a Dirac size magnetic
charge. Figure 5 shows the high bandwidth data available around any events. This
particular event was caused by a bump of the dewar system clearly seen in the strain
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Fig. 3. Calculated response of the detector to a uniform flux of cosmic ray
monopoles. The signal sizes for the two loops intersected by the
monopole trajectory are plotted for each Monte Carlo event.
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Fig. 4. Digitally filtered data (one point every 10 sec) from octagonal
detector showing the first four SQUID channel readouts. The data
include a Dirac sized calibration signal through two adjacent coils.
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gauge and external flux-gate magnetometer channels. As of July 14, 1988, we have
accumulated 6,000 hours of live time. A preliminary analysis of these data [8] contain
no candidate events and set a limit of 7.8 x 10-13 em2 srt s-! (90% C.L.) for any
particle flux of magnetically charged particles passing through the surface of the earth.
We intend to run the detector continuously for at least three years.

Particle Flux Limits From Our Detector Exposures

In Fig. 6 we summarize the current status of our research efforts with respect to
astrophysical bounds. The Parker bound as modified to include supermassive
monopoles has a mass independent floor at ~10-15 cm2 sr-! s-1 and rises linearly with
mass above ~10!7 GeV/c? until it intersects the local dark matter bound around the
Planck mass (1019 GeV/c2 ). Since more recent unification theories suggest a
monopole mass approaching the Planck mass, searches at a flux level of ~10-13 cm-2
sr'l s-1 are particularly important. Also shown in Fig. 6 are possible monopole particle
flux levels 2 to 3 orders of magnitude above the Parker bound. These models are based
upon monopole plasma oscillations within the galaxy. Detailed computer simulations
performed by the Cornell group confirm the stability of such solutions and to my
knowledge they are not ruled out by any galactic observations.

The particle flux limit obtained from our three loop superconductive detector was
4.4 x 1012 cm2 sr1 51 at 90% C. L. Four other groups (Chicago-FermiLab-
Michigan; IBM, Yorktown Heights; Imperial College; and NBS, Boulder) had obtained
similar limits, for a combined world limitof 1.4 x 10-12 cm2 511512t 90% C. L. Ina
preliminary analysis of 15 months of data from our new octagonal detector, we find no
candidate events for the passage of a monopole through the detector and set an upper
limit on such a particle flux of 7.8 x 10-13 cm-2 sr! 51 (90% C.L.). In addition, the
IBM, Yorktown Heights group is operating a 1 m2 x 47 sr sensing area detector and
has reported a similar preliminary result in slightly more run time. The combined world
limit for velocity independent detectors is now ~ 3 x 10-13 cm2 sr! 51 (90% C.L.) and
is shown in Fig. 6. Also shown is the limit our detector will achieve after three years
of operation.

These data effectively rule out the plasma oscillation models and approach the
mass-dependent Parker bound near the Planck mass.
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PART H:
SILICON CRYSTAL ACOUSTIC DETECTORS FOR NEUTRINOS

Introduction

Semiconductor diode particle detectors now provide the highest energy resolution
(~3 keV FWHM for 1 kg) and the lowest thresholds available (~ 5 keV) for large mass
detectors. In this energy range less than 30% of the deposition energy is converted
directly into electron-hole pairs which produce the observed signal in the
semiconductors, the rest forming phonons. The characteristic energies of these
phonons is ~ 1 meV, 103 less than the excitation energy for an electron-hole pair in a
semiconductor (~ 1 eV). Thus in principle, energy resolutions over an order of
magnitude better are possible if the phonon signal is used. Recent work on
bolometers, which sense the thermal phonons, has demonstrated an improvement in
energy resolution (most recently 17 eV, FWHM, by Moseley, McCammon, et al [9])
by measuring the temperature rise in a small ultra-low heat capacity sensor (~ 105 g of
silicon). B. Cabrera, L. Krauss and F. Wilczek [10] suggested scaling such
bolometers up to a mass ~ 1 kg.

Motivated by this suggestion, our group, now composed of B. Cabrera, B.
Young and A. Lee at Stanford and B. Neuhauser at San Francisco State University, has
proposed direct sensing of the ballistic phonons produced by an event in a large
insulating single crystal {11]. Since this wavefront carries information on the event
total energy and location within these silicon crystal acoustic detectors (SiCADs),
substantial improvements in background rejection are possible over detection schemes
which measure total energy deposition only. A threshold of 1 keV or better is
important for our primary interest in using SiCADs as neutrino detectors. For example,
at power reactors all nuclear recoil signals from elastic neutrino scattering are below 10
keV with 60% above 1 keV, and a 1 kg SiICAD with a 1 keV threshold would register
an event rate of ~ 100 events/day.

Ballistic Phonons from Point Events in Crystal Cubes

For a deposition of energy in a well localized volume within a single crystal of
silicon, a thermal-like spectral phonon distribution is generated with a characteristic
temperature of 10-20 K. This spectral distribution arises from the rapid decay of
electron-hole excitations to the band edge, first generating very short wavelength
phonons, which quickly relax to longer wavelength phonons within less than ~10 nsec.
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The decay rates are very strongly dependent on phonon energy (e<v3) and for
wavelengths of several hundred lattice spacings further decays are entirely negligible.
These longer wavelength phonons propagate throughout the crystal with little scattering
and no dispersion. This mode has come to be called the the ballistic phonon mode
[12].

An interesting and important aspect of ballistic phonon propagation is that strong
focussing effects occur within the crystal, although the propagation is dispersionless.
These focussing patterns, which have been well verified experimentally, permit three
dimensional reconstruction of event locations within the crystal and can resolve tracks
or multiple scattering events. We have performed Monte Carlo calculations on these
effects [11]. Figure 7a shows the result of such a calculation for a point energy
deposition within a silicon cube with all faces cut along [100] axes. The number of
phonons used in the calculation is for a 1 keV energy deposition at a point within the
crystal. It is clear that information on the event location as well as tracking information
is available. We call such a detector a SiCAD (silicon crystal acoustic detector).

We have considered several phonon sensor configurations for the surface
readout. The most promising to date consists of parallel smips on each face and
provides spatial resolution based on the intensity and arrival time profiles across the
sensors on each face (Fig. 7b). The sensors on the front and back faces perpendicular
to the x (y and z) axis have their sensors parallel to the z (x and y) axis and thus can be
used to determine the y (z and x) coordinate of the event location. As an example, the
phonon energy flux intensities incident on each of the 384 strips for the event location
in Fig. 7a is shown in Fig. 8. As can be seen, sharp peaks in each of the face intensity
profiles locate the event to better than the width of a sensor and there is always at least
one sensor with an intensity greater than ~ 2 % of the total energy in the event. To
obtain a 1 keV energy threshold for event detection within a 1 kg SiCAD cube (for
example to detect neutrino-nucleus elastic scattering at a reactor) then each parallel strip

sensor must have an energy sensitivity of ~ 20 eV.

Superconducting Phonon Sensors

During this past year we have worked on two phonon sensor designs which
utilize superconductivity. The first, called a transition edge sensor, is a simple single
layer thin-film patterned into a series superconducting circuit and biased with a constant
current. A phonon flux incident on the film will drive those portions normal where the

phonon energy density has exceeded a critical phonon energy density. Then a voltage
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is seen across the circuit providing a signal which is proportional to the length of the
circuit driven normal. If the current is below a latching critical current, then
self-extinguishing pulses are seen, otherwise the resistive heating of the normal state is
sufficient to expand the normal region across the whole circuit. Such a system is
straightforward to manufacture using photolithographic techniques, but the physics
governing the response is non-linear and complicated. Below we discuss this point in
more detail.

A second device, the superconducting tunnel junction, possess the opposite
properties. These are more difficult to manufacture, but the physics is more linear and
simple. Such a device consists of two superconducting films separated by a thin oxide
barrier (typically 1-2 nm). This device is biased with a constant voltage given by Afe,
where A is the superconducting energy gap. Phonons from an event within the crystal
reach the surface and enter the superconducting film. Once inside the superconducting,
those phonons with energies greater than 2A (most) are strongly absorbed by breaking
Cooper pairs and forming electron-like excitations called quasiparticles. In fact for
phonon energies well above threshold, several Cooper pairs will be broken. These
quasiparticles will tunnel across the oxide barrier providing a signal if the tunneling
times are short compared to the quasiparticle recombination time. This condition is
satisfied for T < T/10, where quasiparticle recombination with thermal quasiparticles is
negligible, For these devices the tnneling current is proportional to the energy
absorbed by the film as long as the quasiparticle density produced by the phonon flux
remains dilute so that little seif-recombination of the quasiparticles occurs prior to
tunneling.

Given the results of our experiments during this past year and calculated
improvements, we now believe that transition edge detectors can be used successfully
to construct SiCAD detectors capable of a 1 keV energy threshold. Such devices will
become our central focus during this next year for our first generation detectors.
However, we also believe that better ultimate resolution and thresholds will be obtained
with tunnel junctions, and we will maintain a parallel effort to develop this more
difficult technology over a longer time scale. As available, we will substitute the tunnel
junction technology into future generations of the SiCADs.

Experiments with Titanium Transition Edge Sensors on Silicon Wafers
Our first generation of SiCADs will utilize superconducting transition edge
devices as phonon senors. These devices consist of thin superconducting lines
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deposited on the surfaces of the silicon crystals and biased with a constant current.

For currents below a latching critical current, self-terminating voltage pulses are
observed. These pulses are caused by the heating of line segments above the
superconducting transition temperature. Last year, we demonstrated this technique
using aluminum films with alpha particle sources [13], and most recently we have
obtained a factor of one hundred improvement in energy resolution and threshold using
titanium films in x-ray experiments {14]. These most recent sensors are made by
depositing 40 nm of titanium on crystalline silicon wafers which are 1 mm thick. The
polished wafer faces are perpendicular to the [100] axis. The meander pattern, shown
schematically in Fig. 9, was produced using conventional photolithographic techniques
and consist of 299 parallel lines each 2 pm wide with 3 pm space between lines. The
pattern is aligned parallel to the {110] crystalline axis of the wafer. The active area of
the pattern is 4.5 mm long and 1.5 mm wide. The normal resistance just above their
superconducting transition temperature (T, = 312 mK) is ~ 18 kW per line. These films
have sharp transition widths of <5 mK (from 10% to 90% of the resistive transition),
indicating homogeneous properties across the film. A typical superconducting to
normal resistive transition for one of these patterns is shown in Fig. 10.

Here we describe two recent x-ray experiments. These were performed by Betty
Young with a 24 uC source of 24'Am, The decay spectrum of 24! Am is dominated by
two alpha particle energies at = 5.5 MeV. In addition to these two alphas are a nuclear
gamma at 60 keV and two atomic x-rays at 14 and 18 keV. An appropriate absorber
placed in front of the source readily stops all of the alphas and essentially all of the 14
and 18 keV x-rays before they reach the sensor; however the 60 keV gamma rays,
being much more penetrating, pass through the absorber attenuated in number by ~ 0.5.
We used 005" (125 um) thick foils of Sn and Pb as absorbers.

Using a cryopumped 3He refrigerator at 0.3 K (described below) we biased the
titanium/silicon devices at the foot of the resistive transition in temperature and below
the latching critical current in bias current, and we observe self-terminating voltage
pulses when the film is bombarded by phonons produced by the interaction of an
incident x-ray (or gamma ray) within the Si substrate. These pulses occur because
enough phonon energy from the photoelectron in the silicon reaches the Ti film to drive
portions of the film normal. To estimate the threshold energy density E,, necessary for
this superconducting to normal state transition, we integrate the heat capacity of the
superconductor from the bias temperature to T,
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Fig. 9. Phototithographic patterning for titanium sensors. Fig. 10. Resistive transition as a function of temperature.
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E, =T Co(TWT,
where C,; is the electronic heat capacity below T, as given by the BCS theory. We
assume that the time constants are sufficiently long to allow quasi-thermal equilibrium.
The asymptotic form near T, is:

E, = 5N(0) A2 (1-T/T) .

where A ¢ is the gap at T = 0 and N(0) is the density of states at the Fermi surface in the

08}

Voltage (millivolts)

normal metal. sl ~.

For our Ti films, N(0) ~ 4 x 1022 cm3 V-1 and A ¢ ~ 47 peV, yielding E, = 22 0 b i h NS,
eV/um3 at T/T_ = 0.95. In terms of the energy density per unit area of film, Eg, we get . . ) R ,
Eg = (22 eV/um?3) x (40nm) = 0.88 eV/um2. We may also estimate the minimum 0 5 10 15 20
detectable energy for a Ti sensor as follows. In our current experimental setup we use (a) Time (microsec)
a cryogenic GaAs MESFET voltage-sensitive amplifier (described below) which
introduces an amplifier noise level of AV, =~ 1 nVAHz at 1 MHz, At T/T .= 0.95 and 036 F T v o EARESAN

a bias current (I,) of 60 nA we can detect a minimum sensor resistance of AR,
=AV,_ /T, =17 Q. At T 2T, the resistance of our sensor is ~ 18 k€2 per 2 yum wide
line 5 mm long, or 8.5 Q per 2 um x 2 um square of the Ti film. Therefore the area of
film which corresponds to a normal area resistance of AR, = 17 Qs (17 €/8.5 Q) x
(2 ywm x 2 pm) = 8 um?2. The minimum detectable energy deposited in the Ti sensor is
then AE, . <Eg x Area_ = (0.88 eV/um?) x (8 pm?2 ) = 7 V. The inequality holds
because Joule heating contributes to the actual area driven normal.

Figure 11a shows (for I = 120 nA and T = 286 mK) some typical single pulses,
of ~ 10-15 psec duration, resulting from the interaction of 60 keV gamma rays (from
241Am) in the Si substrate of a TE sensor. In Fig. 11b (for I = 60 nA and T =~ 299
mK), we have expanded the time scale to show the leading edge of each pulse with
electronics-limited risetimes of ~ 140 nsec.

We mounted the 241 Am source such that its active area faced the backside of the
299-line sensor, and investigated the effect on detector response when various
absorbers were placed between the source and sensor. We chose two convenient
absorber materials (Pb and Sn) and used appropriate thicknesses such that we could
study the TE résponsc primarily due to 60 keV gamma ray radiation with zero incident

Voltage (millivolts)

0 0.5 1.0 1.5
(b) Time (microsec)

alpha-particle flux, and essentially zero 14 and 18 keV x-ray flux. The measured count Fig. 11.(a) Individual pulses from 60 and 25 keV x-rays. (b} Leading

rates for all spectra obtained, for various operating temperatures, bias currents and edges of pulses with 140 ns rise time.
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absorbers, were consistent with the calculated values.

Figure 12a is a pulse height spectrum obtained for the case of a .005" (125 pm)
thick Pb absorber. The prominent peak towards the center of the spectrum is the
photopeak due to interaction of 60 keV gamma rays in the Si substrate of the detector.
The sharp feature at 11 keV is consistent with the position of the Compton edge for 60
keV gamma rays in silicon. In Fig. 12b, we show a pulse height spectrum under
similar running conditions, but with a .005" Sn absorber. We note that the prominent
features due to the 11 keV and 60 keV interactions appear, as expected, in the same
positions as they did with the Pb absorber. Furthermore, in the Sn absorber spectrum,
we observe an additional peak around 25 keV. This peak is readily recognized as that
due to secondary emission of K, x-rays from the Sn.

We can qualitatively reproduce typical pulse height spectra (such as those shown
in Figs.12a and b) by applying Monte Carlo methods to a simple model of the detector
response. We assume that an incident photon, if it interacts at all, interacts in the
silicon substrate only once, and that this interaction is point-like. We imagine that, to
first order, the phonon energy generated by such a scattering event spreads spherically
outward through the crystal, producing heat spots on the surfaces. The energy density
(per unit area) of such a heat spot is then given by

Eq (p,2) = z By /[4n(22+p2)372)

where p is the radius of the heat spot, z is the perpendicular distance from the Si
surface to the location of the scattering event, and E; is the total energy of the heat spot.
Defining E as the (minimum) critical energy density required to drive the detector film
normal, we find that the area driven normal is given by

A(2) = 1t p2 = T [(zBy/4nE)2R-221= T 2¢? [(2/20)*7- (&/2)?]

where zg2 = Ey /(4 T E,).

The amplitude of the voltage pulse resulting from an interaction in the crystal is
simply proportional to the amount of line driven normal, and the number of interactions
producing pulses is proportional to (dA/dz)-1 for events uniformly distributed in z. For
incident particles of given energies, we can then plot a theoretical pulse height spectrum
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Fig. 12.(a) Pulse height spectrum for 29/Am source using Pb absorber.

(b) Pulse height spectrum for same source and geometry using Sn
absorber.

for the Ti transition edge response -~ as shown in Fig. 13a for the case of incident 30
and 60 keV photons.
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Another interesting and very useful plot is generated by graphing the calculated
normal area A as a function of interaction depth z for incident particles of a given
energy. By considering various initial particle energies, one obtains a family of curves
as shown in Fig. 13b. Assuming this simple heat spot model is valid to first order
(i.e. neglecting focussing effects), we can extract important spatial information about
events by comparing such curves with those obtained experimentally. We are in the
process of carrying out the more computer intensive calculations which fully include
phonon focussing effects.

We are currently working to fabricate 1 and 2 mm thick, double-sided (Ti
meander patterns on both sides of the Si wafer) transition edge devices. These devices
will enable us to do timing experiments and to obtain spatial information about each
event occurring in the detector. We shall also be able to experimentally measure Fig.
13b and obtain an energy for each event. These improvements will take us one step

wards our goal of developing a = 1 kg scale SiCAD.

Cryopump 3He Test Probe
We have performed these experiments using our laboratory-built fast-turn-around
probe for device testing down to 250 mK and we are delighted with its performance.
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importance of quick and inexpensive access to ultra-low temperatures for the successful
development of both transition edge and tunnel junction devices. Until a well
characterized design is available, many devices are either defective or do not perform as
designed. We are now able to rapidly test a range of different devices and we have
significantly increased our rate of progress.

This refrigerator is based on a sealed 3He and charcoal cryopump design. In a
typical run we begin precooling in the morning and by early afternoon we can begin
taking data at ~ 270 mK. The initial liquid *He transfer (~ 5 liquid liters) lasts

twenty-four hours allowing more than twenty hours of data below 300 mK.

Low Noise JFET Preamplifiers Operated Cryogenically

Another important component for our recent progress has been the use of
cryogenic preamplifiers in the titanium sensor SICAD experiments [15]. These were
designed and constructed by Adrian Lee. The peak resistance of the titanium line,
typically ~ 3 kQ for 60 keV x-rays, would produce a large "RC" time constant if the

first stage of amplification were at room temperature. This time-constant can have two




adverse effects. First if the rise-time is long compared to the signal duration, the signal
will be rruncated since the input pulse will start to decay before the output can reach its
full pulse height. Second, a long time constant will make it harder to resolve the
leading edge of the pulse. The spatial resolution of the detector will, in the future,
depend on being able to resolve timing differences between different channels, which
makes a long time constant undesirable. Mounting the first stage of amplification
down in the cryostat reduces the capacitance seen by the amplifier dramatically. The
GaAs MESFET (Plessy P35-1101), which we use, has the advantage of operation at
1.5 K and has very good noise above 100 kHz.

The total power dissipation of this amplifier is about 14 mW. The bandwidth of
the amplifier is 10 MHz, but the rise-time is dominated by the RC time at the input.
The gain of this device is very low, about 1.5 into 50 Q, which necessitates a low noise
room-temperature stage. We use a Trontech W50ATC instrumentation amplifier with a
noise voltage of ~ 1.2 nV/VHz and a bandwidth from 10 kHz to 50 MHz.

Superconducting Tunnel Junctions as Phonon Detectors

On a longer time scale, we believe that the most promising sensors for high
sensitivity phonon detection are superconducting tunnel junctions. For our proposed
application as a SiCAD readout, we are beginning the development of aluminum
junctions. These are formed by a ~ 200 nm thick aluminum film deposited directly onto
the surface of the silicon crystal, followed by the formation of a thin oxide tunnel
barrier (~ 1-2 nm thick) and then deposition of a second aluminum upper film.
Phonons from an event within the crystal reach the surface and enter the aluminum,
which has an excellent acoustic match with silicon. Once inside the superconducting
aluminum, most phonons have energies greater than 2A (where A is the
superconducting energy gap) and are strongly absorbed by breaking Cooper pairs and
forming electron-like excitations called quasiparticles. In fact for phonon energies well
above threshold, several Cooper pairs will be dissociated. We have performed junction
tests down to a temperature of 250 mK utilizing the sealed 3He system with a charcoal
cryopump. Ultimately we intend to operate at T < T/10 (~100 mK for aluminum),
where quasiparticle recombination with thermal quasiparticles is negligible.

Recently several European groups [16,17] have reported excellent energy
sensitivities and resolutions for X-rays. The S.ILN. group {16] in Zurich, Switzerland
has reported ~ 48 eV FWHM for the detection of Jow energy x-rays (~ 6 keV) using a
100 pm x 100 pm area Sn - Sn oxide - Sn junction at ~ 0.38 K. Pulse rise times of
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~ 15 psec were observed.

In fact, this sensitivity is already sufficient for our detection threshold requirernent
of 1 keV in a 1 kg SiCAD. However, the area of each parallel strip sensor needs to be
~ 1 cm?, a factor of ~ 104 greater than used by the S.LLN. group. We are pursuing
several techniques for obtaining comparable energy sensitivity in these much larger area

tunnel junctions.

Conclusions

Ballistic phonon focussing effects greatly enhance the spatial resolution in silicon
crystal acoustic detectors (SiCADs). Utilizing titanium superconducting transition edge
devices as phonon sensors on the crystal surfaces, we believe that an energy threshold
of ~ 1 keV can be achieved for a 1 kg SiCAD. Such a detector would be of great
interest for a number of experiments including dark matter searches for weakly
interacting neutral particle candidates and low energy neutrino experiments to set better

limits on the neutrino mass.
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(T) The Tmportance Of Cosmic Relics

It is probable that the next leap forward in our understanding of particle
physics will come from accelerator experiments. There are many possibilities:
unexpected decay modes of K,D,B,u,™,Z particles and the discovery of new
particles at high energies are two clear examples. Accelerator physics is crucial
in unravelling the origin of electroweak symmetry breakdown. It will also shed
light on flavor physics: at the very least we can learn how fermion masses are
described at the TeV scale.

It is also quite possible that the next major advance in particle physics
will come from astrophysics and cosmology. Most astrophysics and cosmology is
done for other reasons: the questions being addressed have their own intrinsic
worth. What is the nature of such objects as supernova and quasars? How did the
observed mass distribution of the universe come about? What triggered clustering
into galaxies, why are there so many varieties of galaxies, why do they have the
size they do, and why do they themselves form clusters of galaxies? For a particle
physicist perhaps the most exciting thing about astrophysics and cosmology is
that there seems to be an endless succession of interesting unanswered questions.
However, in these lectures | want to take a more limited viewpoint; what can we
hope to learn about particle physics from astrophysics?

In fact this still leaves a wealth of possibilities open. We can certainly use our
understanding of various astrophysical objects to place limits on new particles.
For example, scalar particles with a mass of less than a keV and long mean
free paths could be emitted from the entire volume of a star, and not just form
its surface, so the existence of these particles is severely constrained. Perhaps
the best example is the supernova which went off in a nearby galaxy last year,
SN1987A[1]. Although the mass limit or v, from this event turned out to be
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remarkably close to that from laboratory experiments, we did learn a great deal
about particle physics (rom SN1987A. We learnt about other properties of v, its
lifetime, electric charge, magnetic moment, mixing and right-handed currents.
Perhaps we even learnt more about v, than we did about v,. Since we are now
sure of the size of v emission {rom a supernova we now know that a supernova
per century in our galaxy is populating the galaxy with »,. If v, is heavy it

could decay giving v or e*; in either case very stringent lifetime limits can be
placed from observational limits on X and «y-ray backgrounds. We now have

great confidence in these decade old limits {2].

I will reduce my scope again, and concentrate on the question of dark matter
and its implications for particle physics. There is a great deal of evidence that
there is much more to the universc than meets the eye. 1 will not discuss this
evidence; there are now several books on the subject {3,4]. It is worth looking at
the evidence and thinking it over for yourself. A new experimental field is opening,
that of searching for dark matter (5], and we should be sure of its foundation. A
typical piece of evidence has the following form: a system will be observationally
analyzed to determine the mass and velocities of its constituents. One then asks
whether this is a gravitationally stable system or whether more, unobserved mass
is needed to stabilize it. For a great many systems; for example, stars in the local
neighborhood of our galaxy, hydrogen clouds in our and other spiral galaxies,
hot gas in elliptic galaxies and even for galaxies in the whole universe, it does
seem that a great deal of extra mass is required. Since we have not detected this
matter by means other than this gravitational dynamics, we call it dark matter.

You might guess that there is virtually no constraint on the nature of dark
matter: “if we cannot see it, surely it could be anything.” As with most state-
ments containing the word “surely” it is completely false. We have three very

powerful constraints which restrict the nature of dark matter:

1. We know the location of the dark matter. (Of course there could also be

dark matter in locations other than those we have studied.)

2."We know that it is dark. This is especially important for the dark matter
in the local neighborhood. If the dark matter is composed of particles of
mass m it is raining down on us with a flux of =~ 107/(m/GeV)em™?s7}

and we just cannot see it.




3. Dark matter should result from a reasonable big bang cosmology. If you
start the big bang off with a given set of particles with given interactions
they typically annihilate and do not survive until today. Requiring survival
with the observed abundance is a very powerful constraint on any relic

object.

To implement the third constraint, it is necessary to have an understanding
of the hot big bang model of the early universe. In the next section we discuss
this picture, which emerges uniquely from three cornerstones: the isotropy of the
3°K microwave background radiation, the general theory of relativity and the
SU(3) x SU(2) x U(1) gauge interactions of the elementary particles. In Section
111 I discuss three general points which have to do with dark matter. I give a few
remarks on the experimental results, I discuss whether the dark matter could be
baryonic or whether it requires an extension of particle physics to include exotic
stable objects, and finally I consider inflation and its implications for dark matter.
In Section IV Iintroduce a classification scheme for dark matler candidates and
give examples and experimental signatures.

Why have I chosen to orient these lecture at the question of cosmic relics?
Cosmic relics, both visible baryonic and dark non~baryonic, are the best evidence
that we have for particle physics beyond the standard model.

(II) A Brief Introduction To The Big Bang

The purpose of this section is to present the framework of the big bang
cosmology in a simple and brief way. Many important details will be omitted
and can be found together with references, elsewhere [6,7,8]. Emphasis will be
on ideas rather than formalism.

A simple interpretation of the Hubble red-shift law for distant galaxy re-
cessional velocities and of the isotropy of the 3°/ microwave radiation is that
the present universe is expanding and has evolved from an early era of a hot
expanding homogeneous and isotropic plasma. This system can be described at
any era by the plasma temperature T'(t), its pressure p = p(p), and the chemical
potentials for species i (7). These are determined from a knowledge of the con-
stituents of the plasma and their interactions. The expansion itself is described
in terms of the Robertson-Walker scale factor R(t) which appears in the metric:

dr?
1 —kr?

dr? = di* — R(t)? ( + dff) (2.1)
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df) is the usual element of solid angle, ¢ the proper time at any location of fixed »,
and r is a dimensionless coordinate. The proper distance between fluid elements
at r4 and rg at time ¢ is given by

_ = _R(t)dr
- TA \/1 — kr? ’
Hubble’s law, d = Hd, follows directly from this, with H = R/R being the spa-

tially constant but time dependent Hubble parameter. I will scale the coordinate

d(t) (2.2)

r so that the dimensionless constant k& either vanishes or has unit magnitude. If
k = 41 the universe is closed, if K = —1 it is open, while if k¥ = 0 it is criti-
cal. Although k is crucial for the future behavior of the universe it is frequently

unimportant during early times and can be set to zero.

The present value of the Hubble parameter has been measured to be
Hp = 100h km s™'Mpc™! (2.3)

with 1/25R<1. In many cosmologies Hy? sets the scale for the age of the universe.
For example suppose the expansion of the universe is given by some power law
R = Ry(t/to)", then H = n/t and to = nHy ! ~ nh™110%%r.

The simple picture of the expanding universe as the surface of an inflating
balloon is helpful. Commoving coordinates are fixed to the surface of the balloon.
A photon at time ¢4 with wavelength A4 will have a stretched wavelength at some
later time tp given by Ag/A4 = R(tg)/R(ta). The red-shift of a photon emitted
at t4 and received at tp is defined to be (Ag — A4)/A4 and for tp >> ta this just
becomes R(tg)/R(ta).

The dynamics of the expansion is given by Einstein’s field equations for
general relativity applied to the metric of equation (2.1)

B\ &Gk 24
5 =3P R (24)

where G is the Newtonian gravitational constant, and p is the total energy den-

“sity at any point in the homogeneous fluid at time ¢. A useful mnemonic for this

equation is inspired by Newtonian ideas as depicted in Figure 1. Imagine the
expansion of a small spherical commoving region with a unit test mass at coordi-
nate radius << 1. The sum of its kinetic and potential energies R2/2 - GM/R,

where M is the mass enclosed in the unit sphere, is just —k/2. Thus if k = —1




Figure 1

Newtonian mnemonic for interpretation of R/R.
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the total energy is positive and the universe is open. The Newtonian picture is
not correct for the whole system. However, equations (2.4) is correct as it follows
from general relativity. It is about the most important equation of big bang cos-
mology since it tells you how fast the universe is expanding at any time. If the
universe is flat, k = 0, equation (2.4) can be solved to give p o< H2. This critical
density today is
pe = g—f-éag ~ 10"°GeVom™2. (2.5)
I like to interpret the right-hand side of equation (2.4) as the terms which
drive the expansion. At early times we know that Gp >> R™? so the expansion
of the universe is driven by energy density rather than curvature. We do not
know what dominates the driving today; it could be the curvature term. If Gpo
dominates in driving the expansion today it is probably only through the invisible
or dark components of pg. The energy density today has various components:
po = pve + pem + pu + ppom + pv (VB is visible baryons, EM i.e. the electro-
magnetic content of the universe dominated by the 3°K microwave radiation, v
refer to massless neutrinos, DM to dark matter and V to vacuum energy ie. a
cosmological constant). Defining ; to be the ratio of density in any component
7 relative to the critical density

Q=4 (2.6)
Pe

we know that Qga =~ 0(107%),Qvp = 0(107?) and for very light neutrinos 2, =
0(107%). When we observe distant galaxies we see them as and where they were
during a previous era: that when the detected photons left them. This leads
to a violation of Hubble’s law which is dependent on the deceleration parameter
qo = ~RR/R%|;, = /2. Experimental measurements of Qo lead to 052, Hence
we know from very direct observations that

10725052 (2.1

If Qg is larger than Qyp the difference is predominately due to the presence of
dark matter.

At early times during the big bang the temperature was high so that particle
number densities in the plasma were large enough to give reaction rates sufficient
to maintain thermal equilibrium between many species of particle. For a reaction
rate to be fast enough to maintain thermal equilibrium it should basically be faster

than the expansion rate of the universe, that is the mean free time for interactions




should be less than the age of the universe at the era under consideration. For
example, for a reaction AB — X to keep particle A in thermal equilibrium at

time ¢ requires the reaction rate

R
Cap_x = na(oap_xva) > Lexp(t) = H(t) = & (2.8)

where R4 p(t) are particle member densities at time t and {oup_xvap) is the
thermally averaged cross section times relative speed for this process at tem-

perature T(¢). In thermal equilibrium the particle number densities are given
by

@y _ G [ LP
L (T) - 87!‘2 eET_Z#L +1 (29)

where g; is the number of spin states of particle i, 4;(T') is the chemical potential
and +1 refers to fermions and bosons. The particle mass m; enters via E? =

p? + m?2. Useful order of magnitude approximations are

2T >>m) ~T° (2.10a)

T << mi) ~ (mT)/2ebi—mT, (2.106)

In the standard hot big bang model p is dominated by contributions from
relativistic species (with T' >> my, so n; ~ T°) for virtually all times for which
there is a plasma which is thermally coupled; that is for all temperatures above
about | eV. Although this is not the case for non-standard cosmologies with heavy
long-lived exotic particles or with periods of inflation, the radiation dominated
era is a very important one. During this era, since n ~ T% and < E; >~ T, we

have p ~ T%, so that Einstein’s equation has the form
R/R ~ (Gp)Y* ~ T*IM,. (2.11)

When the universe expands it does work and hence cools; there must be a relation-
ship between T'(t) and R(t). During the radiation dominated era the relationship
is that RT is constant. This is equivalent to the entropy in a commoving volume
(one which grows as i?) being constant. The gas is expanding adiabatically under
most circumstances, so that RT = constant holds more generally, and is violated
only when there is a mechanism which creates entropy. Using B/R = —T/T to-
gether with (2.11) allows for a solution for T(t) during the radiation dominated
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era: t ~ M,/T?. The constant of proportionality does have a weak dependence

on T. Near an MeV: 2
LAY (M—c‘f> . (2.12)
sec T

How does this hot plasma at T > eV evolve into the universe we see today?
At first sight they seem very different: apart from local hot-spots, we see a
very cold universe with few particle interactions, also it is grossly inhomogeneous
on all scales up to at least 50 Mpc. However, we have come to realize that it
is perfectly reasonable that the plasma of the hot big bang should evolve into a
cold, non-interacting, inhomogeneous universe. As the temperature of the plasma
drops all the particle reaction rates Tr(T) ~ n < ov > fall much more rapidly
than does the expansion rate [es,(T), so that for each reaction there is some
critical temperature beneath which it is “frozen out”. Furthermore, once the
electromagnetic scattering processes freeze out, there is no longer any pressure to
prevent mass perturbations in the plasma from undergoing gravitational growth.
Although we are far from a complete picture of the resulting clustering, it can
only stop once gravitationally stable systems, such as galaxies and stars, are
formed.

There is a very basic question about the evolution from the hot plasma to the
observed cold, inhomogeneous universe that we must address. What determines
the abundance of all the stable fundamental particles in the universe today? Is it
reasonable that the universe we see should contain p,e,~ in the observed ratios?
If we introduce exotic stable particles into theories of particle physics can we
calculate their present abundance in the universe?

The calculation of these abundances is very simple [9]. Consider a stable
particle species i. As long as a process which changes the number of ¢ particles
is in thermal equilibrium, n;(T) will be given by equation (2.9). Suppose Tj; is
the freezeout temperature of the last such reaction to be in thermal equilibrium.
At lower temperatures since the 7 particles do not decay and assuming they are

not produced (for example by the decay of some other species) we have n;(t) ~

- (R()/R(t)))? ng")(t/) where t; is the time corresponding to the temperature T;;.

After freezeout the remaining i particles are just diluted by the volume expansion.
Since R ~ T it is convenient to consider “reduced” number densities fi(t) =
n;/T? which become independent of ¢ after freezeout. Note that for a particle
which is still relativistic at freezeout (m; < Tiy), nfe)(Tf) is given by (2.10a) so




that the relic abundance f; ~ 1. However, if the particle was non-relativistic
at freezeout n{¥ (T}) is given by (2.10b) so that f; =~ (%)3/2exp((,u,v —my)/Ti)
which can reflect an enormous Boltzman suppression at freezeout for small y;
and m; >> Tiy.

The above relic abundances are approximate since freezeout is treated as a
sudden process, which it is not. The physical ideas are correct however as can
be seen by numerical integration of the rate equation. For example, consider a
particle z for which the last z number changing process to freeze out is 27 — - -
Ignoring a possible chemical potential the rate equation is

dn 3R

i ——é—n— < OV >z (nz - 71(5)2) (2.13)

where n, = nz = n. This has been numerically integrated and the freezeout
behavior is shown in Figure 2. A useful analytic approximation for the freezeout

abundance is
oy = Naf InZ
T Tz

where Z = m;M,{o4v), the freezeout temperature Ty ~ my/In Z and the result

(2.14)

is valid for large Z.
For very large Z, foy ~ Z7}, so that QU ~ (m. fzr/Tofy5)8, or

0~ (i) Toms (2.15)
¥ 103TeV/) <oqv>’ -

This result has one astounding consequence which is rarely mentioned. Even
if z7 annihilation proceeds via strong interactions it will be bounded by < o4v >
S on dimensional grounds. Hence Q1,52 implies m.S10°T'cV. It is not pos-
sibh:: to have a stable fundamental particle with mass larger than 10°7TeV. This
is encouraging, if the dark matter is composed of fundamental particles it is not
possible to push their mass arbitrarily high, and consequently their number den-
sity and flux at the earth cannot be made arbitrarily small. This bound could
only be avoided by having a phase transition give a mass to r after it has already
frozen out at a low abundance.

What are the relic abundances of the four known particles (1,7, e, p) which
we believe to be stable? The photons are massless and have relativistic freezeout
f+ =0(1). Photons are the only relics which were relativistic at freezeout which

we have observed. They play a crucial role in determining the age of the universe.

fz=

r

increasing

7

Figure 2

Schematic illustration of particle abundance freezeout behavior
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We believe the observed 3°K microwave background radiation is the photon relic
of the hot big bang. These photons are no longer coupled to any plasma, but
they maintain a thermal distribution with wavelength being stretched by the
universal expansion: A o R, so the effective temperature which describes the
distribution T' < R~1. Knowing T'(t) from Einstein’s equation then gives the age
of the universe tg from the observation of Tp = 3°K. Of the neutrinos of the
standard model, v, and v, are known to be suficiently light that they also were
relativistic at decoupling: f, ~ 1. If they are stable and massless they contribute
roughly the same to po as do photons: Q,(m, = 0) = 0(107%). If their mass were
1057y ~ 30eV they would give Q,(m, = 30eV) = 0(1). This could also be true
for a light tau neutrino.

If m,, is above 1 MeV, v, would freezeout non-relativistically. For the non—
relativistic freezeout of a heavy neutrino < g4v >~ G%m? and equation (2.15)

gives

m, \?

(Since we have dropped factors of 47 equations (2.15) and (2.16) are not numer-
ically accurate). This is excluded for a stable heavy v,. If 1 MeV < m,, < 35
MeV, then v, must be unstable. In this case the decay products typically lead
to other astrophysical or cosmological problems: I expect m,, to be less than
about 30eV. Evidence to the contrary would have very exciting cosmological
implications. Equation (2.16) applies to any neutral fermion whose dominant
annihilation occurs via W and Z exchange. Such a particle with mass in the

range 1-10 GeV is a good candidate for the dark matter.

At temperatures above the QCD phase transition u,d and s quarks are in
thermal equilibrium with the eight gluons, and these strongly interacting particles
are all relativistic. For simplicity assume that by T = 50 MeV the phase transition
is completed and the baryon number is carried predominantly by p and n. (The
picture could be much more complicated; supercooling could take place or baryon
number could get trapped into quark nuggets for example.) Reactions such as
pp — n(w) rapidly thermalize the baryon distributions. If the chemical potential
for baryon number vanishes, g = 0, then the freezeout abundance of p and p
is given by equations (2.14), and Qg is given by (2.15). Since < g4v >~ m;?
this gives Qg ~ 107!2, We conclude that the standard big bang scenario requires

up # 0, i.e. it requires a cosmological baryon excess to be present by T' = 50 MeV.
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This conclusion is not altered by more complicated assumptions about the nature
of the QCD phase transition. You might argue that it was obvious that we would
need this: we do not see any evidence of primordial anti-matter anywhere in the
solar system or indeed anywhere in the cluster of galaxies of which our Milky Way
is a member. The only way that the entire universe could be baryon symmetric
is if there are enormous domains, some baryonic and some anti-baryonic. This
domain structure must have existed at 7'~ 50 MeV to prevent over-annihilation
of p with p. Although an era of inflation could produce such enormous domains
it has not been possible to write down a complete cosmology incorporating such
a scheme.

Charge neutrality of the universe implies that the cosmic asymmetry in elec-
trons is equal to that in protons, at least for a closed universe. This does not
necessarily mean that the chemical potential for lepton number yp = pp, since
there could be additional lepton asymmetries carried by neutrinos.

To obtain 25 = 0(1072) it is necessary, just before the QCD phase transition,
to have a quark asymmetry (n, — ngz)/n, = 0(107%). The absence of antimatter
today would lead us to expect a non-zero cosmic baryon asymmetry. The impor-
tance of the standard big bang framework is that it allows us to calculate how big
such an asymmetry should be. The asymmetry today is enormous and obvious
because essentially all anti-protons come across a proton to annihilate. However
early on in the big bang it would not have been very obvious, it was a one part
in a billion effect. Although small it is of crucial importance: it is non-zero and
it must have come from somewhere. Assuming that it is not just a randoinly
adjusted initial condition to the universe, it must have been generated during an
era of the universe when C'P and B violating processes occurred in a non~thermal
equilibrium environment. This is fascinating because it implies particle physics
beyond the standard model. It also implies additional phase transitions at some
early era, although the nature of the phase transition (inflation, gauge symmetry

breaking ..) is pure speculation at the moment.

I will end this section with a brief summary of the main events in the hot big

‘bang cosmology as inspired by the SU(3) x SU(2) x U(1) model of particle gauge

interactions. These events are shown in Figure 3. This model should be good up
to a few hundred GeV so this is where we begin. It is likely, but not necessary,

that the cosmic baryon asymmetry exists even at this high temperature. At a
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Important events in the hot big bang cosmology for T < 1 TeV.
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temperature near 250 GeV there is a phase transition at which the W, Z bosons
acquire a mass as well as all the quarks and charged leptons. If the Higgs boson
is light considerable supercooling (but insignificant inflation) is possible at this
phase transition. I know of no feature or attribute of this phase transition which
leads to observable cosmological consequences today. As the temperature drops
below Mz, My, my, m,, and m, these particles are depleted by annihilation until
they freezeout. Any relic abundance rapidly decays, again leaving no observable
footprints. After the QCD phase transition essentially every anti-baryon annihi-
lates with a baryon so the baryon excess now becomes an important component
to the plasma rather than a miniscule asymmetry. The QCD phase transition if
it is first order may lead to density inhomogeneities which could effect primordial

abundance of the light elements.

At the MeV era many important events take place. This era, like the pre-
vious ones, has the expansion rate R/ R driven by relativistic radiation energy
density, so that the time-temperature relation is as given in equation (2.12).
Since m, — m, = O(MeV) neutron decay becomes important beneath an MeV
in reducing the neutron to proton number density ratio. Since nuclear binding
energies are O(MeV) it also becomes possible to form nuclei which are not im-
mediately photo—disassociated by the plasma. Most of the neutrons which escape
decay are processed into He nuclei, with trace quantities ending up in 2H3 He,
and 7Li. The abundance of these nuclei predicted by nucleosynthesis in the stan-
dard hot big bang are in good agreement with primordial abundance inferred
from a variety of observations. This is a very important success; there is direct
experimental support for the big bang model back to times of O(1sec). The suc-
cess has important consequences for deviations from the standard big bang and
is especially important to the issue of whether dark matter could be baryonic,
as we will discuss in the next section. At O(MeV) the light neutrinos decouple
and ete™ — vy depletes the charged leptons down to essentially just the electron
excess. Hence the interacting plasma now contains electrons, protons and pho-
tons in the ration 1 : 1 : O(10°%), and also contains the heavy nuclei. This dilute
plasma continues to cool until T = O(eV). At this point ep — H7 takes place
as the reverse photodisintegration process freezes out. Once neutral hydrogen is
formed the plasma ceases to be interacting, the photons now free-stream and are
red—shifted by a factor of ~~ 3000 until the present era.

At all temperatures smaller than O(10MeV) we have pg = ngmp ~ 10™°T°mp




and py, = n, < Ey >~ T4 At T = 1MeV,p, >> pp, bowever p,/pp o< T and
drops until p, = pg when T ~ 107°mp = leV. Beneath 1eV the universe enters
an era when R/R is driven by the hydrogen rest mass. Since /Gp ~ T%2 and
RT = constant, Einstein’s equation, (2.4), gives R ~ t* in this matter domi-
nated era. If k = 0 this behavior continues until today. However if 2 < 1 then a

curvature dominated era with R ~ t is reached.

The plasma at 1eV was homogeneous to a very high degree. We know this
because we see the 3° K microwave background to be isotropic once the peculiar
motion of the earth has been accounted for. The photons of this background
radiation have their last scatter at the era when 7' = O(eV). Hence the inho-
mogeneities in the baryon distribution seen today, galaxy clusters, galaxies and
stars must have evolved during this last factor of 3000 in redshift of the universe.
The seeds for this inhomogeneity could be small density perturbations in baryons
or dark matter present at T = O{eV) or large density fluctuations produced by
a late phase transitions at T' < leV. Understanding the origin of this large scale
structure which we see the universe to have is one of the most active areas of
cosmological research. It is a field with many aspects: the clustering depends
critically on the nature of the dominant energy density of the universe, and since
this energy density is dark there are only speculations as to its nature. From the
viewpoint of clustering only a few properties of the dark matter need be known,
so it is sensible to group together those dark matter candidates which give es-
sentially identical behavior. Elementary particle candidates can be divided into
three such groups: hot, warm and cold. In the next section I introduce an alter-
native classification scheme for dark matter; one which is motivated more by the

underlying particle physics.

(III) Dark Matter

Any form of energy density whose existence is inferred solely from its gravi-
tational effects is called dark matter. There is direct evidence for dark matter on
all scales from the solar neighborhood to groups of galaxies, and indirect evidence
that one component of dark matter may be fairly smoothly distributed over the
entire universe {3,4,5]. The form of this dark matter is not known. It could be a
gas of elementary particles, chunks of solid material, vacuum energy, topological
defects such as monopoles, etc. and each of these classes has many particular

examples.
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There is evidence that dark matter is associated with galaxies of quite differ-
ent types: dwarf, elliptic, and spirals, for example. I will make a few comments
on the case of spiral galaxies [10], which is of particular interest as our own galaxy
is spiral and from the viewpoint of direct detection of dark matter it is the lo-
cal dark matter density which is of most importance. There are many different
visible components to a spiral galaxy such as our own. There is the disk con-
taining the spiral arms of stars; the sun is in such an arm about 15 kpc from the
galactic center. There is also a spheroid component near the galactic center and
hydrogen clouds, which extend beyond the visible limit of the spiral arms. These
are sketched in Figure 4. Together they yield masses in the range of 10!! — 102
times the solar mass for a typical spiral galaxy. The H clouds distant from the
galactic center rotate about the symmetry axis. Since the galaxy should be in
a stable gravitational configuration, and since these distant clouds provide only
a small contribution to the total visible mass of the galaxy, the rotation speed
should be given by v?/r = GM/r* where M is the galactic mass. Thus one
expects v(r) o« r=}/2. This has not been seen. In fact constant values of v(r)
have been observed for many spiral galaxies out to very large r (up to 100 kpc).
This suggests that there is an additional component to a spiral galaxy, that of
the dark halo. It should have M(r) increasing as r out to very large distances,
and it is frequently estimated that the halo mass is an order of magnitude larger
than the visible mass.

From the viewpoint of particle physics the first important question to ask
about dark matter is: is it baryonic? Examples of baryonic dark matter would
be cool stars with low luminosities or perhaps planetary sided lumps of cold
solid material. If this were the dark matter it would be interesting for particle
physics, but certainly not revolutionary. It would simply mean that the baryonic
freezeout abundance,which is related to the cosmic baryon asymmetry, is larger
than previously thought. To ignore the baryonic option simply because we do not

have an understanding of how such objects are formed is a mistake: formation of

all types of stars and galaxies are, to varying degrees, not understood.

One constraint on 25 comes from big bang nucleosynthesis [11]. As the bary-
onic density at the MeV era is increased so the nucleosynthesis reaction rates are
increased. This depletes the low mass nuclei (2H,3 He) since they are more fully
burnt to the higher mass nuclei (*He,” Li) whose abundances consequently in-

crease. The preferred range of 2 from a comparison of big bang nucleosynthesis
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Figure 4

Schematic view of spiral galaxy.
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with the observationally inferred abundances is a few percent. However, there
are many uncertainties to do with the interpretation of the various observations,
and consequently one cannot use this alone to rule out the possibility that all the

known dark matter (Qparx 2 .1) is in fact baryonic.

It is widely believed that at some temperature, presumably larger than the
weak scale, the universe began an era when the Robertson-Walker scale factor
R(t) underwent a very rapid increase {12, 13]. This inflationary era would also
produce very rapid cooling (RT = const.). This era is ended by some very non-
adiabatic process which releases a stupendous amount of entropy and reheats
the universe. There are several theoretical reasons as to why this quite bizarre
history is attractive to many cosmologists. I will describe the way in which
inflation solves the “flatness” problem.

Recall Einstein’s equation for the rate of expansion of the universe; it has the
form (R/R)? ~ Gp — 1/R?. Direct observations today tell us that the curvature
term cannot be larger than about ten times the energy density term: 1/R2<10Gp.
As we go to earlier times p increases first as 7% (matter dominated era) then as
T* (radiation dominated era) while R~? increases only as T?. Thus at very carly
times Gp dominates by an enormous amount. In fact at the Planck scale the
initial condition required for evolution to reach the present universe is

1/R?
Gp

<107%. GRY)
T=M,

A much more natural initial condition would be for this ratio to be unity. In
that case the universe will rapidly become curvature dominated: R/R = 1/R or
R =t. Furthermore with RT = constant, the initial condition implies 7" =~ ¢~
Since p ~ T* and p. ~ H2/G ~ MZT? we find that in this universe (T) ~
TZ/M; Thus when T = T = 3°K, Qo ~ 107%°. This temperature of the
universe is reached at a time t, ~ Ty ~ 107'* sec. Naturalness implies that
open universes become cold very quickly, certainly this is not our universe. You
might argue that to avoid this problem just set £ = 0 (I took £ = —1 in the
above). This is avoiding the issue: putting k = 0 is the same fine tune as making
the 1/R? term negligible compared with Gp.

The inflationary solution to this problem is sketched in Figure 5. There is a
natural initial condition Gp ~ 1/R? at T ~ M,. A curvature dominated era then

takes place, but long before the present era, the {/[t? curvature term is made very




small by inflation: recall that inflation rapidly increases R. You might think that
since T drops rapidly p would also decrease catastrophically. That is not correct;
during inflation p is dominated by vacuum energy density pv which is constant.

It is true that the radiation energy density p. ~ T* does drop, however at the end

of inflation it is replenished because py is converted to radiation energy density.
After inflation Gp is much larger than R=2. While Gp subsequently drops faster
than R~ there is no reason to expect that we are now in the era when they are
comparable, indeed this would itself constitute a fine tune. Hence inflation gives
Gp >> R7? today, i.e. it gives 0 = 1.

The visible contributions to {2 are a few percent. Known dark matter contri-
butions give an Q of ten to twenty percent. In view of the theoretical motivation
from inflation, it seems to be a small step to assume that further dark matter is
out there and that § is really very close to unity. However, from the viewpoint of
particle physics this is the crucial step: standard nucleosynthesis allows {25 = .1,

but Qp = 1 really is excluded since the deuterium abundance is then three orders

R-2
and 1 ¢ Eraof
1

G, R-2 inflation

1
: of magnitude too small. Inflation is tremendously exciting: it not only solves
l' cosmological problems such as the flatness problem but it dictates considerable
) new particle physics beyond the standard model. There should be new exotic
! stable objects which contribute perhaps 90% to §2 and are not clustered on galac-
‘, tic scales (I'll call this the diffuse dark matter component). There must also be
!

the particle physics which is responsible for the vacuum energy which drives the
R-? inflation.
| i

It is also clear that we should tread very carefully: suppose somebody invents
a new idea which plays the role of inflation but which does not require {2 = 1.
In this case there is no need for the diffuse component of dark matter. In this
case there is still the issue of the clustered dark matter. It could be baryonic or

exotic, and both forms are worth searching for. It is also worth stressing that the

Figure 5

Inflation solves the flatness problem. case for exotic dark matter also relies on our understanding of nucleosynthesis.

Both theory and interpretation of observation have many interesting unresolved
issues. An important theoretical question currently under study is whether in-
- homogeneities created at the QCD phase transition could have persisted to the

nucleosynthesis era with sufficient size to radically alter the conventional abun-

dances which are predicted assuming homogeneity [14]. This is not yet resolved;

it seems that in a small region of parameter space g = 1 might yet be consistent
with the standard model.
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A more radical question is whether we have identified the main era of light
element abundance in the big bang. It is possible to reproduce acceptable abun-
dances for 2H,®> He,* He and 7Li with Qp = 1 in schemes which have an exotic
particle decaying during the keV era to produce showers in which nucleosynthesis
is rekindled {15]. From the viewpoint of particle physics, it is not clear that a sta-
ble exotic particle should be preferred over an unstable one. Form the viewpoint
of observation it is important to know whether or not the dark matter is baryonic
or exotic. Such late decaying schemes predict a higher primordial abundance of
SLi than the standard model, and this can be searched for [16].

It is possible that the dark matter has several components. This certainly
complicates issues such as galaxy formation, but it is not unreasonable: we know
of many objects which arise quite naturally in gauge theories which could survive
the big bang and would be dark today. I will divide these components into two
classes, those which clump and those which do not.

The clumped components contribute about .1 to Q. They are clumped on
galactic scales and hence are non-relativistic. If these components are elementary
particles their typical speeds will be O(107%)c, this is the typical infall velocity
into a galaxy. Faster speeds would lead to the particles escaping from the galaxy.
The clumped components could be baryonic or exotic. The components which
are not clumped on galactic scales could contribute up to = 1. Such a large,
smooth contribution to Q is certainly not baryonic. To avoid clumping it should

be something like relativistic particles or vacuum energy.

If there is a dark matter halo in our galaxy composed of exotic particles,
why do we not see these particles in the earth? To understand this it is useful to
remember how stars form in a galaxy. A condensation of a pre-stellar gas cloud
occurs only because the components (H; molecules for example) can sink in the
gravitational potential of the cloud by dissipating their energy. For example
molecular collisions excite rotational modes which give photons on de—excitation:
kinetic energy is radiated away from the cloud. This dissipation is crucial for any
gravitational collapse to form a stable dense object. Presumably the reason why
the earth and sun do not contain enormous quantities of dark matter is that the
halo dark matter particles are sufficiently weakly interacting that they are unable
to dissipate this kinetic energy, they have no option but to move on bound orbits

around the galaxy. This is quite reasonable. Since they are dark, these particles
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cannot have strong or electromagnetic interactions. Presumably their interaction
strength is that of the weak interactions; they are often called WIMPS: weakly
interacting massive particles.

It is a mistake to think that the scattering cross sections for these particles
is really O(G%). A sufficient requirement for a halo stable against dissipation is
simply that the mean free time for collisions of a dark matter particle in the halo,
T, should be longer than the age of the galaxy, . This allows a cross section
< 08 > for dark matter particles scattering from baryons as large as a millibarn,
hardly a weak cross section.

I will finish this section with a few simple estimates of event rates which
could be expected if the dark matter of our halo is composed of particles of mass
mp. From rotation curves of our galaxy and other observations, the best estimate
for the local density of halo dark matter is .3 GeV cm™®. Thus with speeds of
1073¢ the flux expected at the earth is ~ 107ecm~2s71(GeV/mp). Suppose that
we build a detector to try and observe this enormous flux. If the dark matter
particles scatter from the nuclei of the detector, of mass my, with some cross

section o n, then the event rate per kilogram of detector is

FEvents - ( oSN ) (GeV) (GeV) (32)
kg Day ] ~ \2.10-39¢m? mp my /- '

For large enough cross sections the rates could be enormous. However, detect-

ing the events is a considerable experimental challenge. Since the dark matter
particles are non-relativistic with 8 = 1073, their kinetic energies are

Tp~ (%) keV (3.3)
and only a fraction of this will appear as nuclear recoil. The challenge is to
build detectors which can measure energy depositions of O(keV). Searches have
already been performed with low background Ge detectors which have masses of
O(1Kg) and which were originally designed to search for double beta decay. The
approximate excluded region in the mp,ogg. plane is shown in Figure 6.

Most interesting is the region 1 < mp < 10 GeV, which has not yet been
excluded. The reason that this region is so interesting is straightforward. The
necessary annihilation cross section o4 for a cosmic relic to survive the big bang
and contribute  ~ .1 today can be read from equation (2.15). For several

interesting candidates, such as a Dirac neutrino, o4 is a known function of mp




10-22
cm? 10-7¢
1n—30
iy \ N
vD
10—31
| T T 1
1 10 100 1000 mp/Cel
Figure 6

Excluded region in the mp/osc. plane assuming the particle is
responsible for the local dark mass. The upper edge of the shaded
region corresponds to the cross section for scattering from the rock
overburden. The plot is taken from Ref. 22 and results from use

of a double beta decay Ge spectrometer. The curve labelled vp is for
a Dirac neutrino with conventional weak interactions.
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and hence one can predict mp and it turns out to lie in this region of a few GeV.
Furthermore, if the annihilation process is to ordinary matter, eg DD — qg, then

by a crossing relation it is

possible to calculate the scattering cross section from
nucleus N : osn. Putting these values of mp and osn into (3.2) one finds that
the event rates are quite large. The problem with seeing these events can be
seen from equation (3.3). The lower value of mp decreases the kinetic energy of
the dark matter particle. Future detectors will be sensitive to such low energy

Jh NS | IR PSR I PP P Py
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depositions an
Our failure to directly detect dark matter on the earth can have a variety of
explanations. Typically it is either that ogn is too small, mp is so large that the

event rate is too low, or mp is so small that the signal is too feeble.

(IV) A Classification Scheme For Cosmic Relics

Cosmic relics can be classified according to the way in which they are pro-
duced in the big bang and the way in which they survive until today. All relics of
which I am aware fall into one of six classes. For three of these classes the relics
were once in thermal equilibrium and they underwent a freezeout process. Relics
of the remaining three classes were produced in catastrophic events such as phase
transitions and were never in thermal equilibrium. We discuss each class in turn
and the classification scheme is summarized in the table at the end.

(IV.1) Plasma Relics

Plasma relics are elementary particles which are relativistic when they de-
couple. That is at decoupling their number density is np ~ Tp, and today
ng ~ T3. If their mass is less than Ty then pg ~ T3 so € ~ 1075, The three
degree microwave photon background is the best illustration of a plasma relic
which is still relativistic today. If the masses for v; are less than Tp they are also
plasma relics which are relativistic today. Such plasma relics are not important
for dark matter, unless there were O(10%) such species. This bizarre possibility
is excluded since they would greatly increase p and therefore R/ R at the time
of nucleosynthesis, thus destroying the successful predictions of primordial nu-
cleosynthesis. Hence although plasma relics which are still relativistic today will
not be clustered, they cannot contribute much to .

Plasma relics which have masses larger than Tp would be non-relativistic
today and would clump. Any of the three neutrinos could have such masses and
could therefore make an important contributions to Q.




(IV.2) Freezeout Relic

This important case was discussed in the previous sections. Freezeout relics
are particles which were once in thermal equilibrium and are non-relativistic when
the reactions which change their comoving number densities freeze out. Their
contribution to {2 is given by equation (2.15) for any such species z. Although the
mass does not appear explicitly in §2;, their is almost always implicit dependence
via the annihilation cross section. Since < o4v > S1/m2 even for a strongly
interacting particle, a freezeout relic is expected to be lighter than 10% TeV. For
a particle with a weak annihilation cross section < o4v >~ G%m? so that £, ~ .1
for halo dark matter results with m, ~ O{(GeV'). Although these candidates, such
as Dirac neutrinos or supersymmetric photinos are quite plausible, they are not

the only possible freezeout relic.

Consider a new version of QCD, shadow QCD, which has an asymptotically
free gauge coupling which gets strong at A’ causing confinement of shadow quarks
¢’ into shadow baryons B’ which acquire mass O(A"). These baryons can annihi-
late into 7/ : B'E — - -+ with < gav >~ 1/A%. 1T A’ ~ 300 TeV these shadow
baryons would give ( =~ .1 even if there were no cosmic B’ asymmetry.

Similarly one could imagine a world with a new unbroken U(1) gauge group:
shadow QED. If m/ is the mass of the shadow electron, the lightest particle

1=t

carrying shadow charge, then €’ — 4y has < 04v >~ a?/m2 so that Qe ~ .1

arises with my ~ a’300 TeV, again taking zero shadow lepton asymmetry.

(IV.3) Asymmetric Relic

Asymmetric relics are freezeout relics whose survival abundance has been
greatly enhanced because of a cosmic particle anti-particle asymmetry. Protons
and electrons are the best examples. It is very plausible that the dark matter is
an asymmetric relic: we know native produced a cosmic asymmetry in baryon
number B, so it is reasonable that it has done the same for some other quantum
number. Dark matter would have survived until today for precisely the same
reason that the visible matter did.

It is fun to redo the Lee-Weinberg (9] freezeout calculation including a chem-
ical potential. In particular, while the chemical potential directly determines the
abundance of the surviving major component, the minor component is annihi-
lated way below what would have survived with zero chemical potential. None

of the antiprotons seen in cosmic rays survived directly from the big bang, they
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were made recently in high energy collisions.

A very intriguing possibility arises if the halo dark matter is an asymmetric
relic. The sun can gravitationally bind dark matter particles by scattering them
into a bound orbit as they pass through the sun. Over the age of the sun sig-
nificant concentrations of dark matter particles could have built up in the sun,
providing they are asymmetric relics so that 2T — -+ - does not deplete the con-
centration. It has been found that for certain masses such bound relics could
contribute to the thermal opacity of the sun, decreasing the central temperature
of the sun and decreasing the reaction rate which produces the high energy solar
neutrinos thus solving the solar neutrino problem [17]. While a freezeout relic
(no asymmetry) can also be trapped by the sun, T — --- will prevent buildup
of a sufficient concentration to be important in changing the solar opacity. How-
ever, T — --- may itself result in high energy neutrinos (now much higher in
energy than usual solar neutrinos) which would be an interesting signature for
some freezeout relic candidates.

(IV.4) Oscillaton Relic

Consider a scalar field ¢(z,t). If the zero temperature potential for this field
is as sketched in Fig. 7. then at some critical temperature Ty a phase transition
will occur: initially ¢ = 0 everywhere, while at the phase transition it rolls to
the minimum of the potential ¢ = o everywhere. If ¢ has strong couplings it
can radiate the energy density Vp easily, so the equation governing the evolution
of ¢ has a solution which is strongly damped. On the other hand, if ¢ has only
very weak interactions the equation of motion will have small damping and the

solution will be oscillatory. In the limit that the damping can be neglected
B(E1) = 0+ doc™ (4.1

where m is the mass of the quanta which the field ¢ creates. These oscillatons
which are initiated by the phase transition would survive until today. What
does this oscillaton represent physically? Because the oscillatons are the same at
all spatial locations it is a mode of the field which carries no momentum. The
energy density in the oscillaton represents a uniform distribution of ¢ quanta at
rest; ‘oo = nm. Of course, equation (4.1) is not quite correct: as the universe
expands the number density of these particles gets diluted n ~ 1/R®, so ¢o
also has a time dependence due to the expansion. However, even if these non—

relativistic particles had only a small contribution to g at the phase transition
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Figure 7

Typical potential for an oscillaton relic

.99-

po(T:) << p(T¢) they could easily dominate by today if Tt falls in the radiation
dominated era. This is illustrated in Figure 8. The most well know example of
an oscillaton is the axion. In the absence of QCD the axion js in fact a massless
Goldstone boson which results from the breaking of a global U(1) symmetry,
the Peccei-Quinn symmetry, at some scale f. The QCD interactions produce
the potential of Fig. 7, Vo ~ A* where A is the QCD parameter, and the order
parameter for the symmetry breaking, o, is f. However, oscillatons occur very
frequently; they result from symmetry breaking with a weakly coupled scalar,

and are much more general than the axion.
(IV.5) Secondary Relics

So far we have assumed that relics are stable, or at least that their lifetimes
are longer than the age of the universe. However, any of the relics considered
so far could have lifetimes less than the age the universe. Their cosmologically
stable decay products I will call secondary relics. They are of particular interest
for obtaining 2 = 1 in a smooth distribution without galactic size clumping.
None of the first few classes of relic lead to dark matter today which is both
relativistic, unclumped and gives @ = 1. However, a secondary relic could be
relativistic today even if it came from a non-relativistic primary.

There are many examples of secondaries. The inflaton is an oscillaton. How-
ever equation (4.1) is insufficient to describe its oscillation because it is unstable
so the oscillaton gets suppressed by exp(—I't). In this sense, everything is a sec-
ondary relic, we owe our existence to the decays of inflatons which reheated the
universe after inflation.

As another example, consider supersymmetric theories where the lightest
superpartner, which we take to be the photino, although long lived does decay
via small R parity violating interactions. One example, ¥ — e*e~v, is illus-
trated in Fig. 9. This gives %, v as secondary relics. In this case we can follow
the evolution of the relativistic e* and demonstrate that they cannot contribute
significantly to Q. The e* lose energy rapidly by inverse Compton scattering
from the background plasma photons ey — ey. Once the e* are non-relativistic
they clump. However, the majority of the photino rest mass has ended up in
electromagnetic radiation which today would be .X and 7 rays. We know from
background X and « rays observations that  in these components are very small

(< 1078). As usual, one finds that the big bang is a tightly constrained frame-
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Photino decay via lepton and R parity violation.




work. The majority of new particle physics ideas for creating cosmic relics simply

do not work. They lead to universes quite unlike our own.
(IV.6) Soliton Relics
By “soliton” I mean energy which is spatially localized and which is produced

at a phase transition. This is not the same as other uses of the term. Some soliton
relics are topologically stable defects: domain walls, strings and monopoles [18,
19]. For example consider a theory which contains a real scalar field ¢(Z,t) which
has a potential V(¢) = A(¢? — o?). This potential has two discrete degenerate
minima. As shown in Fig. 10(a), if a phase transition takes place such that the
field ¢ takes on a vacuum value 4o near region A and —o near region B, then
these regions will be separated by a domain wall at which ¢ is not at either of
the minima. This domain wall contains localized field energy. If the ¢ is now
made complex and the theory processes a U(1) phase invariance then V(¢) =
A¢"¢ — 022, In this case a pattern of vacuum field configurations result in a
topological string as shown in Fig. 8(b). In fact for the energy of this field
configuration to be localized on the line defect the U(I) should be gauged. A
monopole arises in gauge theories when a non—Abelian internal symmetry group
is broken, in the monopole case the defect occurs at a point as shown in Fig.
8(c). A simple example is a theory of three real scalar fields (¢1¢23) which has
a potential which has an SO(3) invariance: V(¢) = M(¢? — o?).

The calculation of production rates for vacuum defects is not straightforward
in particle collisions or in the big bang. Simple estimates for a phase transition
in the big bang can be made. Suppose that at T > T,,¢ = 0 in each of the
above examples, while at T ¢ makes a transition to |¢| = o everywhere except
near the defects where it vanishes. The direction of ¢ is random on scales of
the correlation length ¢ of the phase transition. Hence, as an order of magnitude
estimate the defect number density is np(T%) ~2 (3. Since ( is certainly less than
the horizon there will typically be many defects per horizon volume at T,.

The subsequent evolution of the collection of defects can be very intricate.
However, under certain simplified conditions ppw ~ R™!, p, ~ R~% and pp ~
R~2 for domain walls, strings and monopoles. I know of no complete cosmologies
where p today is dominated by domain walls or cosmic strings. Domain walls
rapidly overwhelm other contributions to p and lead to universes quite unlike our

own, unless they can be made to disappear. Cosmic strings which self-intersect
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Figure 10

Topologically stable defects (a) a two-dimensional domain wall (b) a
one-dimensional string S (c) a point monopole M. In cases (b) and (c)

the arrows represent the direction of the scalar field in internal space.




and produce loops which can then disappear by gravitational radiation may not
be problematic, At any era p, then scales the same way with R as prorar. Today
one finds 2,50 /M,. For o of 10'® GeV it is possible that the string network may
provide the inhomogenities about which galaxy clustering first occurs.

If monopoles are made at a very early phase transition their number density
must be depleted by a subsequent era of inflation otherwise the universe will not
evolve to the one we see. It is not possible that a monopole with magnetic charge
and mass near the grand unification scale is depleted just enough to be the dark
matter today. This would produce a flux of monopoles at the earth which has
been experimentally excluded. It is possible that the dark matter could be a

monopole which carries some other charge.

There is a second class of soliton relics. There are regions of false vacuum
which have become stabilized by the presence of matter or charge. These non
topological solitions I will call false vacuum nuggets. The most well known exam-
ple is that of quark nuggets which could arise during the QCD phase transitions
and which I describe below [20].

In Fig. 11 I sketch how the QCD phase transition would proceed cosmo-
logically assuming that it is first order, as indicate by lattice calculations. At
first small bubbles of hadronic phase are nucleated in the previously homogenous
quark gluon plasma. Since the vacuum energy of these hadronic bubbles is lower
than in the quark phase the bubbles expand as shown in Fig. 11{a). The bubbles
will collide and coalesce until half of space is filled by the hadronic phase. Sub-
sequently, the picture is that regions of quark phase which are collapsing within
the hadronic medium as shown in Fig. 11(b). The original quark plasma had
nearly equal numbers of quarks and antiquarks, although there was a quark ex-
cess of one part per billion. However, if the critical temperature is say 100 MeV
the many quarks and antiquarks must annihilate because in the hadron phase at
T.,ng ~ ng =~ (T.,mp)*% ™8/ << T3 (see 2.10). The g7 annihilation can
occur to v¥ via the Z, and since neutrinos transport energy over large distances
thermal equilibrium at T, is maintained. Now imagine following the quark excess.
When the phase boundary moves into the quark fluid the quark excess tends to
be swept along with the boundary. This is because for baryon number to go
across the boundary energy must be found to create the baryon mass. To some

degree it is therefore energetically favorable for the quark excess to remain in the
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Figure 11

The cosmological QCD phase transition (a)} nucleated bubbles of
hadron phase expand into the quark plasma (b) shrinking bubbles of
quark phase.




quark plasma. 1f this effect is quite powerful then the collapse of a quark bubble
shown in Fig. 11(b) will eventually be prevented by the stabilizing effect of the
pressure of the quark excess inside the bubble. A quark nugget has been formed

at temperature 7,.

We do not know whether such nuggets would be stable at zero temperature,
they might just decay to ordinary baryons. However, it has been argued that
even if quark nuggets were formed at T, and even if they were stable at T' = 0,
they do not survive the cosmological evolution from T to T = 0, rather they
evaporate [21]. While it seems that quark nuggets are not the dark matter, it is
possible that some false vacuum nugget of another phase transition contributes
to the dark matter.

Summary

The hot big bang model of the early universe provides a simple and elegant
framework in which to study the effects of various gauge models of particle physics
on cosmological issues. The standard gauge theory apparently does not lead to
the universe which we observe. There is the need for baryogenesis and there is
the need for a cosmic relic to be the dark matter. The cosmological description
would also be more acceptable if particle physics gave rise to an era of inflation,
when R(t) grew very rapidly.

Most additions to the standard model which give cosmic relics do not give
them with the correct abundance. The requirement of 0.1 ~ @ =~ 2 places con-
siderable restrictions on the interactions which generate the relics. Nevertheless
an enormous number of candidate relics have been proposed. I have introduced
a classification scheme to describe these cosmic relics, and it is summarized in
the Table. Plasma and freezeout (including asymmetric) relics are particles which
were once in thermal equilibrium with the plasma of the hot big bang. Secondary
relics are particles which arise from the decay of any of these three types of pri-
mary particle relics. Oscillatons and solitons are directly associated with phase
transitions in the quantum field theory, and occur in a surprising variety of forms.

As indicated in the Table, there are many ways to search for the various
relics. Several searches have been done for many years and new ones with novel
techniques are planned for the future. The discovery of any of these relics would
be a major turning point in cosmology. It would also give us solid guidance in

understanding particle physics beyond the standard model.
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Category | Characteristics Examples | Possible Detection
Implications
Plasma m < Ty v New light Difficult as low
Decoupled Ve, U7 Particles eg energy
Goldstone Bosons
Freezeout | m > T, YM.D New physics at Direct detection
Froze out while B weak scale Detection of prod-
non-~relativistic ucts
from annihilation in
sun or halo.
Asymmetric | m > T p,e CP violation Direct detection
Abundance [%5] New quantum
determined number
by cosmological
asymmetry
Oscillation | Very weakly cou- | axjon New phase Difficult as
pled scalar transition. weakly coupled.
Axion to v conver-
sion
Secondary | X; — X;... vy — vy | An approximate Other decay prod-
(X1)Sto symmetry ucts
of X, may give
v, X ray signals.
Soliton Defects from phase | Domain New phase Direct searches
transitions with walls transition Gravitational lens-
localized energy. Strings ing
Monopoles Gravitational radi-
Nuggets ation
TABL

A classification scheme for cosmological relics.
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ABSTRACT:

In these two lectures I give a review of double beta decay. I begin with an
introduction to the physics of massive Majorana neutrinos and lepton number
violation. Following that is a review of two-neutrino double beta decay. There
is a detailed discussion of neutrinoless double beta decay experiments, their
results, and the interpretation of these results. I also list options for future
experiments. Finally, there is a description of the application of a double beta
decay experiment to a dark matter search.

Lectures given at the SLAC Summer Institute on Particle Physics,
Stanford, CA., July 18-29, 1988.
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PHYSICS MOTIVATION

What is double beta decay and why is it interesting to particle physicists?
In 1935, Maria Goeppert-MayerI first calculated the decay rate for the nuclear
decay
(A, Z) = (A, Z+2)+2e +20¢ (862,).

There are a number of even-even nuclei which are more stable than odd-odd
neighbors but can decay by this second-order weak interaction. In 1937, Major-
ana? and Racah? introduced the concept of self-conjugate neutrinos, and two
years later Furry? suggested that such a particle could lead to neutrinoless double
beta decay,

(A,Z) — (A,Z+2) +2e” (BBg,)-

More recently,’ a possible third type of double beta decay has been suggested,
(A7) = (AZ+2) +x (88y)

where Y is the majoron,® a hypothetical massless scalar which could arise from

the breaking of B-L symmetry.

The important physics issues in neutrinoless double beta decay are lepton
number conservation, neutrino masses and mixing, and right-handed currents.
There are two requirements for 88, to occur. Lepton number must not be
conserved, since two leptons are emitted with no associated antileptons, which
is possible if neutrinos are Majorana particles. In addition, the helicity of the
neutrino cannot be exactly —1. This requirement can be satisfied by a number
of mechanisms, most notably if the neutrino has mass. Both requirements could

be satisfied only by physics beyond the standard model.

The original evidence for conservation of lepton number came from the ex-
periment of Davis,” which showed that the process Uz + (A,Z) — (A,Z+ 1)+ e~
does not occur at the rate expected for ve. The conventional explanation for this
difference is that the neutrino and antineutrino are distinct particles, and there
is a conserved quantum number L.. An alternative explanation became appar-
ent with the discovery of maximal parity violation. It could be that ve and 7e
are left-handed and right-handed helicity states of the same Majorana neutrino

vM . The only sensitive test of the Majorana nature of neutrinos is double beta
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decay. It is similar to the Davis experiment, but with virtual neutrinos. The
antineutrino emitted at the first weak interaction is reabsorbed at the second as

a neutrino.

There have been extensive studies of the physics of Majorana versus Dirac
neutrinos.®9 For the case of Dirac neutrinos there are four states: vy, VR, UL,
and V. The CPT operator acting on the v, produces UR. If the neutrino mass
is not zero, a Lorentz boost can transform v, into vg, which is distinct from 7.
Under this scheme, it is possible for the neutrino to possess a magnetic dipole

moment, . If 7 # 0, a magnetic field can cause a precession of vy, into vg.

If the neutrino is a Majorana particle, there are only two states, v[, and
vg. If the neutrino is massive, a Lorentz boost and the CPT operation both
transform v into vg. There can be no magnetic dipole moment, because by
CPT, &(¥) = =& (v). If m, = 0, it is impossible to distinguish between the

two neutrino types.

If my, # 0, it should then be possible to distinguish Dirac from Majorana neu-
trinos by magnetic moment. As Lincoln Wolfenstein points out in his lectures,®

the magnetic dipole moment for a massive Dirac neutrino is
-1
By =3-1079,5 x [ﬁ;‘;ﬁ]

It is therefore unobservably small. This is an example of a general problem.
If m, = 0, it is impossible to flip helicity and the Majorana-Dirac distinction
disappears. Moreover, the approach to this limit is a smooth one. As m,/E,
goes to zero, any quantity sensitive to the neutrino type goes to zero, too. At first
glance it seemed that 88, required two independent violations of the standard
model. We now see that they are inextricably connected. The smallness of m,,

effectively conceals the possible Majorana nature of the neutrino.

Why should we expect that neutrinos have nonzero rest masses? We know
that neutrinos are members of doublets with leptons. In Grand Unified Theories,
quarks join the family. It is more natural if all members have mass. The
problém then becomes why are the neutrino masses so small? The most popular
explanation is that the neutrinos have one property the charged fermions cannot,

their Majorana nature.




The most attractive realization of this general picture is the see-saw mechan-

ism,}} which is discussed in some detail in Wolfenstein’s lectures. The mass

0 Mp
Mp Mg

where Mp is the Dirac mass and should be comparable to the mass of a charged

matrix looks Iike

fermion, either lepton or quark, in the same family; Mg is the mass of a right-
handed neutrino, which can be quite large because it is a singlet. Diagonalization
of this matrix gives mass eigenstates with masses My = Mp and M, = M% /Mg.
Thus the two neutrino masses satisfy the see-saw rule MyMy = M% For
example, if M,, =1 eV and Mp = 0.5 MeV, the electron mass, then My = 103
GeV. If Mp = 300 MeV, like a quark mass, then My ~ 108 GeV. Thus in this
scheme, limiting the electron neutrino mass to 1 eV is probing masses for the

right-handed neutrino which are quite large.

Majorana neutrinos also have unusual CP properties, as pointed out by Boris
Kayser.12 If CP is conserved, then each Majorana neutrino has an intrinsic CP

parity 7 = % ¢ (not £1). The effective mass that enters in double beta decay is
(mu> = .Z fim
m

where A;; = £1. The sum is over all Majorana neutrinos coupled to the elec-

2
Uem| Mmpm

= Z Am |Uem lQMm
m

tron. Opposite CP-parity neutrinos can destructively interfere, although in most
models this is not an important effect. As an interesting result of these proper-
ties, unrelated to double beta decay, there are more CP-violating phases in the
lepton sector than in the quark sector if neutrinos are Majorana. In that case,

there is a CP-violating phase possible even with two generations.
DOUBLE BETA DECAY
It is worthwhile recalling the description of single beta decay. If the two

nuclei have the same parity and the change in spin is |AJ[ < 1, it is an allowed

decay. The energy spectrum is given by the expression

AN _ GEMEc cos?8,

dy _ GeMec! o0 0 |M|? F(Z,E)pE (Ey — E)?

where M is the nuclear matrix element, F(Z,E) is a Coulomb correction, and Eq

is the endpoint energy. The nuclear structure does not effect the shape of the
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energy spectrum, only the total rate. In double beta decay, a similar calculation
is possible, but one must study a two-step transition, summing over the virtual

intermediate states. This complicates the calculation significantly.

The typical candidate nucleus for double beta decay is an even-even nucleus
which has proton number two less than the most stable nucleus for a given
nucleon number. The odd-odd nucleus between these two even-even nuclei has
lower binding energy by about 4 MeV, and is not an allowed daughter for single
beta decay. Not only the ground state of the intermediate nucleus must be
considered as an intermediate state, but many of the excited states as well. A
typical momentum of the virtual neutrino exchanged in neutrinoless double beta
decay is 10 MeV. Thus, the range of the virtual neutrino is much larger than

the nuclear size for light neutrinos.

Why is 880, such a sensitive test of small Majorana neutrino mass? First,

the decay rate for the calculable two-neutrino process is
2v 1—-1 -21 11 -1
[T172] ~ 1074 (Eg/2 MeV)' y™ .

The four-body phase space causes a very steep dependence on the endpoint

energy, and a suppressed rate. In the case of neutrinoless decay,
(T9%)7" = 10713 (Bo/2 MeV)P((my) fme)® ¥y

If the neutrino mass were comparable to the electron mass, and therefore there
were no helicity suppression, the rate could be eight orders of magnitude greater
than that for #8;,. One is now sensitive to 8, rates 103 lower than the two-

neutrino rate, which corresponds to a ratio of (m,)/me =~ 10~% — 1076,

Figure 1{a) shows the quark-level diagram for §fy, induced by massive
Majorana neutrinos. The neutrino is emitted as a right-handed particle, but at
the absorption vertex the left-handed component is needed. The amplitude for
the neutrino to be emitted (or absorbed) in a wrong-sign helicity state is similar
to that for 7 — ev decay. There the decay rate is proportional to (1 — ve/c) =

(m2/2 p?). A similar term for the virtual neutrino in $8p, means that the rate

'is proportional to (m%/qz). In more detail, the amplitude is proportional to

(1 + ) [ﬂ#ﬁzﬂ’—] Y (1 = 5

ge+my
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Fig. 1. Two of the processes that could lead to neutrinoless double beta
decay: (a) a massive Majorana neutrino coupling to the usual W, and (b) a
right-handed W.
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including the fermion propagator. Because of the commutation properties of the

~-matrices one is left with the term m, /(g% + m2) ~ my/q.

Figure 1{b) shows the same type of diagram for the neutrinoless double beta
decay caused by right-handed currents (R.H.C.). In this case the amplitude is
proportional to

(1 +5) [_—l};ﬁﬁ%&] Y (1 +95)-
This means that only the [v7¢+/(¢% + m,2,)} term survives, and there is no sup-
pression due to m,. It is easy to see why it was thought that neutrinoless
double beta decay should occur if neutrinos are Majorana and RHC exist, even
if m, = 0. This is wrong, however, as was pointed out by Kayser, Petcov, and

Rosen.

The problem with the above argument is that it assumes the exchanged
neutrino couples to both the right-handed and left-handed weak current with
full strength. In fact, this is not the case in any gauge theory. Recall the process
v+ 7 — Wt 4+ W~ This was thought to proceed only by electron exchange,
which caused the cross section to violate unitarity at high energy. This leads
to the need of the Z° to provide an s-channel diagram that provides the needed

cancellation.

A similar effect occurs in the reaction e™ +e7™ — W +Wg, for which Majo-
rana neutrino exchange is the only diagram.? Once again, the fermion propaga-
tor causes the cross section to rise without limit at high energy, and no neutral
gauge boson can help. What saves the high energy behavior is the fact that
Ym U}m U?m = 0, where UL is the matrix connecting the mth Majorana
neutrino with the electron and Wy, and the sum is over all Majorana neutrinos.
The same effect in Fig. 1(b) means that the linear combination of neutrinos
that couples at one vertex does not couple at the other. The exception to this
is if the neutrinos have different masses, and at least one mass is high enough
that the associated neutrino has a range which can be probed by 88p,. Thus

even if RHC exist, 88), requires at least one massive Majorana neutrino.

There are other possible causes for helicity reversal. A heavy neutrino with
left-handed couplings has no helicity suppression. The term m/(¢* + m:") then
becomes approximately 1/m, assuming that m is larger than about 10 MeV.

In addition, there is an allowed decay if there is a particle which couples to




vpyp, (rather than vy ug, as the Z0 does.) An example of such a particle is the

majoron,5 and the corresponding decay is 8By, as described earlier.
TWO-NEUTRINO DOUBLE BETA DECAY EXPERIMENTS

The first double beta decay experiments were designed to test the possibility
of a large neutrinoless rate. These were done with beta spectrometers in which
the signal would be two electrons emanating from the same point. This required
thin source foils (< 5 mg/cm2) to preserve angles and energies of the 1 MeV
electrons and to suppress two-step processes which initiate double beta decay.
With present limits, it is unfeasible to search for 88, with sufficient sensitivity
using this technique. The sources would have to be unrealistically large, or the

running time unrealistically long.

Due to this limitation, there developed a split in technique. Figure 2 shows
the energy spectra, using energy normalized to the endpoint energy Eg, for the
three types of double beta decay. The process 38y, produces a sharp peak
at Eg which is limited only by energy resolution. (The natural width of the
transition would be in the range of 107 MeV!) Thus a detector with good
energy resolution can be used to suppress background by a large factor. On
the other hand, the other two decays give continua, for which resolution is
not important. One technique used for these cases is to use the two-electron
signature to suppress the background. The other is to use long integration
times and measure the decay daughter, which is the basis of the geochemical

technique.

In geochemical experiments, the daughter nucleus is a noble gas. The source
is a rock of known age (10% years) that includes a substantial amount of the
parent nucleus, such as !39Te, which can decay to 130Xe. One looks for the
daughter isotope occluded in the rock, after subtraction using the other isotopes
of the noble gas. Such a technique does not distinguish between 83, and 88,
Because it is known that T(l)’/’2 is very long, however, it is assumed that the
two-neutrino rate is being measured. Table 1 shows the results of geochemical
results on 3fy,. It is clear that discrepancies exist between the measured and
predicted rates. Such discrepancies led to the desire to measure one of these

decays in the laboratory.

In the laboratory 89, experiments, one must see both electrons. The crucial
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Fig. 2. The energy spectra for the three types of double beta decay. Eg
is the endpoint energy.




problem is radioactivity from the uranium and thorium decay chains. I will
discuss in some detail the experiments at UC Irvine of M. Moe et al. which
led to the first laboratory observation of 88,. One large background for such
experiments was 214Bj whose B decay is occasionally accompanied by a second
electron from internal conversion. There is an alpha decay 164 us later from
214po. The Irvine group first built a cloud chamber experiment17 to see the
delayed alpha. Unfortunately, there were problems due to radon and there was

also a problem of scanning many pictures.
Table 1: Two-Neutrino 88 Lifetimes

Nucleus Geochemical {10%%) Theoreticall®
B23e 1.30 + 0.05 [13] 1.2£0.1 [14] .05 — .40
128 > 5 x 104 [13] (1.8 £0.7) x 107 [15] 108

130Te 21 46 [13] 7.5 4 0.3 [14] 0.2

The next generation device at Irvine was a time projection chamber
(TPC}.IS:lg Figure 3 shows one view of the TPC. It consists of octagonal planes
for the cathode, anode, and source foil. The dimensions are 54 cm for the source,
and +10 em from the source to the two detector planes. Each of the two electrons
follows a spiral trajectory around the magnetic field. The ionization electrons
drift to the anode, and they are detected on anode wires and nearby cathode
wires. The resolution is measured to be about 20% FWHM at 1 MeV, using
internal conversion electrons. The resolution is somewhat worse for electrons at
small angles to the magnetic field. All construction materials were chosen to
be low in radioactivity, and the detector sits inside a lead shielding wall and a
cosmic ray veto system. Helmholtz coils are used to provide the magnetic field.
One of the main backgrounds in the TPC are gamma rays which are probably
from (n, 7) reactions caused by cosmic rays. Such a gamma can produce a
Compton electron which is turn produces a Moeller scattering. This gives the
two electron signature which can fake double beta decay. This background has

a characteristic angular distribution, with many events having cos ¢ > 0.

A second major background is the beta decay of 20871, followed by an internal
conversion which produces the second electron. This produces a characteristic
singles energy spectrum in which one of the two electrons is quite soft. The
rate of these is known from the large number of beta decays without internal

conversion.
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Fig. 3. Schematic drawing of the TPC used by the UC Irvine group to

" observe two-neutrino double beta of 82Se.




Figure 4 shows the observed sum-energy spectrum for two electron events.

0%0y. 1t is at

The curve is the theoretical 882, spectrum normalized to 1.1-1
least plausible that the energy spectrum is dominated by the signal from 1.3-2.0
MeV. In this range, with a cut on minimum singles energy of 150 keV, they
expect 2.8 & 0.7 events from 208T] and 9.3 + 2.6 events from Moeller scattering
of Compton electrons. They see 46 events satisfying these criteria. For further
assurance that the signal is understood, the Irvine group looks at the singles
energy spectrum and the distribution of angles between the two electron. Figure
5 shows these spectra. The curves are for the three major sources, 383, 2081,
and Moeller, but assuming that each contributes the total number of events.
The singles energy spectrum from 208T] and the angle spectrum from Moeller
scattering are inconsistent with the data, giving additional confidence that 587,

is the dominant source. A global fit gives the result

T%‘/'2 = (llfgg) -102% for &2ge,

Thus the Irvine result confirms the geochemical measurements. The nuclear
theory overestimates the decay rates for 883s,. The Irvine group has rebuilt the
detector, which is now called TPC2, with lower backgrounds. Figure 4 shows

the spectrum from this detector, which confirms the original result.

There has been continuing work by nuclear theorists to understand the long
lifetimes for two-neutrino decay. Haxton!8 and colleagues used a shell model
calculation with a large number of intermediate states in their original calcula-
tion. They included only allowed transitions (JP =07, 17) to the intermediate
odd-odd state. More recently, he has included a JP =0~ operator,20 which
is not negligible. This has the effect of increasing the lifetimes by about 30%,

reducing the discrepancy.

Three other groups, Vogel and Zirnbauer,?! Muto and Klapdor,22 and Civ-
itarese, Faessler and Tomoda?3 have used the quasiparticle random phase ap-
proximation (QRPA). They introduce a particle-particle spin-isospin force, as
2 new adjustable parameter. In principle, this should be included in the shell
model approach of Haxton, but with fixed amplitude. The result is that the
rate can be reduced by the proper amount. The crucial question is whether the
effect changes the neutrinoless rate by a large factor. At this time, the Caltech

group24 says yes, the others say no.2% Until this issue is resolved, one needs
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to keep a factor of about 3 uncertainty in the scale factor for neutrino masses
coming from BBy, limits. It would be very useful to have a series of nuclei
for which the two-neutrino rate is measured. Very recently, a ITEP-Yerevan
group,26 has given a preliminary report that they see 39, in %Ge. A LBL-Mt.
Holyoke-Univ. of New Mexico group27 is making substantial progress in trying

to measure 190Mo. I will discuss both of these experiments below.

NEUTRINOLESS DOUBLE BETA DECAY EXPERIMENTS

As I discussed at the beginning, the experiment which is most sensitive to
Majorana neutrinos is neutrinoless double beta decay. The great deal of activity
in recent years has been in search of the decay 76Ge -+ 18Se + 2¢~. There are
a number of reasons why the most sensitive experiments use this isotope. Most
importantly, 76Ge is an 8% component of natural germanium, which is used
to make solid state ionization detectors with excellent energy resolution (0.15%
FWHM at 2 MeV). Since the source is distributed throughout the detector, it
is possible to use a large source without degradation of the signal due to thick
source foils. The very pure germanium in such detectors contains very little
radioactive contamination. Finally, the endpoint energy of 2.04 MeV is high
enough that the sensitivity to a neutrino mass is quite good. One simply looks
for a peak at 2.04 MeV in the energy spectrum. The experimental goal is to

suppress the background continuum as much as possible.

The experiment which sets the best limits on neutrinoless double beta decay
is that of the UCSB/LBL collaboration.2® The group members are D.O. Cald-
well, R.M. Eisberg, D.M. Grumm, and myself from UCSB and F.S. Goulding,
and A.R. Smith from LBL. The experiment is designed to have a large volume of

active germanium, with shared active and passive shields to reduce background.

One major source of background is cosmic radiation. Although direct cosmic
rays are easily vetoed, muon-induced neutrons are a serious problem. They
can be reduced to a reasonable level by putting the experiment in a shallow
underground site. The UCSB/LBL experiment is situated in the powerhouse of
the Oroville Dam in California, with an overburden of 600 m.w.e. Among the
worst remaining backgrounds is activity induced in the detector by cosmic rays
when the materials were above ground. The chief background of this type is

from the process 0Ge (n,3n)68Ge, with the 88Ge decaying by electron capture




to 58Ga with a 280 day halflife. After 68 minutes the %8Ga emits 2 1.89 MeV
BT, which can produce up to 2.91 MeV in the detector if the two annihilation
photons are both absorbed.

The other type of background is from natural radioactivity. Most activity
in the surrounding matter is absorbed in the passive shield surrounding the
experiment. Radon is removed by purging the enclosure with nitrogen. With
these steps taken, the dominant source of natural radioactivity is the experi-
ment. Impurities in the cryostat produce gamma rays which Compton scatter
in the germanium, depositing a continuous energy spectrum. The goal of the
experiment is to reduce the background level of 2000 counts/year-kg-keV at
2 MeV, which is seen above ground in a standard detector, to a level of 1~2

counts/year-kg-keV.

The detector is shown in Figure 6. There are eight detectors, each about
160 ¢cm?® in volume with a shared shield. The detectors have been remounted
in a homemade, low-activity cryostat. The vacuum box was made from electro-
formed copper, and the cold finger is a piece of single-crystal silicon. There is
no separate can for infrared shielding, but the outer surface of the Ge detectors

are metallized.

The Ge detectors are surrounded by a Nal Compton veto. The purpose
is to detect the gamma ray escaping from a Compton scatter in which 2 MeV
is deposited. The Nal counters are 15 ¢m thick and are packaged in a copper
jacket with low radioactivity. The outside of the experiment is a lead enclosure

8" thick. There is 2" of borated polyethylene inside this for neutrons.

Figure 7 shows the energy spectrum from some early running of the experi-
ment. There are many gamma ray peaks, mostly from the uranium and thorium
chains, except for the very prominent 40K peak at 1.5 MeV. Much of the con-
tinuum is from the sum of the Compton scattering associated with all of these
peaks. Figure 8 shows the region of interest for neutrinoless double beta decay,
in 1 keV bins. The signal of 88;, would be a peak at 2.041 MeV, with a width
of 3 keV FWHM. There is in fact a dip at this energy, and thus no evidence for

BBoy-

A maximum likelihood fit to this spectrum yields a limit of 1.4 x 10My at
68% C.L., which is the standard used for such experiments. On the other hand,
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Fig. 6. The UCSB/LBL experiment designed to look for neutrinoless
double beta decay in 7%Ge. The inner cylinders are the germanium detectors.
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one is uncomfortable at that confidence level with the dip at 2.041, so I will use
the 90% C.L. limit of 8 x 102%y. Table 2 shows the limits on 88, for all of the

78Ge experiments.

Table 2: Neutrinoless 38 Results for Ge

Group Background kg:y Tp/p Limits (10%3y)
c/keVkgy 0t - oFf ot —2*
Zar./Bord./Stras.?® 23 (0t —2¥) 16 — 0.6
Osaka30 6 0.87 0.7 0.6
Guelph/Apt./Que’! 2.2 1.9 16 —
PNL/USC?? 1.5 2 3 0.8
Milan33 22, 5* 28 1.7-3.3 0.3
CIT/PSI/Neuchatel® 3.0 25 3 0.7
ITEP /Yerevan®6 3 t o4 —
UCSB/LBL?® 14 121 8-14 2-3

* Two detectors were used with quite different backgrounds, but the rest of the
information combines their results.
+ This 0.5 kg detector was made from 85% enriched 76Ge.

I will use the limit of 8 x 103y from the UCSB/LBL group to calculate
limits on the quantities of physical interest. The limit on Majorana mass for
the electron neutrino is above 1 eV/cQ, with some spread among various nuclear
models.39=37 In the one case?? where the matrix element changes considerably
because of the two-neutrino result, the limit is closer to 6 eV/cz. It is hoped
that more 8, measurements and work on the theoretical models will resolve
this discrepancy. In any case, the limits are much smaller than the value of
about 20 eV/c2 for Dirac neutrinos from tritium beta decay or SN 1987A.

As mentioned earlier, if there is a mixture of neutrinos the limit is on the
combination .
(M) = A [Uem[® Mnm
m
where A is a relative CP phase factor, 1. There can be a cancellation which
makes (m,) less than any single mass. It now appears unlikely3® that this is a

problem.

If one neutrino dominates, then (m,) = |U£]~|2 M; £ 1eV/c2. Over a wide
range of neutrino mixing parameters, this sets the best limit. For example, in

the mass range 100 keV/c? ~1 MeV /c2, the best limits for Dirac neutrinos come
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from searches for kinks in single beta decay, with limits of IUej|2 < 1073, This
can be compared with the limits from 88y, of ]Uej12 < 107% - 1076,

For heavy Majorana neutrinos, the limits are expressed differently depending
on whether they couple to left- or right-handed W-bosons. For neutrinos which
couple to L.H.C., such as those for a fourth generation, there is no helicity
suppression for M; 2 100 MeV/cQ. On the other hand, the range of the virtual
neutrinos is very short, and the rate depends on the overlap of two nucleons in the
nuclear wave function. For 2 heavy neutrino, the limit in this case corresponds

to

[Ues1? < 1077M; (GeV/c?).

Figure 9 shows a figure adapted from a paper by Fred Gilman®® which reports
the limits on fourth-generation neutrinos. I have added a line corresponding to
the BBq, limit.

The other type of Majorana neutrinos are those which couple to right-handed
W-bosons. These arise in left-right symmetric models, such as those which
lead to the see-saw mechanism. In this case the limits depend on both the
neutrino mass and the right-handed W mass. Figure 10 is taken from work
by Mohapatra40 updated to recent results. The limits are very good, requiring
M(Wg) 2 1 TeV/c? for neutrino masses in the range of 100s of GeV.

MAJORON-INDUCED DOUBLE BETA DECAY

The majoron®® is a hypothetical massless scalar boson which could arise
from the breaking of B-L symmetry. The important characteristics of the parti-
cle are that it is massless and that it couples to vv (as opposed to the 29, which
couples to v¥). By far the most stringent limit on the coupling of such a particle
comes from looking for double beta decay with majoron emissions. In this case
the two virtual neutrinos emitted annihilate into the majoron. Since two of the
three particles are seen in the detector, the energy spectrum is peaked much

higher than for 889, as shown in Figure 2.

This decay mode attracted a great deal of interest around January of 1987,
when the group from Pacific Northwest Laboratory and University of South Car-
olina (PNL/USC) announced evidence for its observation.*! The energy spec-

trum on which this announcement was based is shown in Figure 11. There is
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an almost flat spectrum from 3.5 MeV down to about 1.9 MeV, with increased
activity below that. The PNL/USC group could not explain that step with any
known background, and thought that it could be explained most easily as 58y.
The lifetime corresponding to the excess seen is (6 £ 1) x 10%0y. Of course if this
is the observation of double beta decay with majoron emission, it establishes not
only the existence of the Goldstone boson, but also that the electron neutrino

is a Majorana particle.

The UCSB/LBL group analyzed existing data more carefully to increase its
sensitivity to this mode.%? The energy spectrum is shown in Figure 12. There
is a good fit to the data using only Compton shapes for known peaks, the
positron spectrum from 68Ga, and a small constant term. There is no evidence
of an additional §fy shape, and the limits that can be set on that mode is
Tyje > 14X 10%ly at 90% C.L. The CIT/SIN/Neuchate} group achieved similar
results. 43

Table 3: No-Neutrino 88 Decay with Majoron Emission

Nuclide Group Halflife (1020y) [ex)! - 10*

6Ge PNL/USC 6+1 7.4
CIT/SIN/Neuch. > 12 <5.3
UCSB/LBL > 14 <4.8

82g¢ Irvine > 16 <1.9

1000, LBL/Mt. Hol./NM > 3.3 <2.0

More recently, the best limits on the majoron decay mode come from the
Irvine 82Se experiment?! and the LBL/Mt. Holyoke/New Mexico experiment
using 1%0Mo.% The latter group uses 17g of 98% enriched 10000 foils inserted
between planar Si(Li) detectors, so that the two electrons would make coinci-
dence counts. Table 3 shows the results from groups with the most sensitive
results on §fy. Comparisons can be made by noting the limits on |(gx)l2, the
coupling of the Majoron to the electron neutrino (Tyyy x l{gy)1?). While the
limits from 82Se and 190Mo correspond to effective rate limits about an order of
magnitude beyond that indicated by the PNL/USC experiment. The evidence is

now overwhelming that the interesting double beta decay with majoron emission

. has not yet been observed.
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Fig. 12. The energy spectrum from the UCSB/LBL experiment, with
peaks removed.?? The solid line is the fit with no double beta decay with
majoron emission. The dashed line is the lower limit possible if the BFy
spectrum is added.
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FUTURE PROSPECTS FOR NEUTRINOLESS DOUBLE BETA
DECAY

There has been an enormous improvement in the sensitivity of the neutri-
noless double beta decay experiments over the last few years. Although these
experiments are continuing, the gain in the limit of the halflife is now quite slow.
There are a number of ideas for large improvements in the future, and they all

involve the use of enriched isotopes.

The ITEP-Yerevan group has three 85% enriched "5Ge detectors, the total
mass of which corresponds to 2.4 times as much of the active isotope as for
the UCSB/LBL experiment. After taking into account the fact that there is
somewhat more background per kg of Ge, but less per kg of 76Ge, this experiment
can set limits 4 times longer for the same running period. A Moscow-Leningrad
group is reported to have 15 kg of enriched 76Ge, but this has not been made
into detectors yet. The cost of the enriched isotope is prohibitively expensive in
the West.

The 828e experiment and 0%Mo experiments will do well at setting better
limits on 80y, but since the energy resolution is much worse than for germanium
detectors, they may not become competitive for 88p,. Another isotope which
is an interesting source/detector is 136Xe, The operating experiments includes
a proportional counter?® and an ionization chamber,*” both with high pressure
and good resolution, and both in the Baksan laboratory. The Milan group?® has
a 10 atmosphere MWPC operating in the Gran Sasso Laboratory. The resolution
is 5% FWHM and the detector can use up to 3.6 kg of 60% enriched 136Xe. The
Caltech/PSI/Neuchatel group has a 355-liter TPC capable of operating with
five atmospheres of 60% enriched 136Xe, with an energy resolution of 5% and
excellent spatial resolution. An even larger TPC (13 m3) which can use 10 kg
of 93% enriched 136Xe is being constructed by an INR/ITEP group in Moscow.
The hope is that the background will be low enough in these detectors so that

the 5% energy resolution is sufficient.
DARK MATTER SEARCH
There is an extensive discussion of the theory behind our understanding of

dark matter in the universe in Hall’s lectures.? The best limits on weakly inter-

acting massive particles are set by the 76Ge double beta decay experiments. Such
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denote the dark matter particle.

The present density fixes the annihilation cross section and by crossing 2000
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the elastic scattering cross section on a nucleus. This cross section, the Lee- Events /Kg/day

Weinberg50 cross section, is equal to the weak interaction cross section for 6 1600

Heavy Neutrino

mass of about 4 GeV/cz, and is lower for higher masses. For a somewhat larger
Normatised to Lee-Weinberg

cross section, such a particle also cools the sun enough to lower the solar neutrino 1200]
flux.%1=54 Such particles are often called cosmions. In cosmion models, there
must have been an initial asymmetry, as with baryons, to explain the present Tungsten 1
density. The Lee-Weinberg cross section is o ~ 4 - 10738cm2x CF, where CF is Germaniom

the coherence factor for nuclei.

There are tight constraints on the quantities which determine the rate of :’;”" e
elastic scattering. Absence of evidence for the 6 in eTe™ interactions sets limits
Mg 23 GeV/cQ. The r.m.s. velocity is about 270 km/s, and the halo density is R Cvﬂ\(s/Kg/dwr—v T ]
p=~0.3 GeV/cmS. The only major uncertainty is the coherence factor. 800 L |

Bernard Sadoulet has calculated rates for three archetypes of dark matter, b Heavy Neutrino J
shown in Figure 13. The first is for the Lee-Weinberg cross section and a particle, 600 | Z.v:c/hzm“
like the photino, that couples to spin. For this case, spinless nuclei are of little P 1
use, and for a nucleus such as boson the rate is a few events/day for a kilogram 0 Germanium }
of material. 200

The favorable cases for a germanium detector are the other two. If the g Silicon |
cross section is coherent over the nucleus, and proportional to the square of the 0 Bememees Eg},"" 300 400 500
number of nucleus, A2, then the rate is about 40 events/kg-day. If the coupling
of the particle is similar to that of massive Dirac neutrinos, the rate is over 100 ’ Fig. 13. Interaction rates on various nuclear targets for three examples

of possible dark matter particles: photinos, which couple to spin; heavy
neutrinos, but with the Lee-Weinberg cross section; heavy neutrinos with
responsible for all of dark matter. the usual Z0 exchange, which would require initial asymmetry.

events/kg-day. A particle-antiparticle would be necessary if these particles are
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For such a particle of mass m scattering from a Ge nucleus of mass M, the

average energy deposition at low energy is
(Eq) = m’M (v%)/(m + M)?

where (vg) is the mean square speed of m. For m ~ 10 GeV/c2 this corresponds
to about (E;) =~ 10 keV (IOT':VTF?)Q These are already small energy deposits,
but there is an additional factor to take into account the small fraction of the
energy deposited as ionization. The recoiling nucleus gives an ionization signal
about 20% of that caused by an electron of the same kinetic energy. Thus the

energy deposit in the detector is about 2 keV or less, with a tail above that.

The energy spectrum in the UCSB/LBL double beta decay experiment (Fig.
7) showed a marked rise below 400 keV, with a relatively high counting rate in
the 100 keV energy range. This background was due to the presence of half a
gram of In, which has a 486 keV 8~ with a halflife of 4 - 104 years! When the
In was replaced with gold, the background for that detector became flat down
to about 15 keV at a level of % count/keV-kg day, except for some X-ray peaks.
Figure 14 shows the most recent energy spectrum in the 2-20 keV region. There
are X-ray peaks at 10.4 keV and 9.7 keV, for Ga and Zn respectively, due to the
68Ge decay chain. The counting rate below 3 keV rises dramatically because of
the tail of the amplifier noise spectrum. Between 3 keV and 15 keV, there is a
significant continuum, with an integrated intensity of about 20 counts/kg-day,
which is due to tritium. This tritium is probably produced as a cosmic ray

spallation product when the detector was above ground.

One can set very useful limits on mass and cross section of the dark matter
from this spectrum.5? Limits are set by fitting the data to the background shape
plus the expected spectrum for a massive Dirac neutrino. If such a spectrum is
added to the known background shape, we can rule out masses of 12 GeV/c2 to
1.4 TeV/cg. Since there are many models which predict weakly interacting par-
ticles in this mass range, it is important to display the results of this experiment
in a way which does not depend on the model used. Figure 15 shows an exclu-
sion plot in dark particle mass vs. interaction cross section, primarily of that
particle with Ge. In the region of large masses the upper limit on cross section
corresponds to the case in which the energy deposition in the Nal is sufficient to

veto the event. At lower masses, particles with a large enough cross section with
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the earth are slowed before they reach the apparatus enough that they produce
insufficient recoil energy to be observed. The left edge of the exclusion region
is determined by the data near threshold. All limits are at the two standard

deviation level. Earlier limits from a similar experiment are somewhat weaker.%¢

There is an interesting possibility for improving on these limits.?7 Silicon
detectors provide better sensitivity for three reasons. Lower energy is attainable,
which is important for the mass limit. The silicon nucleus is lighter, so the
average energy deposit is greater. In addition, the ionization efficiency is higher
in silicon than in germanium. About 100 grams of silicon detectors will be
installed this year into the experiment, to get a first look at the improvement.
Eventually we hope to cover the full range (down to 4 GeV/c?) of interest for

cosmions, which have cross section of about 10~3%cm?,

CONCLUSIONS

For a wide range of models which extend the standard model of particle
physics, the tightest constraint comes from neutrinoless double beta decay. In
particular, the limit of T1/2 > 8 x 1023y corresponds to a limit of ~ 1 eV/c2
on the Majorana mass of the electron neutrino. There is no evidence for double
beta decay with majoron emission. Many experiments rule out the earlier signal.
To go beyond the present limits new technologies are needed, probably with

separated isotopes.

The low radioactive backgrounds achieved for the UCSB/LBL 76 Ge experi-
ment have been important for conducting a sensitive dark matter search. Best
limits on cold dark matter in the GeV/c2 mass range come from this experiment.

Silicon detectors should improve the sensitivity, and will be installed soon.
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1. Introduction

The neutrino is distinguished from other elementary fermions in that it has
only weak interactions. It is produced in the laboratory as a result of weak
decays. Like other fermions neutrinos are believed to exist in three “flavors” v,
vy, and v, associated with the charged leptous e, u, and T respectively. Each
type of neutrino is known to be much less massive than its charged partner. We
are concerned in these lectures with theoretical ideas and experimental evidence

concerning neutrino mass.

I must start by making it clear that there is no definitive experimental ev-
idence and no compelling theoretical argument in favor of a non-zero neutrino
mass. It may well be that all neutrinos are massless. However, we will try
to show that it is quite natural as one introduces physics beyond the minimal
standard electroweak nodel that neutrinos acquire a small mass. Thus neutrino
mass is of interest in particle physics as a possible window on new physics. In
addition 1nassive neutrinos could be of great importance in cosmology, conceiv-
ably providing the dark matter discussed in the lectures by Prof. Hall. Also
effects of neutrino mass could seriously change the detected flux of neutrinos

from astrophysical sources, in particular, the neutrinos from the sun.

In the first lecture I will concentrate on theoretical ideas and then I will turn
to available and prospective evidence concerning neutrino mass.

2. Mass Terms in Gauge Theories

The framework of our theoretical discussion will be gauge theory; in partic-
ular, the standard SU(2) x U(1) electroweak gauge theory. A crucial feature of
the gauge theory is that all fermions are introduced as massless chiral (Weyl)
fields. The reason for this, of course, is that left-handed fermions have the stan-
dard weak SU(2) interactions and so must transform as doublets. Right-handed
fermions do not interact and so must transform as singlets. The usual mass
term which links the left-handed fermions to the right-handed fermions is for-
bidden by SU(2) invariance. Conversely the mass of all the usual fermions is

proportional to the SU(2)-breaking, or weak, scale.
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The free left-handed chiral fields may be expanded as
p1(z) = Elbryurpe™ ™ + df vrpe””] (1)

where the sum is over momentum p. Here by annihilates left-handed particles
and d; creates right-handed antiparticles. The existence of left-handed particles
implies the existence of right-handed particles by fundamental principles of rel-
ativistic quantum field theory embodied in the CPT theorem. One can similarly
write the right-handed fields ¢g(x). The usual Dirac field ¢/(z) is related by

$u(e) = 5(1 +7)(a)

vale) = 3(1 - 25)4(2) @
¥(z) = yr(2) + ¥r(s).

A technical point of importance is that one can define a right-handed field

from the charge-conjugate of v,
¥i(z) = C(u(=)". (3a)

This is the field which, when expanded, anniliilates right-handed anti-particles
and creates left-handed particles. (Here C is the Dirac charge conjugation matrix
and T is transpose; the particular way this is written guarantees that ¥} has
the correct Lorentz transformation property.) Note I use the subscript R to
emphasize that right-handed fermions are annihilated, but in fact P is just an

alternative way of writing ¥1- In the same way an alternative to ¥y, is
c __ T
¥ = C(¥r)", (3b)

It is usual to introduce a set of fields 4;(x) and another set y'gj(x). Before we
introduce interactions, however, we don’t know the difference between particle
and anti-particles so we could {and sometimes do) start only with a set 1r; and

no Yg; without loss of generality.




Let me first review how the other fermions, quarks and charged leptons,

acquire Lheir mass. The fermion fields are the left-handed doublets and right-

(Ni) (U") Lir, Uir, D 4)
LiL » DiL » 1Ry ViR iR

where i = 1,2,3 is the generation index, N; and L; represent neutrino and

1 TS IR
handed siglets

charged lepton, and U;, D; are the quarks. (We ignore throughout color and the
associated SU(3) of QCD.) The question of whether to introduce the fields N;p

will be discussed in detail later.

The interactions of the fermions with the four gauge bosons of SU(2) x U(1)
are dictated by the gauge principle and lead to the usual electromagnetic and
weak interactions. In particular the charged current interactions liave the form

Z g wh Ui v Dip +he (5)

Z g W» Nip v Ly +he
B

The fields of Eq. (4) define the weak eigenstates, which as we shall see may not
be the mass eigenstates. The right-handed fields have only U(1) interactions

leading to the standard assignment of electric charge.

To make a sensible theory it is necessary to introduce the Higgs bosons. In

the standard version of the standard model a single complex doublets of Higgs

()

The antiparticles also form a doublet

& =ine" = (_q:;_ ) (6%)

bosons is introduced

When the neutral Higgs boson $° acquires a vacuum expectation value (VEV)
<P >=v (7)

the SU(2) x U(1) symmetry breaks down to the electromagnetic U(1) with W
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and Z becoming massive. One also introduces a Yukawa interaction between

the fermions and the Higgs bosons as a means of converting the original chi-

ral massless fields into massive Dirac fields. The Yukawa interaction is SU(2)
invariant
Y = (Doublet ®)z(Doublet Fr)z(Singlet FR). (8)

Considering only the coupling involving the neutral ®° we have
Y(q’o) = [fijDLiDRJ'QO + gijUL,‘URj‘I’O'] + [h.;jEL,‘LRj‘I’O] + h.c. (9)

where the sum over repeated indices is implied. Using Eq. (7) and setting

¥ =p+v (10)
we have
Y(9°) — My + My + Me + Y () {11)
My = fijvD.D; (12a)
M, = gi;o0.U; (12b)
M, = hijvLiL;. (12¢)

Here ¢ represents the physical Higgs boson field and Y (y) the fermion interac-
tion with w. The M, are now the mass terms for the quarks and the charged

leptouns.

Comment: In Eq. (12) the fermijon fields are actually Dirac fields rather
than Weyl fields. Considering the leptons, for example, one obtains directly

from Eq. (9) with the aid of Eq. (2)

. = = 1 = = =
v(hg; LpiLp; + h:jLRjLLi) = EU(}HjLz(l —vs)L; + h;iLl(l + v5)Ly) = vhi L; L

(13)
provided the matrix L is hermitean. In fact one can always choose h;; hermitean

without loss of generality by redefining the basis for the right-handed fields.




When we diagonalize the mass atrices (12} we obtain the mass eigenvalues

and a mixing matrix. Considering the quarks first

D; = (Vd)jidi (14a)

U; = (Vu)jiws (14b)

where d; = (d, 3,b) and «; = (u, c,t) are the usual “mass eigenstates.” When we

substitute Eqs. (14) into Eq. (5) we find

VV*ﬂLJ"y/\UﬁdLi (15)

U=Vv'v, (16)

where U is the famous 3x3 Cabibbo-Kobayashi-Maskawa {(KM) quark mixing
matrix. Note that the Lagrangian contains two arbitrary 3x3 matrices (chosen
here as hermitean), thus 18 arbitrary parameters for the quarks, but only 10 of
these end up as observables: the six quark masses and the four KM parameters
(three angles and one phase). The standard model which is so economical and
elegant in its gauge sector (only two coupling constants) becomes extravagant

and ugly in its Yukawa sector. For the charged leptons we have similarly
L]' = (Ve)jifi (17)

where the ¢; are the usual e, i, 7. Because the neutrinos remain massless in the
standard model we can redefine them by operating on the original N;;, with V, so
that the lepton analogue of U is just the unit matrix. Therefore, with massless

(or degenerate massive) neutrinos the lepton mixing matrix V, is unobservable.

Let me return now to the neutrino. In the usual presentation of the standard
model we never introduce the fields N;p since we have no essential need for
them. On the other hand the symmetry between leptons and quarks as seen in

the doublets of Eq. (4) may suggest that there really should be N;g and indeed
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they are required in many extensions of the standard model. It is then possible
to give neutrinos a mass term completely equivalent to those for charged leptons

and quarks (Eq. (12) )
Mp = miJ‘NL,:NﬂJ' + h.c. (18)

This is referred to as a Dirac mass term since, as discussed above, Ny and Ng
can be combined to form the four-component Dirac field. There is another way
to construct a mass term in the case of neutrinos called the Majorana mass

term. We can construct a mass term using only N,

My = pijNLiN;lj + h.c. {19)
Notice that this is really proportional N} N] + NNy and therefore changes the
“particle number” by two. Such a term would be forbidden by charge conser-
vation for the other fermions but is conceivable for neutrinos. This term does
violate the total “lepton number” (N(N)+N(L™)— N(N)— N(L*)). However,
lepton number L is not sacrosanct like electric charge since it is not associated
with a gauged symmetry. In most theories of neutrino mass the fundamental
new physics introduced is related to lepton number violation. The term Mp
also violates weak isospin by one unit (since it annihilates or creates two N,
with I3 = é) in contrast to Mp which violates weak isospin by é unit. It is also

possible o construct a Majorana mass term from Npg
-
Mg = “;’J’NRiNZj + h.c. (20)

Characteristics of those three types of mass terms are summarized in Table 1.

Table 1

Mp M; Mg

al 4 1 o

AL 0 £2 £2




If we have only the Majorana mass term, say M, then the final particles
will be massive but still have only two components. These are called Majorana
particles. In their rest frame these particles have the usual two spin states and
the anti-particles are identical to the particles. It is possible to have both Dirac
and Majorana mass terms. In this case in general the final solution will be a
set of two-component Majorana particles. The Dirac term in this case may be
viewed simply as mixing the Majorana neutrinos obtained from My, with those
obtained from Mpg. More details on the general formulation of neutrino mass

terms can be found in Reference 1.

While conceptually a four-component Dirac neutrino is very different from a
two-component Majorana, experimentally they are practically indistinguishable.
The reason is that neutrinos are produced almost completely with left-handed
helicity and at high energies (E >> m). In order to distinguish Dirac from
Majorana neutrinos one needs to determine the character of the right-handed
part (whether it is the new particle ¥z or just the anti-particle /) and this
in general requires observations suppressed by a factor (m/ E)?. Au important
distinction is that the Dirac neutrino can have a magnetic moment y, but in
all models we can imagine u, is proportional to m, and so very small. In the

“standard model” with a neutrino mass solely due to Mp one finds?
1, = 3-107%m, (ev) Bohr magnetons (21)

which is much too small to be detected.

An indirect, but very sensitive, indication of a Majorana mass for v, could
come from the observation of neutrinoless double beta-decay, a process involving
a change of lepton number by two units. As discussed in the lectures of Prof.
Witherell the virtual exchange of a Majorana neutrino could induce this process.
The amplitude is proportional to the diagonal element fiee of the Majorana mass
matrix rather than to a mass eigenvalue.

3. Models of Neutrino Mass

In the standard SU{2) x U(1) gauge theory the neutrinos are massless pro-

vided (1) there is no Ng, (2) there are no lliggs bosons other than the doublet,
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and (3) there is no physics beyond the standard model. The ways to get a
101-Z€T0 M, are:

1. Include the Ng; so as to get the Dirac mass term of Eq. (18). While
this provides the simplest way to get a non-zero neutrino mass, it is usually not
considered as the sole origin of neutrino mass because it provides no insight into

the smallness of neutrino mass.

2. Do not include Ng; but add a Higgs triplet that has a Yukawa coupling
to leptons. This provides a Higgs mechanism for producing the Majorana mass
term of Eq. (19). The most interesting version is the Gelmini-Roncadelli model3

discussed below.

3. Consider eflects of new physics at a large mass scale M, in particular the
violation of lepton number which results in Majorana mass terms. It is this idea

whicl: we will pursue in most detail.

The basic idea of the Geliniui-Roncadelli (GR) model is the addition of the

triplet with the charge stales
T=(T°,T%,T),

The gauge invariant coupling of T to the product of two lepton doublets is

. 1 e = R
YT = -——k:,']"gl’jﬁf . T‘IZ’LJ' + h.c.

V2
where 9y is the lepton doublet {rom Eq. (4). Looking just at neutrinos
Yr ~ kijNEiNLJ‘TO + h.c. (22)

When T° acquires a vacuum expectation value Vr Eq. (22) yields the mass term

My, of Eq. (19) with

iy = kijer,

Note that given its charge structure (corresponding to the choice of the U(1)

quantumn number of T) the triplet does not couple to the quarks. The smaliness




of neutrino mass is “explained” by or related to the smallness of vr/v, which is

constrained by astrophysical arguments? to be less than 1077 in the GR model.

The Yukawa interaction ¥ conserves lepton number provided T has a lepton
number of two. In the GR model the Iliggs potential V(®,T') also conserves lep-
ton number L (there is no term of the form ®&T'). As a consequence when T ac-
quires its vacuum expectation value, L is spontaneously broken. By Goldstone’s
theorem there results a massless spin-zero boson (essentially ImT®); unlike the
usual Higgs boson this boson remains as a true physical particle because lepton
nuwber is not a gauge symmetry. This particle is called the Majoron. There
are many interesting phenomenological consequences of having such a massless
particle. One of these is the possibility of neutrinoless double beta-decay with
eniission of a majoron discussed in Prof. Witherell’s lectures. Indeed the major
advantage of the GR model is that majorous are so much fun.® The main disad-
vantage is that it lias little motivation and it is necessary to fine tune V(T', ®)

in order to create the necessary small value of (vr/v}).

Let me now turn to the idea that neutrino mass arises from new physics
at a large scale M. At the SU(2) x U(1) scale the consequences of new physics
are effective interactions that are inversely proportional to some power of M.
Such interactions typically arise out of diagrams involving virtual particles with
masses of the order M but external particles of the normal SU(2) x U(1) variety.
(At a lower mass scale the weak interaction can be described as an eflective four-
fernjion interaction proportional to [m(W)]72.) Such effective interactions are
not renorinalizable and are to be used ouly in lowest-order perturbation theory.

Of interest to us here is the effective interaction of the form®

fij o
H{NLiJVqu>oq)o+ h.C.}. (23)
Note this is part of a gauge invariant term made of two fermion doublets com-
bined to form a triplet together with two Higgs doublets also combined to form

a triplet. When &° acquires a vacuum expectation value (Egs. (7) and (10) )
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we obtain the Majorana mass term My of Eq. (19) with

fijv?
M

i = (24)

This is the famous Gell-Mann-Ramond-Slansky- Yanagida see-saw formula.” The
proportionality to v? necessarily arises because, as shown in Table 1, M, requires
Al =1 whereas < $° >= v provides only Al = % Equation (23) violates lepton
number by two units and it is presumed that this is due to the new physics at
mass scale M. This is called a see-saw formula because the larger M the smaller

the neutrino mass.

The simplest realization of the see-saw formula cownes in theories with right-
handed neutrinos Ng;. One assuines that these neutrinos acquire a very large
Majorana mass given by Eq. (20) with the H;J' of order M >> v. Because
Mp is an SU(2) singlet there is no reason for the u:j to be of order v and we
assume that the maguitude of Mg defines the scale M at which lepton number
is broken. We now asswme that in addition there is a Dirac mass termw Mp of
normal magnitude (similar to quarks and charged leptons) butl keep My = 0.

Then the form of the mass matrix is

Ny N
Ng 0 Mp
Nr Mp Mg

Diagonalizing this we find for Mp << Mg that there are heavy Majorana

particles characterized by Mp and light neutrinos with a mass matrix given by
y Tas—1 g
M, =D"Mg'D. (26)
Neglecting mixing this means the neutrino mass is
m, = m"},/ﬂl (27)

where mp is the Dirac mass, that is, the mass the neutrino would have had if

Mp were zero. Since mp comes from expressions like Eq. (12), it follows that




Eq. (27) has the general form of Eq. (24). Assuming mp is of the same order
as the mass of a quark or a lepton we see that the neutrino mass is reduced by

the factor (mp/M).

The motivation for this approach is the symmetry between leptons and
quarks which suggests there should be Np and that there should be a Dirac
mass term similar to that of other ferniions. Note that mass generation in the
standard model is a weak phenomenon, associated with the breaking of SU(2), so
that the mass of quarks does not appear to be related to their strong interactions
and the mass of the charged leptons is unrelated to their electromagnetic inter-
action. There is, of course, a difference between the Ng and all other fermions;
the Ng are completely neutral with respect to SU(2) x U(1). As a consequence
it becomes possible for Np to acquire a Majorana mass much larger than the
SU(2) breaking scale that determines mp. A disadvantage of this approach is
that the large ratio between M and v is technically unnatural; however, such a
large ratio is needed in any theory that introduces new physics at a large mass

scale.

The original idea for the see-saw formnula and for the form of mass matrix
of (25) comes from the SO(10) grand unified theory (GUT). GUTs are models®
in which at a high mass scale MgyT one starts with a single gauge group that
breaks down to SU(3) x SU(2) x U(1) just as SU(2) x U(1) eventually breaks
down to U(1). The weak, electromagnetic, and strong interactions are just
different parts of the original gauge interactions. Similarly quarks and leptons

are different compouents of a grand fermion field.

The simplest GUT in which all tlie fermions of a single generation are united
in a siugle representation is based on the group SO(10). (A simpler GUT based
on SU(5) has the fermions divided into two different representations, which
seems unnatural. In SU(5) there are no Ng.) The fermions in SO(10) form a

16-dimensional representation

of dor N
e = (u L L L SL) (28)

c { C C
wy 4 Npoeg

where o is the color index. We show only left-handed fields, but as shown in Eq.
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(31) the fields ef, etc., are really the charge conjugates of eg, etc. Of importance
to the present discussion the 16 of SO(10) contains both Ny and N, the latter
showing up in the form Nj. The conjugate fields 16 transform under SO(10)
as the representation 16, which is not equivalent to 16 (just as 3 and 3 are not

equivalent in SU(3) ).

The Yukawa interaction involves
Feds
which transforms as 16 x 16 which breaks down to irreducible representations
16 x 16 = 10 4+ 120 4 126.

Higgs bosons that can couple to fermions are thus ¢19, $120, and ¢iz6 so that

we can write the Yukawa interaction of SO(10) in the form

Y = Fiold{gts) 10610

+Fa0[5¢¥16]1208120 (29)

+Fuag[$5 516126126

By substituting Eq. (28) into Eq. (29) one can see that Majorana mass terms as
well as Dirac terms can arise when the Higgs bosons acquire vacuum expectation
values. The Dirac mass terms arise when the top row of Eq. (28) couples to
the bottom; the Majorana mass terms when Nz, couples to itself or NI to itself.
The Higgs field ¢ contains two SU(2) doublets ®; that can play the role of the
normal Higgs while ¢3¢ contains an SU(2) triplet T aud a singlet S. Thus the
mass matrix schematically take the form

(30)

i Flos <T> Fro<®>
Mass matriz ~ < )

F10<¢> F126<S>

which reduces to the form (25) if we, somewhat arbitrarily, set < T >= 0. The
value of < § > and thus of M can be equal to the GUT scale (> 10'® Gev) but




could e smaller. In fact the SO(10) model with only two mass scales Mgy and
v tends to have the failures of SU(5) in predicting too fast a rate for proton decay

A
|3

oo low

ana OW & Vva.

at a value more like 101! Gev.

Because the SO(10) model has such a large number of parameters in its
Yukawa interaction and its Higgs potential there are no definitive predictions.
that

Tlowever it the quark and charged lepton masses yield the

) i
following qualitative conclusions concerning neutrinos:
1. The neutrinos have a mass hierarchy analogous to those of the other

fermions

mve) + m{v,) @ m{ry) =m™wu): m™(c) : m"(t) (31)

with n=1 or 2.

2. The neutrino flavor eigenstates are mixtures of the mass eigenstates in
analogy with the quark mixing described by Eqs. (14). As a result the weak

interactions expressed in mass eigenstates have the form
A 4
w Vj’y,\UﬁZL,' (32)

where vj = (Ve,vy,vr) and U¢ is the lepton analogue of the KM matrix, rep-
resenting mixing of the neutrinos relative to that of the charged leptons. The
mixing angles in U¢ are all small of the order of the Cabibbo mixing angle
(8. ~ 0.2) with particularly small mixing between the first and third generation.

4, Limits on Neutrino Masses

The most direct way to study neutrino masses is by the determination of the
missing mass from the kinematics of decays involving neutrinos. Present limits
are shown in Table 2. In the case of *H decay one experiment has persistently
indicated a non-zero mass of ve around 30 ev, but this result has not been
confirmed by other experiments. It is unlikely that any of these limits can be
reduced by more than a factor of three in the foreseeable future. Detailed reviews

of neutrino mass experiments are found in Ref. 10.
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Table 2 - Limits on Neutrino Mass

Decay Mass Limit

ve 3H—3He+e +7° < 18ev

vy T pt v < 3-10%w

< 35Mev

vr T — vr -+ b

A limit on the mass of v, can be obtained*! from the observation of neutrinos
of different energies arriving in a short time interval from the supernova SN
1987a. Because of the small number of neutrinos (19 in Kamiokande and IMB
together) the limit obtained depends on the particular statistical analysis and
assumptions used. I believe a reasonable conclusion is m(ve) < 15ev, similar to
the lmit obtained from 3H decay. For a future supernova with more neutrinos
detected it is possible that a study of the neutronization burst {a pulse of v
preceding the main thermal emission which produces all flavors of neutrinos)
could provide limits down to 2 ev or less. Furthermore it is possible that analysis

of neutrinos from a future supernova could detect a large range of v/, or v masses

Limits on neutrino masses can also he obtained from cosmological argu-
ments. In the standard cosmology the observed microwave background is a relic
from an earlier time when the universe was hotter and denser. The same the-
ory says there should also be relic neutrinos filling all space with a density of
110 cni~3 for each generation. This number is about 10° times the number of
baryons in the universe. Thus if the neutrinos have a mass of several ev they
dominate the energy density of the universe and thus determine the rate at
which the universal expansion is slowing down. It is then possible to calculate
lifetime £, of the universe as a function of the neutrino mass and the present rate
of expansion specified by the Hubble constant H,. If the neutrino mass is too
large the value ¢, will turn out too small to be consistent with times determined

from radiochemical and other evidence. Assumning

H, > 50 km sec™! Mpc™!




t, > 10-10° yrs

one finds!?

m(ve) + m(v,) + m(vr) < 80ev. (33)

This limit does not hold if neutrinos decay rapidly enough and so disappear at
an earlier lime in the history of the universe. It is hard to find a theoretical
decay mechanism that satisfies cosmological, astrophysical, and experimental
constraints. In the GR model tle limit (33) can be evaded because the neutrinos
will annililate into massless majorons when the teinperature of the universe is

of the order of the neutrino mass provided the k;; are not too small.

If we accept the cosmology result (33) we have a constraint on m(v,) and
m(v;) which is many orders of magnitude more stringent than the direct limits
in Table 2. If we further accept the hierarchy of Eq. (31) then m(v;) < 80 ev,
m(1,) < 1 ev, and m(re) << 1 ev. The only way to explore such small masses

requires neutrino oscillation studies.

We note in passing that a neutrino mass between 25 and 50 ev could provide
the critical energy density of the universe; that is, provide the dark matter
needed to satisfy {2 = 1.

5. Neutrino Oscillations :  Formulation

It is possible to probe small neutrino masses using neutrino oscillations pro-
vided there is a significant mass difference and the mixing is not too small. These

conditions are met in most theories of neutrino masses.

The basic idea of neutrino oscillations can be illustrated using just two gen-
erations; the extension to three is straightforward. The flavor eigenstates v, and

v, may be written as mixtures of the mass eigenstates 11 and v»

| Ve >=cos8 | vy > +sinb | vy >

vy >= —sinf v > +cosf |y >. (34)

A Deam that is originally v, becones as a function of time

| v(t) >= e Brteosh | vy > +e Pt sing | g > (35)
where
By, — By~ (m)~ml)/2p (36)
assuning
am? = (m] —m?) << ph (37)

The state (35) is no longer purely v, because of the change in the relative phase

of its two components and has a non-zero projection on the state v, given by
< vy | v(t) >= —sin 0 cos fe~*E1t 4 cos § sin feE, (38)

The probability of an oscillation into v, is then given by

m2 —m?
Pue =|< v, | v(t) >[*= 2sin’® §cos? § x [1 — cos?( 22 13¢] = sin? 26 sin®(wz /€)
P
(39)
where the characteristic oscillation length is given by
4 M
C=t, = —L— = 2.5 meters _p(Mev) . (40)
m§ - m? Am2(ev?)

It is convenient for what follows to express the oscillation phenomenon as
the time evolution of a two-component vector in flavor space 1(t) with v, and

v, components. Then
d [ Ve 1/ ME OM? v,
i;—( )=-< ; ‘;‘) (‘) (41)
t \ v, 2p Mg, M, Wy

The 2 x 2 matrix M? is given by

M2 = —(p? ~ Am? cos 26, 42a
ee

N | =




1
Mz# = -i(pz + Am? cos 26,) (42b)

Am? sin 20, (42¢)

B | =

2
M, =

where 6, is the mixing angle (subscript v is for vacuum) and u? = m? + mg. In

Pauli notation this matrix has the form
M? ~ 4?1 4 Am?(—cos 28, o, +5in 20, 0,)-

Neglecting the unit matrix this is exactly the same form as the problem of the
precession of a spin —--é- magnet in a magnetic field at au angle 26, to the spin

axis. Neutrino oscillations may be considered as a precession in flavor space.

To probe small values of Am? it follows from Eqs. (39) and (40) that one
must look for oscillations over very large distances. In practice this leads to
studying oscillations of neutrinos passing through the earth or the sun. In such
cases one must take into consideration the modification of the oscillations due
to the material medium. The essential point is that oscillations have to do with
the phases of the flavor componeunts of tlie propagating neutrinos and one source

of change in phase is the index of refraction term
explip(n — 1)z]. (43)
The index of refraction is given by the optical theorem
pin — 1) = 20N F(0)/p (44)
where N is the munber of scatterers per unit volume and f{0) is the coherent
forward scattering amplitude. It is customary at this point to note that the

optical theorem can be found in any book on quantwm mechanics. Unfortunately

this is not the case. A number of books give the imaginary part of Eq. (44). It
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is easy to see that

Imp(n—1)=iNo/2 (45)

since substituting this into (43) gives exp[—~Noz/2] which represents the deple-
tion of the amplitude due to the absorption cross section o. Combining (44)

and (45) one obtains

o =4nImf(0)/p (46)

which is found in many books. We are interested here, however, in the real part
of the index of refraction. For the problems of interest the absorption of the neu-
trinos is completely negligible. Egquation (44) may be derived by coherently
adding the sum of the forward scattered waves from all the targets to the trans-
mitted wave; a succinct derivation is given in Fermi’s notes on Nuclear Physics.!?
Note that the result does not require a lattice of targets nor does it make any
assurnption about the ratio of the wave-length of the neutrino to the spacing of
the target atoms. Like any coherent effect there are limitations related to the

effective size of the neutrino wave packet; in applications these limitations are

not generally important.

For our example both n and £(0) must be considered as matrices in flavor
space. In the standard model (0) is diagonal in flavor. If we consider the weak

charged current (W boson exchange) one finds for v, scattering from electrons

£(0) = —V2Gp/2n

p(n ~1) = —v2GN, (47)

where N, is number of electrons per unit volume. For . the sign must be
reversed. Of course, v, do not scatter elastically from electrons via the charged
current; they scatter elastically from muons but normal media do not contain
muons. There is also scattering of v, and v, via the neutral current (Z exchange);

Liowever, this is the same for all flavors and so only adds an overall pliase (not a




relative phase) to the propagating v(t). We can now take account of the phase

factor (43) by using Eq. (41) but replacing Eq. (42a) by

ee

1
M= 5t~ Am? cos 26,) + 2V2G Nep. {48)

Note that in obtaining Eq. (48) we Lave set & = ¢, since with the approximation

(37) the neutrinos are moving essentially with the velocity of light.

For a fixed value of N,, oscillations are described by Eq. (39) with 6,¢
replaced by 6m, &y,

tan 26, = sin 26, /(cos 20, — £,/¢,) (49)
U = Go]1 — 2(€,/85) cos 20, + (€,/£,)%] % (50)
by = 27r/\/§GNe = (1.6 x 107 /p.) meters (51)

where p, is the electron number density in units of Avogadro’s number. The
value {, defines a characteristic length in matter; for normal matter it is of the
order of the earth’s radius. For £, << {,, matter effects can be ignored; for
&, >> £,, oscillations are highly suppressed; of particular interest in the case in

which ¢, and £, are comparable. In particular, for
£, = L, cos 20, {52)

0 becomes 45°. The importance of this case was discovered by Mikhaeyev and
Smirnov who refer to it as the resonant amplification of neutrino oscillations by
niatter. For the case of 7, ¥, the sign of the right-hand side of Eq. (47) is
reversed, effectively changing the sign of €,. Thus the resonance condition can
be satisfied for v, if m(re) < m(v,) but not for 7. For small values of 6, Eq.
(52) gives

E,(Mev)p, = 6.5 x 10°Am? (ev?). (53)

For most applications the value of N, varies. Of particular interest is the

case in which, as the density decreases, 8, decreases from a value near 90°
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througlh 45° down to ., = 8, which corresponds to zero density. In this case
the eigenstates in matter change as shown in Figure 1. At large density (such
as the center of the sun) the upper state is primarily ve (8, near 90°). At
the resonance where ,, = 45° the two levels come close together; the levels
would cross but they are “held apart” by the mixing term Mezu. Finally at zero
density the upper state is primarily v,. If the density variation is not too rapid
the adiabatic approximation can be used, which means that no transition takes
place between the eigenstates. As a result the original v, remains primarily in
the upper state, which is now primarily v,. The probability that ve is still v, is

given by
1
P,. = cos? 8, cos? 8, + sin® @, sin® 6, = 5(1 + cos 26, cos 26,) (54)

where 6, is the original value of #,,. (Note that in deriving Eq. (54) we have
not included any interference between the 1y and v, components since this is a
rapidly oscillating term and averages to zero.) For §, near 7/2 and 6, small we
have almost a complete conversion of v, to v,. For values of 8, too small (this
neans MCZ“ is small by Eq. (42c) ) the mass eigenstates get too close together at
the resonance (f,, = 45°) and the adiabatic approximation fails. Formulas for

P.. that go beyond the adiabatic approximation are given in Refs. 14 and 15.

There are three inportant cases in which matter effects play an important

role:

(1) Neutrinos originating in the atmosphere as a result of collisions of cosmic

rays and passing through a major portion of the earth before being detected.

(2) Neutrinos originating near the center of the sun and traversing a radius

of the sun.

(3) Neutrinos originating in the core of a collapsing star (supernova) and
passing thirough the dense outer layers.

6. Neutrino Oscillations :  FExperiments

We first summarize briefly our present knowledge obtained from labora-

tory neutrino oscillation experiments. We distinguish two types of experiments.
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Figure 1 Eigenvalues of the M2 matrix as a function

of electron density N, or distance r from the center
of the sun
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Appearance experiments measure quantities like P, of Eq. (39) in which a
new flavor (like v,) appears in a beam originally a different flavor (like v.).
Disappeuarance experiments measure quantities like 1
one measures the flux of a given flavor some distance from the source. In the

case of only two flavors
Pue+ Pee = 1.

However, in general, disappearance experiments are sensitive to oscillations from
the original flavor to any new flavor. As can be seen from Eq. (39) the oscil-
lation probabilities at a given distance x depend on both Am? and 8, so that
experiments provide only a correlated limit between these quantities. The ex-
aniples for whicli most information is available are v, —v; oscillations and v, —v,
oscillations. Qur prejudices suggest that v, — vy oscillations may be very small;

in any case v, — I, oscillations are the most difficult to probe experimentally.

Our present knowledge of v, — v, oscillations is summarized in Figure 2.
The results shown come from two experiments. For the larger values of Am?
they come from E531, an emulsion experiment at Fermilab.!® It is interesting
to note that this important result was simply a byproduct of a study of charm
production by neutrinos. The lower branch of the curve comes from the CDHS
v, disappearance experiment at CERN.'7 Since this was a disappearance exper-
iment it also provides limits on v, — v, oscillations; however, better limits are
available in that case. If we assume & in this case equals or is greater than the
Cabibbo angle (indicated by the dashed line) then we conclude m(v;) < lev
(assuming m(v,) << m(vr)). On the other hand if sin®26 < 1072 there is no
constraint on m(vr). As we have noted a value of m(v,) between 25 and 50
ev would be of enormous interest for cosmology. Further efforts on oscillations

involving v, are certainly worthwhile.

There is also shown in Figure 2 a dashed cross that represents a possible
interpretation of the preliminary data on atmospheric neutrinos presented here
by Koshiba. H the effect were as large as indicated large mixing angles between
v, and ve or v, and v, would be required. The effect appears for both up-

ward and downward neutrinos so it is necessary to asswme a vacuum oscillation
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length short enough to affect the downward neutrinos. Thus matter effects are

negligible with this solution.

There is a much greater body of knowledge on v, — v, oscillations. The
best present laloratory limits on Am? and sin”? 28 are shown schematically by
the solid line in Fig. 3. For large mixing angles the hest limits come from
disappearance experiments using 7, from reactors.® These limits, of course also
apply to 1. — v, oscillations. These disappearance experiments are not sensitive
to values of sin? 26 less than 0.1. The remaining limits come from looking for the
appearance of v, in v, beams at the CERN PS and the Brookhaven AGS. While
occasional experiments have seen signs of oscillations they have disappeared
with the acquisition of better data. For a review of accelerator experiments see

Reference 19.

Our theoretical prejudices discussed above suggest m(v,) < lev with m(re)
much less so that Am? < lev? with sin® 28 of the order 1071, We see from Fig.
3 that very little of this parameter range has been explored. The dashed lines in
Fig. 3 are indications of discovery possibilities or limits that could be achieved
by future laboratory experiments of the type already done. These have been

1820 and proposals (including those

abstracted from various conference reports
discussed by Koshiba) but there is no assurance that the experiments will be

done in the near future.

To go further one needs to go to still larger distances and we turn to the
sources listed at the end of Section 5. One result has already been obtained
using atmospheric neutrinos passing through the earth; this is shown by the
little dash-dot curve in Figure 3. The result?! comes from the IMB group using
their large H20 Cerenkov detector comparing v, and v, arriving from below
with those coming from above. For neutrino energies around 300 Mev there
would be a Jarge enhancement of neutrino oscillations inside the earth because

Eq. (53) is approximately satisfied.

Future large detectors can further explore the oscillations of atmospheric
neutrinos. In principle because neutrinos coming in different directions have

gone different distances and through different amounts of earth these experi-




ments can explore a wide range of parameters. Their sensitivity is limited by
uncertainties in the incident flux as well as by statistics. The dotted curve in
Figure 3 is a schematic indication of the possible values that would be explored

by the proposed Super Kamiokande detector. In principle the possibility exists??
2

to explore smaller mixing angles for values of Am? of the order 1072 to 10 3ev
by exploiting the resonant amplification. However, from Eq. (53) applied to the
earth this requires detecting neutrinos up to 10 Gev. This can practically be
done only by using rock as the target and then detecting the resultant muons.

- Since the matter effect holds only for v, (and not 7, or conceivably the other

way around) the detector should be able to distinguish p¥ from p~.

Am2 IO‘S To go to values of Am? below 10~%ev? we must turn to solar neutrinos. The
nuclear reactions that are responsible for providing energy in the sun give off
37C| e a portion of the energy in the form of peutrinos. The study of these neutrinos
10"+ T—e—e ] provides a way of probing our understanding of what goes on in the solar interior
and also provides a way of exploring neutrino oscillations over distances larger
\ // than the size of the earth. The three major reactions yielding neutrinos are
shown in Table 3 with the calculated relative fluxes. While the predominant
N N flux comes from the weak pp reaction that is the first step in nuclear burning
-6 N N in the sun, the lower energy of these neutrinos makes them difficult to detect.
I contrast ®B is the product of the very rare PPIII chain of reactions and so
7160\ \ produces a very low flux but the Ligh energy of these neutrinos make them much

-7 N\ N easier to detect. For the standard introduction to these reactions see Reference
23.

1 0'8 L i N\ 1L ‘able 3 - Major Sources of Solar Neutrinos
1 0-3 ]O—2 1 0—1 ] NAME REACTION ENERGY SPECTRUM RELATIVE FLUX
SIN 2 2 9 ppv p+p—d+et —v, Continuous to 420 kev 1

"Ber e +T Be =" Li +ve Line Mainly 860 kev .08

8By 88 -8 Be+ et + 1. Continuous to 14 Mev 104

Figure 3 Existing limits and possible
future experiments on v,-v, oscillations The first (and for more than 15 years only) attempt to detect solar neutrinos

was carried out by Ray Davis using 37Cl as the target material. The 01 is
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converted to 37 A by the reaction
e +37CL— e~ +37 A. (55)

The experiment requires detecting the production of less than 30 argon atoms
produced per month. Very elegant radiochemical methods have been developed
for this purpose. The threshold of the reaction (55) is too high to detect the
ppv and almost too high for "Bev. The calculated rate?® of detected neutrinos
given in SNU (solar neutrino units, the definition of which is irrelevant) for the
37¢1 detector is 3.9 to 8.4 SNU for ®Bv, 0.9 to 1.3 SNU for "Be v, and 5.3 to
10.5 SNU for the sum over all neutrinos. (This includes small amounts from the
CNO cycle). In contrast the result of the Davis experiment carried out from

1970 to 1985 was 2.1 & 0.3 SNU.

How serious is this discrepancy? The calculations are based on the standard
solar model (SSM). Fundamental laws of pliysics are applied to describe the sun
over the period of 4.5 x 10° years with the boundary conditions (initial radius,
etc.) varied until the present radius, luminosity, etc. are fit. Input parameters
are taken from laboratory measurements of nuclear reaction rates, calculations
of the opacity due to complex atoms, and observation of solar element abun-
dances. The range of values given above includes all the values obtained from
one thousand calculations in which the input parameters were varied in accor-
dance with their uncertainties. Excluding exotic possibilities involving unlikely
new particles (special kinds®® of WIMPS) the relevant laws of physics are well
understood. The major question is whether some reasonable approximations
made (such as neglect of diffusion or convective mixing in the solar interior)
might be wrong. The 5B flux is extremely sensitive to the calculated central

temperature T, varying approximately?? as Tcle.

In the last year there have been two new results reported on solar neutrinos.
The Davis experiment ended in 1985 because Brookhaven, in its infinite wisdom,
would not support it. However, wilh a new source of support Davis, now at
Penn, continued the experiment in 1987 and the result for that year reported

at the Baltimore APS meeling is 5+ 1 SNU. Davis believes this could be a real
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time dependence. His data for the last ten years show an anti-correlation with
sunspots, but no reasonable explanation for this is known. As discussed here by
Koshiba the first electronic detection has been carried out using the Kamiokande
detector. This experiment is sensitive only to 3Bv above 10 Mev. The result is
equal to 0.45 times the SSM prediction and three standard deviations away from
zero. Given the experimental and theoretical uncertainty, however, it cannot be

said definitively to disagree with the SSM prediction.

In Figure 3 the dashed curve labeled 37Cl encloses the region in the sin? 0,
Am? plane for which there would be a reduction of about a factor of two or
more in the detected flux of v, in the Davis or the Kamiokande solar neutrino
experiments. The possibility of detecting small values of 6, is due to the en-
hancemnent of the oscillations by the material medium traversed by the neutrino

as it emerges fromn the center of the sun (MSW eflect).

There are at least two way of distinguishing the oscillation hypothesis from
the assumption that something is wrong with the SSM. One is a study of the
energy spectrum of the ®B neutrinos. Neutrino oscillations are an energy-
dependent phenomenon. Thus in general the spectrum of ®Bv is modified if
neutrino oscillations are the cause of a reduced flux. For example, for Am? ~
104ev? the high-energy part of the ®B spectrum is depleted but the lower en-
ergy neutrinos get through. This is because the resonance condition of Eq. (53)
cannot he satisfied for low values of E, even near the center of the sun. In con-
trast if the SSM is wrong and less ®B exists in the sun the total flux is reduced
but the spectrum remains unchanged. Tle detection of a distorted 2B spectrum
would also distinguish different regions in the Am? — sin® 26 space that give the
same reduction in flux. It is possible?® to distinguish different spectra in an
H50 detector like Kamiokande if the threshold can be reduced; however, it is

difficult because the detected electrons from ve + € — v, + e have a continuous

’ energy spectrum even for a fixed v, energy. It would be much better to have an

electronic detector that detects electrons from inverse beta reactions like (55).
There are at least two proposals that aim at this. One called ICARUS planned

for thie Gran Sasso Tunuel cousists of a large liquid argon detector.?” The other




is a large D,O detector®® planned to be placed in a mine in Sudbury, Ontario.

The second possibility is the detection of the v, or vy into which the neutri-
nos oscillate, In principle v, or v, could be detected via their scattering from
electrons in detectors like Kamiokande or ICARUS. However, this cross section
for scattering from electrons (due to the neutral current) is only about 0.15
times that of v, (which also scatters via the charged current). A more difficult
but more distinctive method of detecting v, or vy would be via neutral cur-
rent interactions on nucleons which lhave the same cross section for all flavors.
Thus a measurement of the neutrino flux in this way should give the total flux
independent of oscillations to be compared with the flux of v, measured using
inverse beta reactions. One possibility is the D0 detector if one can detect the

neutron from the disintegration reaction
v4+d—ov+n+p.

A special detector using 'B has also been proposed? for this purpose.

Of great importance is the detection of the ppr since their flux can be calcu-
lated to a high degree of accuracy. A radiochemical experiment for this purpose
uses "'Ga in place of ¥CL It is being planned with 30 tons of gallium in the
Gran Sasso and with 60 tons in the Soviet Union. Results should be coming
out in the early 1990’s. It should be emphasized that the theoretical calcula-
tions indicate that only 54% of the events expected in "'Gia are due to ppv so
that there is still some uncertainty (~ 15%) in the prediction. The major other
contribution (26%) is the "Be v. We also show in Fig. 3 the values of Am? and
sin? 6, that would result in greater than a factor of two reduction in the v, flux

detected in the galliuin detector.

The major conclusion to be reached by staring at Fig. 3 is that for reasonable
values 6, of the order of the Cabibbo angle, solar neutrino experiments provide
the possibility for exploring values of m(,) between 1072 and 107 ev (assuming
m(r,) << m(v,)). This range is of great interest since it corresponds roughly

to masses M in the see-saw formula from 10! to 10!® Gev. Of course, the solar
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peutrino experiments are also sensitive to ve — v oscillations. Even though we
expect the mixing angle between v, and v o be smaller it is possible that most
of the range of m(v,) between 1072 and 10~% ev can also be explored. Thus we

can get close to values of M of 10'5 Gev.

Detailed results of calculations of the MSW effect for solar neutrinos can be
found in Ref. 30. A discussion of prospects for solar neutrino experiments is

given in Ref. 31.

The transformation of v, to v, or vr due to the MSW effect could also take
place for v, emerging from a supernova and passing through the outer layers of
the exploding star where the density conditions are similar to those of the sun.
The problem in detecting this is that the major portion of the neutrino flux
from a supernova consists of an approximnately equal mixture of all flavors of
neutrinos. Thus in the first approximation neutrino oscillations have no effect.
It is expected, however, that the very first neutrinos coming from the supernova
consist of a short pulse containing only v, the neutronization burst. Since the
energies of these 1, are similar to those !B v [rom the swu, most of these would
be transformed?®? if the values of Am? and 6 were within the region labeled 3¢l
in Fig. 3. In fact a study of this neutronization burst would explore much larger
values of Am? (with very small values of 8) up to 1000 ev? or more since the v,
emerging from the supernova neutrinospliere pass through regions of very high
density (> 10° gm/cc ). Indeed as seen from Fig. 3 the region of Am? above
10%ev? with small values of € is almost impossible to explore in any other way.
This emphasizes once again the great importance of establishing a program with

a variety of detectors for seeing the neutrinos from the next supernova.

In spite of a huge number of papers on the subject no conclusions can be
drawn from the very limited observations of SN 1987a. It is quite possible that
the first event observed in the Kamiokande detector came from the neutroniza-
tion burst, but those who draw statistical inferences from a single event do so
at their own peril.

7. Conclusion

Neutrinos may be massless. Nevertheless the search for a non-zero mass is




exciting for many reasons. The most reasonable explanation of a non-zero mass
would be new physics at a large mass scale M. Values of M up to 10'° Gev
might be explored in this way. A mass of the hieaviest neutrino, presumably vy,
of 25 to 50 ev would mean that relic neutrinos provide enough dark matter to
close the universe. Neutrino masses and mixings consistenl with expectations
from grand unified theories could explain an apparent disagreement between

observation and prediction of the solar neutrino flux.

Arguments from cosmology combined with ideas from particle theory focus
our attention on relatively sinall neutrino masses and not very large mixing
angles. From this point of view we find that only a small portion of the range of
interesting values of Am? and sin® 20 have been explored by neutrino oscillation
experiments. To extend the range it is necessary to do experiments over longer
distances and we hope that new experiments at accelerators and reactors will

be carried out to explore values of Am? down by a factor of ten or more.

To go much further one must use atmosphieric, solar, or supernova neutrinos.
In parlicular, solar neutrinos provide a unigque opportunity to study a large
range of values accessible in no other way. This is possible because if v, is
the lightest neutrino there can be a large enhancement of the oscillation (MSW
effect) due to the effect of the solar material. Conclusions from any one solar
neutrino experiment must be qualified because of possible uncertainties in the
calculated flux. Only a concerted effort using a variety of different detectors can
yield some definite conclusions. At least one new experiment, the radiochemical
gallium experinent, is about to get underway and a number of other exciting

possibilities have been proposed.

This work was supported in part by the U.S. Department of Energy under
contract numiber DE-AC02-T6ER03066.
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1. Introduction

For many years the accurnulated data taken in the T energy region has pro-
vided us a good understanding of the T system. Yet there are still many things
to learn. Figure 1 shows a sketch of the T system which has been experimen-
tally known so far together with major decay modes. Between the T(2S) and the
T(38) as well as between the T(1S) and the T(2S) there are two triplet P-states
(3P;) which provide us the information on the fine structures. These states
can be accessed only via El transitions from the triplet S-states (3S;). Just
below the T(48) there is the flavor threshold and the Y(48) therefore almost
always decays to B, 4B, 4. The T(58) is heavy enough to allow the decays to
Bu,dm + ﬁu,dBLd and B;’(;B—:;; and even BgB;, BB] + B,B} and B!B! as
will be discussed in this talk.

CUSB-II is the upgraded version of CUSB-T which had contributed to the
understanding of the Y system for many years. The main feature of CUSB-II
detector is the BGO cylinder which provides us an excellent energy resolution
better than that of CUSB-I by a factor of two. The detail of the detector is
described elsewhere. !

2.7 decay to utpu~

The study of this decay mode gives useful information on interesting quan-
tities such as the total width Ty, the QCD running coupling constant a; and
the QCD scale parameter Agz.

Using the timing, the vertex and dE/dx information, the events from this
decay are easily identified and the backgrounds from cosmic rays and other
sources are negligible. The following analysis is based on the data taken at the
T(3S) (86 pb~!) and at the T(1S) (23 pb~1).

The branching ratios for the T(3S) and for the T(15) are:

B,,(T(15)) = (2.58 £0.09 £ 0.21)%
B,,(T(35)) = (1.73 £ 0.16 £ 0.19)%.

The total width T4, is then obtained using the measured width T, 21 12}

Tiot(T(18)) = (51.6 + 2.1 + 4.3)keV

Tiot(T(3S)) = (24.9 £ 2.2 £ 3.2)keV.

Knowing the branching ratios By, B”,M By el and R where B, is for

1o
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the decay to a photon and two gluons,[61 By, for the n7 transitions and Bg;
for E1 transitions { the last two are applicable only to the T(38)) and R(=3.63)
is the ratio of the hadronic cross section to the lowest order QED dimuon cross
section, " one can calculate the width T'gy, normalized to Ty, by the formula:

r 1
I = (1~ Buu(3+ R) =~ Bygg — Brr — B1)-
P Buu

The values for this ratio are found to be:

rﬂgg(ls) +1.34+3.2
= —= = 31.27 50
r,‘,‘(ls) -~1.2—2.7

Tgge(35) +3.7+4.0
-2 = 30.27 5 a0,
rm‘(35) 3.1-3.3

The relation between this ratio and a, allows us to evaluate a, from which Agg

(8]

is also obtained. The formula is

r 10(7% — 9) 3 (g a(g
- 999 . ( 5 ) 5(2)(1+c(q) s( ))7
Tuu 8lme o T

where e, is the b-quark charge in unit of the electron charge and c(q) is the first
order QCD radiative correction which is zero for g=0.48My. This relation is
interesting in the sense that a 50% error in the radiative correction corresponds
only to a 4% error in a,. The values for this ratio are:

,(4.54GeV) = 0.176 £ 0.00315:5%
a,(4.07GeV) = 01741 TGS,

fol

Finally we calculate the QCD scale parameter
A = 15133730 MeV at T(18)

Agze = 158755777 MeV at T(38).
Our results agree with the values of as(mb) = 0.1791’8:882 and Aﬁg =175 + 31
MeV obtained by Kwong et al,"” and with the value of Agg = 13772 MeV

obtained by Duke and Roberts.[“]
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3. Fine structure and spin dependent potential

3.1 SPIN DEPENDENT POTENTIAL

In general, the spin dependent potential consists of three terms[m]

1 .14V, d?V,

1 dv, dV, S )
3m?'r dr dr2 /710

2
Vsp = —= Vi Vedl - & + ——(3——
5D 3mZv vl SZ+2m2r( dr dr

where V, and V; are a vector and a scalar potentials respectively, §1 and s are
the spins of the quarks, § = § + & and
51 -7)(8y -7 -
Slz = 2[3%} _ 52]_

r
The first term represents the spin-spin (hyperfine), the second term the spin-
orbit (fine) and the third the tensor (fine) interactions. Since we are concerned
about the fine structure of x} states(2°P;), we can forget about the first term
which is responsible for the mass splitting between 38, and !Sg states. Then if
we define two parameters a and b as:

1,1 4V, dV,

(3 dr dr )

a =

m2'r

EERY R
T 12m?lr dr dr?”

we can write down the mass formula for the triplet P states™
MQPP) =M+ a—2/5
MEP)=M-a+2b

MQGP) =M — 2a - 4b.

3.2 EXPERIMENTAL METHODS

Experimentaily there are two methods to study the fine structure of 3P
states. The first method is the analysis of, what we call, ‘exclusive’ events where
one identifies all the particles in the final state of the decay chain: Y(35) —

Xy (xes) = 1T (150r28) — yyl¥1™ where I*1” are either ete™ or u*p™. The

events of this type are clean because of the low multiplicity and therefore one
can achieve the optimal energy resolution. One drawback is that these events
are rare because there are three decays involved and the product branching ratio
is small. The analysis of the ‘exclusive’ events is based on the data taken at the
T(35) with the integrated luminosity of 140 pb~1.




1000 i . 2250488006
The second method is the analysis of, what we call, ‘inclusive’ events where
only photons are identified and their energies are measured: T(35) — 9X. In
this method the detailed study of the peak structure in the photon spectrum
allows us to obtain the information on E1 transitions as shown later. Since the
event multiplicity is high in these events, it is hard to achieve the optimal energy
resolution but one can get large data sample. The analysis is based on the data
taken at the T(3S) corresponding to the integrated luminosity of 106 pb~1.

800

600

o (&) .

400 T~ aeyy+ ppyy |
3.3 ‘EXCLUSIVE’ EVENTS

Figure 2a shows the scatter plot of energies of two photons in the final state
~4~4lT1~. There are three clear clusters of events. The events in the cluster at 200
the bottom-left corner (Eqon ~100 MeV, Eqpign ~230 MeV) come from the

decay chain: (1) Y(3S) — vx} — YT (25), the events at the top-left corner
b

High Energy Photons (MeV)

(Erjory ~100 MeV, E pipn ~780 MeV) from the decay chain: (2) T(3S) — 0 ! L L 1
X} — Y7Y(1S) and the events in the cluster at the center (Briow ~430 MeV, e 200 400 €00 800 1000
E. nigh ~430 MeV) from the decay chain: (3) T(35) — vxp — ¥ T(1S). Low Energy Pholons (MeV}

The projection of Fig. 2a onto the x-axis is shown in Fig. 2b. In this fig-
ure there are four peaks as indicated by arrows which correspond to photons

from the E1 transitions: (1) T(33) — x}(2°Pa)v, (2) T(35) — x{(2°Pi), W

(3) T(35) — x}(2°Po)v and (4) T(35) — x5(13 Py} and xp(13Py) — YT(LS)~. 60 cuse ]
A similar spectrum with a cut on the sum of two photon energies { 280 MeV Preliminary
{Eniow+Eqnign( 360 MeV) to pick up the transitions T(35) — T(25) is shown in

Fig. 3. In this figure the fit result with three Gaussians and a linear background S0 (b) N

is also shown. The energy resolution gg/E at 100 MeV is found to be 3.2%.
Table 1 summarizes the level splitting of x}, states and Table 2 is the summary
of the product branching ratios and branching ratios for the E1 transitions.

Table 1. Level splitting of x}; states.

Photons /7 2.5 MeV

x4y | Eq(MeV) l No.of events

J=2] 86.1£0.5| 104.9+11.7

J=1]| 101.5+0.6 122.5+12.5

J=0| 122.4%2.6, 12.3:£5.1

100 200 300 400 500
Photon Energy (MeV)

Fig. 2 (a) Scatter plot of Eqnign Vs Eqpow, (b) Projection of scatter plot on
Eqlow axis.
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Table 2. Product branching ratios (T" — yj — T')

and branching ratios (), — T')*

Xoy | BR(T" = xj — T BR(x} — T')*

J=2 2.46+0.65 % 21.9+6.1 %
J=1 3.1440.78 % 26.84+7.1 %
J=0 0.39:4£0.21 % 9.845.6 %

Xy | BR(T" = x} = T)| BR(xj — T)*

J=2 1.0740.21 % 95+2.1%
J=1 0.89:£0.17 % 7.611.6 %
J=0 0.13:£0.08 % 3.1+2.0%

* BR(Y" — x}) from the inclusive photon spectrum are used.

Figure 4 is the photon spectrum with a cut on the sum of two photon
cnergies ( 770 MeV <Eqiowt+Eqpign < 900 MeV) to pick up the transitions
T(38) — T(1S). The events in the peak around 400 MeV come from the decay
chain: T(38) — x3(13P;)y = T(18)yy — I"I"yy. Taking it into account that
one of two photons can be Doppler broadened by £20 MeV, we find 8 events are
consistent with these transitions, 2.4 out of which are background events from
the continvum and from the n%#° transitions. The product branching ratio is
found to be Br(T(3S) — xp7)xBr(x, — YT(1S)7) = (0.9 £ .5) x 1073, This
result is compared with three model predictions by Eichten et al.(EI),m] by

Kwong and Rosner (KR) U5 2nd by Gupta et al. (GRR) 1) in Table 3. The EI
model is nonrelativistic and uses the Cornell potential, the KR model uses the
inverse scattering method and the GRR model includes the relativistic effects.
from the table the KR model’s prediction agrees with our result best.

Table 3. BR(Y" — xuv)xBR(xs — T} x 10%,

Experiment EI KR l GRR

0.94+0.5 102 0.45:t0.09] 0.08+0.02
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3.4 ‘INCLUSIVE’ EVENTS

Figure 5 is the inclusive photon spectrum obtained by a photon search pro-
gram optimized to have high photon detection efficiency at cost of optimum
energy resolution in order to study rarer E1 transitions. The acceptancex ef-
ficiency is determined by adding photons generated by ‘EGS’ to real hadronic
events. For the photons of energy between 70 and 1000 MeV the energy resolu-
tion is well described by og/E = 2.4%/*/E,(GeV) which is about 30% worse
than the optimal one obtained from the analysis of the texclusive’ events. Fig-
ure 5 also shows a part of the background from the resonance decay to gluons
and from the continuum qg which is simulated by an appropriate combination of
the T(18) and the continuum data and this is subtracted. Then the remaining
background from the %70 transitions is removed using a polynomial curve. The
photon spectrum after the above background subtractions is shown in Fig. 6.
Figure 6 also shows the complete set of bb bound states below the T(38) in-
cluding yet unobserved states together with all possible electromagnetic tran-
sitions accessible from the T(3S). There are nine groups of E1 transitions: (1)
335, —2%Py10, (2) 338; —=15Ps 10, (3) 2°Pa0 —2°S1, (4) 2°P210 —1%S1, (5)
13P2,1’0 —'1351, (6) 2381 ——»13P2’1’0, (7) 23P2,1,o —*13D3,2’1, (8) 13D3,2,1 —’13P2,1,0
and (9) 1'P; —1'S,.

We fit the background subtracted photon spectrum in Fig. 6 including all
E1 transitions in the nine groups above. The parameters for some transitions
are not free and free parameters are:

e Six parameters for position and intensity of the three lines from 3%S to
23P.

¢ Six parameters for the summed position and intensity for 23P to 23S and
12S transitions, and for 338 to 1%S decays via 1°P.

e The overall photon energy resolution.

The parameters for all other lines are fixed. The fit result is also shown in
Fig. 6. The first three tall peaks around 100 MeV are from the transitions (1.
The small bold curve underneath them is the contribution from the transitions
(7). The three little peaks in the same region are from the transitions (6). The
tall peak around 200 MeV are three merged peaks from the transitions (3) and
the peak in bold line are from the transitions (8). The first two peaks around
450 MeV in thin line are the contributions from the transitions (5) (tall one)
and from the transitions (2) (small one). The third peak in bold line is from the
transition (9). The last peak around 780 MeV is from the transitions (4).

The peaks corresponding to the transitions (2), (3) and {4) are 4.7 ¢,3.1 ¢
and 6.3 o signals respectively and are measured for the first time in an inclusive
spectrum. Their rates are consistent with those obtained from the analysis of
‘exclusive’ events.
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Kuang and Yan{”] have suggested that the best way to look for the 7, is to
find monochromatic photons from the decay chain: T(35) — 7Py — mryn.
Their prediction for the product branching ratio is about 5%107%, Although the
present poor statistics does not allow us to say anything definite, if we suppose
that the signal at 496 MeV (~300 photons) is from the transition (9}, this
signal implies a product branching ratio Br(Y(3S) — nx!P1)xBr(}P; — )
of (6.4 £ 3.9) x 107 and an T(15) — np splitting of 544 MeV. We begin to be
sensitive to this decay chain.

Table 4 summarizes the level splitting of x} states and the branching ratios
for the decays Y(3S) — x}(2%Ps)vy where the numbers with brackets are the
results from CUSB-I and the third number in the second column (peak position)
for each transition is the combined result from the analyses of ‘inclusive’ and
‘exclusive’ events.

Table 4. Level splitting and branching ratios.

Transition( Energy (MeV) No.of events BR(%)

87.6+£0.5+ 1.5 4061+379 | 11.2+1.0+ 0.8
X" — xhy (84.2+2) (11.2:£4.1)
86.840.3 4 1.5

100.1+0.5 £ 1.5 40494372 | 11.7£1.14+0.8

TV - X, (101.443) (15.6+4.2)

100.8+0.4 £ 1.5

121.0+1.6 + 1.5 14854279 | 4.040.8+0.3
(122.125)

121.5+1.2+1.5

T, XZO (7.6i3.5)

95.540.4 £ 1.5
(E) (94+0.5 - 1.6)
95.3+0.3+ 1.5

10259.64£0.4 £ 1.5
(M(x};)) | (10260.820.3 + 1.0)

10259.7+£0.3 £ 1.5

One way to study the fine structure is to look at the ratio r = (M(3P,) —
M(®P))/(MEP))~ M(3P;)) which can be written in terms of the parameters a
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and b defined before by (2a¢ —(12/5)b)/(a + 6a). The comparison of r for ¢& and
bb states is made in Table 5 between the experimental values[w}
predictions of three models by Gupta et a].(GRR),[m] by Moxhay and Rosner

(MR)lZOI and by McClary and Byers (MB).[“] The GRR model prediction is
favored.

and theoretical

Table 5 The fine structure ratio r.

Xe Xb X}

Experiments | 0.481+0.01| 0.67+0.06| 0.67+0.05

GRR 0.50 0.64 0.67
MR 0.42 0.42 0.42
MB 0.35 0.45 0.48

4. Higgs and gluinium searches

4.1 TlIGGS SEARCH

If the Higgs mass is smaller than the T mass one can look for Higgs via
Wilczek mechamismIZZ by finding a monochromatic photon peak. The decay
width normalized to the width for T — pu including the first order QCD cor-
rection is described by :

T(Y H GrM2 2
F(T""Y ): FiViy _m_I;)IZ(l__5)
(T — up) 4\/§a7r M»r
where z = (¢1)/(¢2) which equals one in the standard model, {¢;) is the vac-
uum expectation value of the Higgs fields and § is the order a; QCD radiative
correction which is as large as 50% for o, = 0.2.[231

Experimentally one looks for a narrow peak in the inclusive photon spec-
trum. The analysis is based on the data taken at the Y(35) and at the YT(LS)
corresponding to the T(35) 3 x 10% and the YT(1S) 8 x 10° decays respectively.
The acceptancexefficiency varies from 12 % to 30 % for photons with energies
between 1 GeV and 5 GeV. Since we don’t find any signal above 1 GeV, for
z = 1, namely the minimal Higgs in the standard mode!, we set the upper limit
on the Higgs mass at 5 GeV ( 90% C.L.). The limit for other values of z can
be read off from Fig. 7a. One remark to be mentioned is that from our analysis
the Higgs which is lighter than two-muon mass (0.21 GeV) cannot be excluded
because we require at least one nonelectromagnetic shower in an event.
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4.2  GLUINIUM SEARCH

Gluinium are bound states of two gluinos. Using the same method as for the
Higgs search, we set the lower limit on the gluino mass at 3.6 GeV (90% C.L.),
assuming that its mass is a half of the gluinium mass. The lower limit can be

read off from Fig. 7b where two theoretical predlctlons[ (25} are shown. The
same remark on the sensitivity of our method to the smaller mass region also
applics to this case. But in general the gluinium almost always decays to two

gluons. Therefore the gluino mass cannot be smaller than the two-pion mass.

5. Physics above BB threshold
5.1 COUPLED CHANNEL MODELS

The first coupled channel model was developed by E. Eichten et al.lm} to
understand the complicated resonance structure above the Df) threshold. These
models take into account two-body decays such as By, dEu 4, Bu dﬁz—d + By dB; ar
Bu dBud’ B.B., B, B + BB} and B; B* In this model different states can be
mixed with other states via closed two-body decays. Therefore the wave function
of a physical resonance state can be described by a linear combination of bare
resonance states and two-body decay channels:

"r(ns)>phy5icﬂl = Z am|m3$1)bme + Z bm[m3D1>ba” -+ ZC,‘!BBM.

m m 3

A simplified version of the coupled channel model originally by Lichten et al. was
used successfully by CUSB-I collaboration[”}
of R, the hadronic cross section normalized to the lowest order QED muon pair
production, on and above the T(4S5) as far as /s=11.25 GeV. In this simplified
model, the following assumptions are made:

to explain the resonance structure

s No S-D mixing, therefore, by, = 0.
e Only two-body decays considered as described above.
» A smooth step in R for decays such as BB-+nn's.

According to this model the contribution of each two-body decay to R is
written by:

327

Ry = W3 3 P

B Eaf2S  Wa(0)Ghsiln(p) In (i) G Ve (0),

n,n'

where W,,(0) is the wave function of the T(nS) at the origin, I,{p;) is the decay
amplitude, s; is the spin factor which depends on the spin combination of the




decay, namely 1 for BB, 4 for BB*+B*B and 7 for B*B*, and fZis the kinematical
factor defined by

3 mym
2 __ q _\-2
fq = —(mq

L my + mg

G, is the Green’s function given by

c - [T, 1
"7V 2xM, (W~ M) +iTs /2’

and p; is the momentum of a meson given by

_VWE - (M + M)W - (M — Mp)?|.
Pi= 2w

Then R = 3, R; where i goes through all possible two-body decays. As
inputs, the following quantities and their values were used:
e Resonance parameters for the T(nS): The positions of resonances are
M(48)=10.5774 GeV, M(5S)=10.845 GeV and M(6S)=11.02 GeV and
their widths are [(45)=27 MeV, '(58)=110 MeV and I'(6S)=90 MeV.

¢ Quark masses: m,=0.335 GeV, m;=0.45 GeV and m;=5.17 GeV.

e B meson masses: Mp=5.2725 GeV, Mp.=5.328 GeV, Mp =5.375 GeV
and Mp;=5.425 GeV.

o Wave functions: |W45(0)|? calculated by Eichten et al. and for the higher

resonances |¥,g(0)}* scales as 1/n.

e Decay amplitudes: Ins(p;) calculated by Eichten.[n]

Figure 8a shows the measured Ryisipic values by CUSB-1 as a function of en-
ergy together with the prediction of the simplified coupled channel model which
is in good agreement with the data. Figure 8b is the resonance decomposition
according to the model. We took the data with CUSB-II detector at the Y(55)
this year corresponding to the integrated luminosity of 138 pb~1. Figure 9 is the
Royisipe measured by CUSB-II around the T(55) together with the model pre-
diction which reproduces the data well. This model predicts not only R but also
the contribution of each decay to R as described earlier. Table 6 summarizes
the contribution of each decay to R as well as the average velocity 8 of B;,d or

B} at the T(55).
Table 6. AR and () at the T(5S)

BuaBud BuaBy 4 + BuaBy g BiaBya TB|BsBs B.B] + B,B] B;B;| 5 B,
AR| 0.055 0.11 0.082 |0.247,0.017  0.008 | 0.097) 0.121
B - 0.22 020 | 021} - 0.11 0.05] 0.052
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The average velocity (), number of photons from the decays By ;o — By, sy
and the fraction of B, at the T(55) are predicted to be 0.14, 1.3 per Y(55) decay
and 0.3 respectively. Note that a finite value of 8 implies that photons from
the decays B;,d’s — By 4,7 are Doppler broadened. Therefore if the intrinsic
energy resolution is much better than the effect of the Doppler broadening, one
can actually deduce the value of 8 from the photon spectrum, which turns out
to be true in our case. '

5.2 PHOTONS FROM THE DECAY B* — B~y

Figure 10a is the cluster energy distribution at the T(55). If the same distri-
bution at the T(45) shown in Fig. 10b is compared with that at the T(55), one
can see even by naked eyes an enhancement around 50 MeV in the distribution
at the Y(55).

In order to simulate the background shape, an appropriate combination
of the data at the T{4S) and in the continuum is used. The photon energy
spectrum after the background subtraction is shown in Fig. 11.

We use 50 MeV photons generated by 'EGS’' which are added to the
real hadronic events to estimate the intrinsic energy resolution as well as the
acceptancexefficiency. Figures 12a and 12b are the 50 MeV photon peaks after
the background subtraction without and with Doppler broadening of 8 of 0.2.
With the help from Figs. 12a and 12b, we obtain the values for the average 3,
the average peak position and number of photons from B* — B per T(55) decay:

(E,) = (47.4 £ 0.6) MeV,

{(v/T(55)) = 1.12 £ 0.12,and

() = 0.16 + 0.015.

These values are in good agreement with the simplified coupled channel model
predictions, which leads us to the conclusion that the fraction of B, at the T(55)
is 0.3.

5.3 FURTHER STUDIES ON B; PRODUCTION

Encouraged by the good agreement between our data and the predictions of
the simplified coupled channel model, we make more elaborate studies on the

" fraction of By at the YT(5S) using the three measured quantities {(v/T(55)),{(E)

and {B). These quantities depend on the relative production rates for the decays
ByaBuds BuaBj 4 + BuaBl g, B} 4By 4> BsBs, BeBi + BiB; and B{B;, and the
meson masses. For this purpose we construct four models in which there are
four free parameters.
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They are D = MB, '—MBu.d) U= MB; —MB‘“ R = (ME: —MB,)/(ME; MMBd)
and F, the fraction of B, (including B}). Before going into the detail of the
models, we first describe the physical motivation for the choice of parameter
ranges.
Estimates for the parameter ranges

(1) 80 MeV< D < 104 MeV.

The upper limit is based on the simplest assumption that:

Mp, — Mg, , = Mp, — (Mp_,) = 1970.5 — 1867.0 = 103.5MeV,

where we use (Mp, ,)=1867.0 from the average of the measured Dy and Dy
masses. The lower limit comes from the expectation that any correction to this
value would tend to be small and would lower it. An example is the formula by
Eichten and Gottfried given by[ng

Mg, = Mp, + my — m. + (3/4)(1 — m./m)(Mp; — Mp,)

which gives Mp, — Mp, = Mp, — Mp,+ .48 x [(MD; —MD') - (MD; _MDd)]' If
one uses a naive quark model estimate Mp; ~ Mp, = mg/ms x (Mp; -~ Mp,) =
103MeV which is much lower than the measured value, one gets Mp, — Mp,
as small as ~83 MeV. On the other hand if one uses the measured value for
Mp: — Mp, of 142 MeV, then the above formula gives cssentially no correction.
To be conservative we use the wider range.

(2) 25 MeV< U < 75 MeV

The simplest assumption is Mp: — Mp, = Mp; — Mp,. In this case, since
we observe the average photon energy of about 47 MeV, U=47 MeV which is
close to a naive quark model estimate:

Mp, — Mp, = gl(MD; — Mp,) ~ 50MeV
8

for mg/ms = 1.84/5.17. An empirical observation, which has been successful so
far to describe the mass difference between the vector(M,) and the pseudo-scalar
(M,s) masses, MZ — Mﬁs ~ .54 to .58 GeV? predicts 50 MeV< U < 55 MeV.
Here again we use the wider range.

(3) T< R < 1.0.

According to the empirical observation R~1. A naive quark model predicts
mq
Mp; - Mp, = ——(Mp; - Mp,)
mg !
where my/my = .33/.75 = .73.

(4) 0 F< 1.

This is clear from the definition.




Model building

Knowing the meson masses in the decays and the relative fraction of each
decay one can calculate the values for three quantities experimentally measured.

The relative fraction of each decay channel is proportional to the weight w; given
by:

w; = K- s - I2g(pi),

where the subscript refers to one of decay channels, Kj; is the kinematical factor,
s; is the same spin factor used in the simplified coupled channel model and
Iss(p;) is the decay amplitude.

(1) Model 1

The kinematical factor for Medel 1, which is simplest of all, is 8%. This
threshold behavior is motivated by the fact that the mesons are produced in a
P-wave. The spin factor is common to all four models. The decay amplitude in
this model is simply assumed to be one.

(2) Models 2, 3 and 4

The kinematical factor K; is given by p;EyE; for all three models as in
coupled channel models, where p; is the momentum of one of the mesons and
Ej; is the energy of the meson ¢. The decay amplitudes for Models 2, 3 and 4
are obtained by Eichten et al.(EI),lao] by Martin and Ng (MN) (31] and by

Byers and Hwang (BH).[32] These three models are essentially three coupled
channel models at a fixed energy except that the couplings between resonances
are neglected, which is a reasonable assumption for the Y(55) as justified from
Fig. 8b.

Fit results

In order to find solutions and errors on parameters for the models, we define
the ‘chi-square’ as follows:

2 (E'1 B EZ“)Z (N'v - N—‘;ba)z (ﬂ'y - ﬂf,b’)z
X" = 2 + 3 + 5 .
%k, w, g,

The solutions to the three constraint equations give the x? values of zero. As
shown in Table 7, we actually find the solutions for all four models within the
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parameter ranges described above. Table 8 summarizes the best fit parameters.

Table 7. Fit values for potential models.

(Ex) MeV) — (B) (/1(Es) | X
Expt| 47.43 0.6 {0.16 £.015 | 1.122 + .121

Jekd 47.4 0.161 1.120 0.004
El 47.4 0.160 1.122  |0.006
MN 47.4 0.159 1.126  |0.005
BH 47.4 0.160 1.120 | 0.001

Table 8. Best fit parameters for four models.

Parameter B3 El MN BH
(Ms, - Mg, ,) 105 MeV| 90 MeV | 75 MeV | 65 MeV
(Mg, — Mp,) 46.7 MeV| 50.4 MeV | 48.4 MeV} 50.3 MeV|
(Ms; — Mp,)/(Mp; — Mg,) 1.0 85 95 .90
Fraction of strange .38 .49 .68 71

We define the ‘1o’ contour as the contour which encloses the region where
the x? has increased by one from its minimum value of zero in order to infer
the allowed ranges of the parameter values. As an example, the 1o contours in
F-(Mp; — Mp,) space for Models 2,3 and 4 are shown in Fig. 13.

All the models again predict that the fraction of B, is at least 30% in the
T(5S5) decays, from which we reach the conclusion that the B,/B! has been
produced. This conclusion agrees with an intuitive argument that if there is no
B; produced a wider width of the 50 MeV photon peak is expected.




6. Conclusions

We have
o measured B, with improved accuracy,
CUSB Prelimina.ry s improved the measurement on the fine structure of the X’bJ states,

o more detailed knowledge on the E1 transitions in the T system,

56 b —— Fichten et al. « the first significant limits on the Higgs and gluino masses and

. e found B*, B, and B} are produced and the fraction of B, is at least 30%
—+=- Martin & Ng at the T(55).
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Recent Results from CLEO

—An Observation of B® — B’ Mixing and a Search for

=0
Charmless B Meson Decays, B~ —ppr~ and B —pprtn™—
Nobu Katayama
State University of New York at Albany

Representing the CLEO Collaboration

ABSTRACT

1 review recent results on the B physics from the CLEO detector at the
Cornell Electron Storage Ring (CESR). Using the data containing 484,000 B
meson decays CLEO has observed BB mixing. The preliminary results for the
mixing parameter is r = 0.182 £ 0.055 + 0.056, where the first error is statistical
and the second systematic. We have searched for charmless decays, B~ —ppr~
and Eo—q);_nr*‘w‘ and set 90% upper limits of 1.4 x 10™* and 2.9 x 10™* for the
branching fractions for B~ —ppr~ and Fo—vpﬁw+7r“,

1. Status of the CLEO Experiment

1.1. CORNELL ELECTRON STORAGE RING

The Cornell Electron Storage Ring (CESR) is an electron-positron collider
located at the Wilson Synchrotron Laboratory at Cornell University, New York.
CESR has had an intensive research program aimed at maximizing the integrated

luminosities provided to the two experimental areas. CESR has obtained peak

luminosities of 1032cm =25~ at the Y(55) resonance, or accumulated luminosities
of 4.1 pb~! per day at the T(4S5) resonance.

©N. Katayama 1988




1.2. CLEO DETECTOR

The CLEO collaboration has 90 physicists from 11 institutions. It operates a
general purpose detector at the south interaction region at CESR. The detector
has been described in detail elsewhere! In the summer of 1986 a new drift
chamber system for the CLEO II detector was installed. We will briefly describe
the new tracking system with which the majority of the data discussed here were
collected.

Data samples. Thanks to the diligent efforts of the CESR operations crew,
CLEO has been able to accumulate impressive amounts of data over the years.
Since the summer of 1986 (the '87 run), it has accumulated 21 pb~1 at the
T(1S5) resonance, 64 pb~1 at the T(3S5) resonance, 101 pb~! just below the
BB threshold, 214 pb~! at the T(4S5) resonance, and 114 pb~! at the Y(55)
resonance. 1 will be presenting the results on the BB mixing2 which comes
from the data taken at the T(45) and below the BB threshold, and on the
charmless B meson decays, B-—ppr~ and Eo—-»p‘ﬁrﬂr‘ from. the same d.ata
supplemented by the data collected in 1985 (the '85 run) using the original
tracking chamber (78 pb~! on the Y(4S5) and 40 pb! below the BB threshold).
Since there are significant differences in resolution for the two data samples,
we have analyzed them independently as well as giving combined results. The
integrated luminosities used for the analyses here are summarized in Table 1.1.

Table 1.1
Integrated luminosities and # of BB pairs.

CLEO ’87 CLEO ’85 ARGUS

At the T(45) (pb™1) 212 78 103
Below BB threshold (pb™!) 101 36 42
# of BB pairs 242,000 90,000 88,000

New tracking system. Charged particle tracking is done insifie a super conduct-
ing solenoid of radius 1.0m which produces a 1.0T magnetlc_ﬁelfi. 'Thx? three
nested cylindrical drift chambers measure momenta and specific ionization for
charged particles. The innermost chamber is a three layer straw tube vertex de-
tector, the middle a ten layer drift chamber with two layers of z measurements
using cathode strips, and the main drift chamber contains 51 layers (41 axial
11 stereo) with two layers of cathode strips. With 3 + 10 + 40 layers of r—¢ and
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11 4 4 layers of z tracking, the r. m. s. momentum resolution is

5p ? 2 ;
(.p_) = (0.7)2 4 (0.23p)%, (%, p in GeV/c)

and the r. m. s. resolution in ionization is 6.5%. These are superior to those of
the original CLEQ central tracking chambers used until the summer of 1986. The
resolutions in ionization and momentum of the new and original CLEQ tracking

chambers and those of the ARGUS detector® are summarized in Table 1.2.

Table 1.2

Drift chamber parameters.

CLEO 87 CLEO 85 ARGUS
# of Anode layers 3+10+51 10+17 36
(%)% (%, pin GeV/c) (0.7)2 + (0.23p)% (0.6)% + (0.7p) (0.9)% + (1.2p)?
dE/dx resolution(%) 6.5 11 4.2°

* The ARGUS drift chamber is operated with Propane.

Particle identification capability of the central drift chamber. Figure 1.1 shows
the lowest 50% of the pulse heights measured in the central drift chamber (inner
dE/dx) as a function of momentum. The bands for electrons, pions, kaons and
protons are clearly visible. Using the dE/dx measurements a proton or antipro-
ton with momentum less than 1.1 GeV/c can be unambiguously identified. As
seen in Figure 1.1 the dB/dx distributions for pions and protons are the same
at 1.5 GeV/c. However, above 1.8 GeV/c the expected proton dE/dx is one to
two standard deviation below that for pions. Proton and kaon distributions are
almost identical above 1.5 GeV/ec.

Electron identification. Although the outer detector elements of CLEQ such
as time-of-flight counters, electromagnetic shower counters, and outer dE/dx
chambers were unchanged the electron identification capability has been im-
proved by combining information from the inner dE/dx and from the outer
detectors (mainly calorimetry). While retaining the same efficiency as for the
’85 run (about 90%) the hadron (kaon and pion) fake rates have come down to
0.2% from 0.8% in the 85 run for a track with a momentum greater than 1.4
GeV/c in the 47% of solid angle covered by the calorimetry modules and by
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the drift chamber. Qutside of the coverage of the calorimetry modules the elec-
trons are identified by the inner dE/dx information alone up to 80% of 4x. The
hadron fake rates are 0.6% (not available for '85) for a track with a momentum
greater than 1.4 GeV/c. Figure 1.2 is a demonstration of ¢/ separation by the
dE/dx information in the drift chamber. This resulted an increase in the fiducial
volume of the electron identification from 47% to 80% of 47 and approximately
doubled our number of observed electrons per pb~* in the ’87 run.

— -0 _ _
2. Charmless B Meson Decays, B-—pprn~ and B —pprntn
2.1. INTRODUCTION

In the Standard Model the weak decay of the b quark proceeds through the
charged current coupling to the ¢ quark or to the u quark. The relative am-
plitudes are proportional to the Cabibbo-Kobayashi-Maskawa matrix elements
Ve and V. Data on the inclusive production of charmed mesons and baryons
. 4 . . .
in B meson decays and on the lepton momentum spectrum in semileptonic B

meson decayss are consistent with charm dominance; |V,p/Viy| << 1. Ninety
percent confidence level upper limits on the branching fractions for many charm-
less B meson decay modes of the order of 107* have been published.ﬁ’7 In the
summer of 1987 the ARGUS collaboration reported an observation of a signal
-0 8

in the charmless B meson decays B~ —ppr~ and B —pprTx~. They have ob-
served 34 events in total, only 94 events out of which are considered to be the
background and obtained the branching fractions,

B(B™ —pprn~)= (5214 £19) x 107, and
B(B® = pprta~) = (6.0£2.0+£22) x 107%

If these are true signals it is the first observation of B meson decays into charm-
less states caused by the b—u transition (See Figure 2.1).

The resulting Jower limit on the CIKM matrix element, V., calculated from
their measurements in their paper

Vb
—| > 0.08,
chbi

is inconsistent with some of theoretical predictions. Needless to say, it is a very
important observation and has to be confirmed by other experiments. Currently,
the CLEO experiment is the only other experiment which can search for these
charmless decays of B mesons. We report an attempt to confirm this observa-
tion using the larger data sample with the improved detector described in the
previous chapter.
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Figure 2.1 B meson decay diagrams through b — u transition.
2.2. DATA ANALYSIS

In order to observe exclusive decays of B mesons into rare modes it is crucial
to suppress the background of spurious chance combinations of particles for
both B meson decays to other modes and non-BB continuum (et e~ -+¢7) events.
Three essential techniques: kinematic constraints, topological cuts, and particle
identification are used to suppress the backgrounds.

Kinematic constraints and cuts. The fact that the T(4S5) decays into two B
mesons constrains the energy and momentum of each B meson. Since the energy
of the B meson should be half of the mass of the T(45), we require that the sum
of the measured energies of the candidate decay products be within 50 MeV of
the beam energy (65 MeV for the ’85 data). This balance is sensitive to the
correctness of the mass assignment for each of the presumed decay products. In
the ’87 data the r. m. s. resolution in the sum of measured energies is determined
to be 25 to 30 MeV from the Monte Carlo detector simulation.

Since we calculate the mass of the candidate B meson from the beam con-
strained formula

M2 = Ebzeam - (Epabs)zv

the momentum constraint is re-expressed as the requirement that the correctly
reconstructed candidates show a narrow peaking at the known B meson mass.
The reconstructed mass is not sensitive to the mass assignments of the decay
products. Because the Q value of T(45)—BE is small (18 MeV) and the 8 of
the produced B mesons is small (0.06), the contribution from the momentum
resolution to the mass resolution is small (calculate a partial derivative of M by




Pobs)- The resolution is dominated by the energy resolution of the accelerator’
Therefore the expected r. m. s. mass resolution is as small as 2.6 MeV which is
10 times better than that of a mere invariant mass.

The direction of the B momentum is not constrained but should be dis-
tributed as sin®6p with respect to the beam axis since the two B mesons (spin
zero) are produced from the longitudinally polarized Y(45) (spin unity). To
suppress background from chance reconstructions, which tend to be isotropic in
reconstructed B direction, we require [cos8p| < 0.8. This results in a 5.6% loss
in efficiency for correctly reconstructed B meson decays and 20% suppression
for isotropically distributed random combinations.

Topological cut. Particles in background events from non-BB continuum (ete™—

qg) events tend to align close by with the jet axis of the event, while any axis

calculated for the products of a candidate B meson decay should be uncorre-

lated with the axis for the rest of the particles in the same events. (Notice that 0050688 -003

the remaining tracks make up the other B meson in the event.) For each event 2o I R
which contains a candidate decay we therefore compute two sphericity axes, one B i
for the candidate decay and the other for all remaining charged particles, and 8™ — D°r”
require that the angle o between the two sphericity axes satisfy |cosa| < 0.7. | L ok~r* D i
This is illustrated in Figure 2.2. L
9.0 gk -
7z
| L - .
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©
= = ~
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= i
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Figure 2.2 Event topology and sphericity axes in the BB events and the non - -
BB continuum {ete™—+¢7) events.
Can we see B's 7 Figure 2.3 is a demonstration of the mass resolution and sta- -a E—E I— a a a %
tistical power of the 87 data sample, using the charmed decay modes B~— D%~ 7 — . !
, 5.2

| 5.23 5.25 5.27 5.29
B Mass, GeV

—(K~7%)r~ and B~y K~ —(ete™)K™ or (utp7)K~. The figure shows the
reconstructed mass distribution for events on the T(45) with the kinematic and
topological cuts just described, plus the requirement that the K~z mass be
close to the D° mass or that the dilepton mass to the ¥ mass. The lepton
candidates are not required to be identified as leptons using information avail-
able from dE/dx, outer calorimetry modules and muon chambers. The product

Figure 2.3 Distribution in reconstructed mass for candidates for the decay

B —D°n~— (K #%)r* and B~y K~ —(€+¢7)K™, from the '87 data sample.
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10,11

branching fractions for these modes are measured by CLEG and ARGUS,12

B(B™—=D%r~) x B(D" =K~ 7%) = (0.43 £0.14 £ 0.06)% x (4.2 £ 0.6)%,
B(B™ =K7Y x B(sp—££7) = (0.05 £0.02)% x 2 x (6.9 £ 0.9)%,

which are three to five times smaller than those of B-—ppr~ and §0—>p57r+7r‘
as reported by ARGUS. Furthermore the improved detector and the larger data
sample enable us to use a 2.5 MeV binning for the mass distribution instead
of a 5 MeV binning, which was used in all previous publications of exclusive B
meson decays from CLEO.

Particle identification, For the decay modes B~ —ppr~ and 'B_o——‘pi}rﬂr' we
require that the 7% candidates have ionization within two standard deviations
of the expected value, and that the combined x? for the proton and antiproton
jonization be less than 4. The latter cut corresponds to an efficiency of about
86% for the real p and § combinations to pass the cut. Even though there is only
a one to two standard deviation separation between the expected values of the
ionization for pions and protons above 1.8 GeV/c due to the fact that there are
many more pions than protons, this cut reduces the amount of the combinatoric
background by a factor of about four. Tracks with poor dE/dx measurements
(usually because of steep dip angles) are rejected. We have checked the dE/dx
distributions for pions and protons using secondaries from kinematically recon-
structed A and K% decays. We also require that none of the candidate decay
products be identified as an electron or muon. Misidentified high momentum
pions or kaons can cause a background of spurious B meson decay reconstruc-
tions, since the discrepancy in AE caused by assigning a proton mass to a pion
or kaon can be compensated by the loss of a low momentum decay product so
that the kinematic constraints can still be satisfied even though all candidate
tracks are produced by the decay of one B meson into other decay modes in a
BB event.

Multiple combination in an event. A true B~ —ppr™ or anpﬁw+w‘ decay
may make more than one candidate combinations if, for example, a pion mass
is assigned to a proton and a proton mass to a pion and both right and mis-
assigned combinations still satisfy the required AE cut. Therefore we accept
only the one that has the lowest |AE| for each of the two modes if there is
more than one candidate decay in an event after all data cuts have been applied
(including ones mentioned later).

Mass distributions for the “phase space scarch.” Figures2.4(a) and 2.5(a) show

=0 .

the plots of the reconstructed mass for B~—ppr~ and B —ppr¥n~ combina-
tions in the ’87 data sample satisfying the above cuts, for the T(45) resonance
(data points) and for the below BB threshold data, scaled to the same integrated
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Figure 2.4 Distribution in reconstructed mass for B~ —ppn~ candidates from
the phase space search, using the '87 data sample: (2) data taken on the T(4S)
resonance (points), scaled data taken below BB threshold (histogram), with the
fit to the signal and background function described in the text (curve); (b) the
net contribution from the BB events, by taking the difference between the T(45)
data and the below BB threshold data.
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Figure 2.5 Distribution in reconstructed mass for B°—ppn*n~ candidates
from the phase space search, using the '87 data sample: (a) data taken on the
T(45) resonance (points), scaled data taken below BB threshold (histogram),
with the fit to the signal and background function described in the text (curve);
(b) the net contribution from the BB events, by taking the difference between
the T(45) data and the below BB threshold data.
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luminosity and beam energy. For this search we used all available decay phase
space. Figures 2.4(b) and 2.5(b) show the difference, corresponding to the net
yield from BB decays. In addition to any signal, this difference includes back-
ground from other B and B decay modes incorrectly reconstructed as B~ —ppr~
or FO—»piiw 7. Although there may be an excess near the B meson mass for
each of the two modes, the mass spectrum does not have the expected shape for
a correctly reconstructed mass peak. To derive upper limits on the branching
fractions which do not depend on any model of background we count the net
number of events (resonance data minus continuum data) within 5 MeV of the
B mass, then divide by the total number of produced B’s of the appropriate

charges (assuming6
N(B"B")
N(BYB) + N(B+B~)

=0.43),

and by the acceptance computed by Monte Carlo with a phase space decay
distribution. We form weighted averages of the ’87 and ’85 data, but because of
the smaller event sample and larger background due to poorer resolution in AE
and dE/dx the ’85 data have less weight. The resulting 90% confidence level
upper limits are given in Table 2.1.

Kinematic cut in the phase space. In our phase space search for B™—ppr~ or

P—O-—bpﬁw+7r_ the sensitivity is limited by the statistical error in the background,
mainly from the continuum events. It is conceivable that there are particular
configurations of the final state in the phase space that are favored by the decay
dynamics or disfavored in the continuum background, so that a search with a
kinematical constraint in the phase space may be more successful. The kinematic
cuts should be justified in terms of physics otherwise it is like turning knobs
in order to enhance the signal. The possible configurations are most easily
pictured for the B~ —ppr~ mode by drawing the Dalitz plot (Figure 2.6). For

the B'— pprtr~ mode in the limit of quasi three-body decay (for example, ppp®,
ABrt) the decay kinematics are similar to the B-—ppr~ mode. In addition
to the cuts mentioned above we make the following kinematic cuts in the decay
phase space for both modes.

Proton or antiproton at low momentum. We require that.either the p or 7 have
a momentum below 1.1 GeV/c. This is motivated by the inclusive baryon mo-
mentum spectrum in B meson decay,which is consistent with all baryon momenta
being below 1.0 GeV /¢, and by the fact that low momentum protons can be un-
ambiguously identified by dE/dx. Region I of the B™—ppr~ Dalitz plot for
which this search is sensitive covers 34% of the total phase space. No signal is
seen in either of the decay modes and the upper limits are given in Table 2.1.
For the detection efficiency we have assumed that all of the decays satisfy the
proton momentum requirement. In other words, we did not divide the obtained
branching fraction by 34%.




Table 2.1 0050688-002

90% confidence level limits for the branching fractions. 1 v 1 !
B(B~—ppr~) B(B°—pprtr-)
(107%) (1074
“Phase space” search 3.0 11.9
p or P at low momentum 2.8 8.4
Collinear p and § (ARGUS cut) 1.6 3.3
pA0, ATR® 1.3 1.2
pA ,ATHATT 1.2 1.3
PN*0, NON* 1.1 2.5
pN' T, NN 1.7 1.7
AN or N*O&® 2.8
AR or NHE T 24
In units of 10~4, from the various sear;:hes described in the text,
combining the '85 and 87 data samples, and averaging charge
conjugate modes. The limits are obtained from the number of
candidates within 5 MeV of the B meson mass in the subtracted

distribution: data on the T{4S)minusscaled data from below BB | 5 10 15 20
threshold. The “A” and “N*" refer to pr mass ranges defined » 2
in the text. M (p7), GeV

Figure 2.6 Dalitz plot for the decay B~ —ppn~ at rest. Region I corresponds
to the requirement that either the p or p have momentum less that 1.1 GeV /c.
In region II the angle 8 between the p and p satisfies cos f < —0.98 (almost
collinear, the ARGUS cut). The bands corresponding to A (M < 1.4 GeV)
and N* (1.4 < M < 1.8 GeV) are bounded by dashed lines. Note that for BB
produced from a T(4S) at rest in the laboratory, the B will be moving and the

boundary curve will be smeared somewhat.
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Nucleon igobar submasses, For this analysis we define a “A” as any px(pr)
combination with invariant mass below 1.4 GeV, and an “N*” as any such com-
bination between 1.4 and 1.8 GeV. After combining charge conjugates there are
two distinct charge pairings, opposite-sign (e.g., A®) and like-sign (e.g., A7),
corresponding to vertical and horizontal bands in the B~—ppr~ Dalitz plot.
We see no significant signal in any combination. The upper limits (Table 2.1)
are calculated using an acceptance obtained with Monte Carlo isobar events.

Almost collinear p and p (ARGUS cut). Following the original search by the
ARGUS collaboration we require that cos f# < —0.98, where § is the angle be-
tween the p and p momenta in the Lab frame. For the B~ —ppr~ mode this
cut includes a 10% region of the Dalitz plot corresponding to high p and/or
7 momenta (region 1I in Figure 2.6). Again we see no signal (Figures 2.7 and
2.8, with dashed curves showing the size of the mass peak expected from the
ARGUS results.) As in the other searches we calculate a model-independent
upper limits (Table 2.1) from the difference between the mass distribution for
the T(45) resonance data and for the scaled below BB threshold data.

ARGUS background. In order to make a closer comparison to the ARGUS
result in this search, we also estimate an upper limit using the model dependent
ARGUS technique. That is, we fit the mass spectrum taken on the Y(45)
resonance to a background of the assumed form

dN
m:AxMB x V/z x ezp(az),
where = 1 — ME/EL, .., plus a Gaussian at the B meson mass with the

expected resolution. The parameter o and the magnitude factors for the back-
ground and Gaussian are varied to obtain the best fit, and the upper limits on
the branching fractions are determined from the areas of the Gaussians. Our
measured branching fractions as well as resulting upper limits for the ARGUS
cut and background model are summarized in Table 2.2. The background from
incorrectly reconstructed BI events is subtracted as well as the background
from the ete~—q7 events, provided that the background follows the assumed
mass distribution. In calculating the detection efficiency for this search we have
assumed that all decays satisfy the cos 8 collinearity cut, but in order to make
a fair comparison we have scaled the ARGUS results in Table 2.2 by a factor of
0.7, since they have assumed a 70% acceptance for the collinearity cut.
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Figure 2.7 Distribution in reconstructed mass for B~ —ppnr~ candidates from
the collinear search (the ARGUS cut), using the 87 data sample: (a) data
taken on the T(45) resonance {points), scaled data taken below BB threshold
(histogram), with the fit to the signal and background function described in
the text {curve); (b} the net contribution from the BB events, by taking the
difference between the T(45) data and the below BB threshold data, and the
signal expected from the ARGUS branching fraction (dashed curve).
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Figure 2.8 Distribution in reconstructed mass for B°—pprtr~ candidates
from the collinear search (the ARGUS cut), using the '87 data sample: (a} data
taken on the T(4S) resonance (points), scaled data taken below BB threshold
(histogram), with the fit to the signal and background function described in
the text (curve); (b) the net contribution from the BE events, by taking the
difference between the T(45) data and the below BB threshold data, and the
signal expected from the ARGUS branching fraction (dashed curve).

-176-

Table 2.2
CLEO and ARGUS branching fractions.

B(B~—ppr~) B(B°—pprtn)

(10-4) (104
CLEO ’85 (90% C.L. upper limits) < 4.5 <56
CLEO ’87 (90% C.L. upper limits) <14 <3.3

CLEO ’85 & 87 B.F. 04+0.6 1.0+13
CLEO ’85 & 87 U.L. <14 <29

ARGUS (ref. 8)
ARGUS (scaled)

52+14+£19 60+20x£2.2
37+10+13 43+14%+1.6

In units of 104 for the B~ —ppr~ and B°— ppr* 7~ modes with
p and p almost collinear (the ARGUS cut). The branching frac-
tions and 90% confidence level upper limits are calculated from
a least squares fit of the mass distribution taken on the T(45) to
the ARGUS background model (see text) plus a Gaussian at the
B meson mass. To compensate for different assumptions about
the acceptance of the collinearity cut we have scaled the ARGUS
results by a factor of 0.7 in making the comparison.

2.3. DISCUSSIONS AND CONCLUSIONS

We have searched the charmless decays of B mesons, B~ —ppr~ and B’—
pprt ™ and set upper limits on the branching fractions of 1.4 x 10~* and 2.9 x
1074, respectively. Our upper limits are below the scaled ARGUS result. We
cannot tell why two results are inconsistent. The most significant differences in
the CLEO and ARGUS analyses are probably in the momentum resolution of the
detector (Table 1.2) and the size of the data sample (Table 1.1). In conclusion

. -0 —
we see no evidence for the decays, B-—ppr~ and B —pprTr~. Therefore our
lower limit on V,y is still zero.




3. Observation of B® — B® Mixing
3.1. INTRODUCTION

With the discovery of K°-K° mixing'* it was found that the particles with
definite mass and lifetime (mass eigenstates) were not the K? and K° mesons (fla-
vor cigenstates) but linear combinations of them. This is due to flavor changing
oscillations between K° and R which arc allowed in the Standard Electroweak
Model via the box diagrams illustrated in Figure 3.1.

_ u,c,t - - W .
p—————d _ b——~-— —a_
B° W: :W g° B° u,c'f u,c'f B°
4 —— b 4 ———-~-———b
u,c,

0050185-003
Figure 3.1 B° — B Mixing Diagrams.

A similar thing might happen in the case of the neutral B meson system. The
strength of BE mixing is described by

AM
T= 3
with 2I' = T'; + T2 where AM is the difference between the two mass eigenstates,
B, and B; and I'; and T2 denote their widths. The rate for a particle created
25 a BY meson to transform to a B° meson before its decay divided by the rate
that it decays as a B® meson is the “mixing parameter,” r,

I(B*—=B-X)
T(BY—X")

T =

If AT << T can be assumed'® one then has
2
22
r=—s
2+ 22
In the Y(45) decay into B mesons, one does not know which type of B meson
one starts with, i.e., BY or BY, so r cannot be measured directly. Instead we can
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nieasure
_ N(B°B°) + N(B"B")
h N(BYBY)

]

which is the number of events that mixed divided by the number that did not.
Because we are examining the decay products from e*e™—T(45)—B"B’, one
has to include effects due to Bose-Einstein statistics when calculating y. The
BYB° pair is produced in a p-wave state (£=1). Since two identical bosons must
always have a completely symmetric wavefunction, it is not possible to have a

B°BY or BYE° state unless one of the mesons has decayed already. Thus one
finds

Yt=1) =T

So far experiments have searched for semileptonic B meson decays where the
lepton emerges with the “wrong” charge :

[(B°—£-X)

T(B'=¢+X)’

and therefore
_ N £ N{ETE)
v= N@ey

in the T(43) decaying into BYB® events or in bb events at higher energies. The
charge of the lepton in semileptonic decay (See Figure 3.2) is the most useful for
tagging the flavor of B meson because (a) it is efficient (our efficiency is about
6% for both e and y, 1% for D** tag) and (b) the probability of tagging the
wrong flavor B meson due to other sources of leptons from B meson decay can
be reduced by imposing a minimum cut on lepton momentum as described in
later sections.

3 D

Figure 3.2 Diagram for semileptonic decay of B meson.




3.2. PREVIOUS MEASUREMENTS OF BB MIXING

So far a 90% confidence level upper limit of r < 0.24 was published by
CLEO’in 1987, based on 120 pb~! of data collected on the Y(4S) in 1982 and

1985. A measurement of r was pubhshed by the ARGUS collaboration® in
1987. Their result, r = 0.21 £0.08, is consistent with CLEQ’s upper limit. Other
measurements of and upper hmxts on r at higher energies have been made by

the MARK II, MAC, and UA1" collaborations.

3.3. DATA ANALYSIS

Sources of leptons. The main sources of leptons from B meson decay are,
a) the semileptonic decay of the B meson;

b) the cascade decay of the B meson to a D meson, followed by the semilep-
tonic decay of the D meson.

Figure 3.3 shows the measured muon and electron momentum spcctra. The
solid histogram is a fit to the electron spectrum using the Altarelli model® for
B—£tu,X,, and the DELCO spectrum ! for D2t veX, folded w1th the D meson

momentum spectrum from B meson decays measured by CLEO! This deter-
mines the branching fraction B(B—£*v,X) and the product branching fraction
B(B—DX) x B(D—£*y,Y). From this fit we find

B(B—DX) x B(D—{tvY) =0.118 £0.007 +£0.015.

Combining this fit with an independent fit to the muon spectrum, we obtain a
preliminary value for the semileptonic branching fraction,

B(B—{ty,X) = 0.100 £ 0.002 £ 0.012,

which can be compared with the value 0.110 £0.003 & 0.005 obtained from the

'85 run®  The systematic error, 0.012, is larger than that for the 1985 result,
because we have not yet made a detzuled investigation of the lepton detection
cfficiencies.

Other sources of leptons from B meson decay are:
¢) the decay B—yX, p—L¥L7;

d) Bortu X, rt—fuX
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Figure 3.3 Lepton momentum spectrum from B meson decay. The momen-
tum spectrum of lepton is shown as data points for electrons (circle) and muons
(cross). The data have been corrected for misidentification of hadrons, accep-
tance and efficiency, and the contribution from the e*e™—¢g continuum. The
golid histogram is a fit to this spectrum as described in the text. Contribu-
tions from the primary leptons, B—£+v, X, (dashed curve) and cascade leptons,

B—D—t7,X (solid curve) are shown separately.




Since the product branching fraction " for the process c),
B(B—¢X) x B(p—£T¢7) = (0.86 + 0.07 £ 0.16)% x (6.9 £ 0.9)%,

is small compared to the processes a) and b) it does not produce a significant
single lepton background, and it can be eliminated from dilepton events by using
a 1 mass cut which will be described later. We estimate the contribution from
the process d) to be (0.6 £ 0.4)% but it has a much softer lepton momentum
spectrum and can be eliminated by the minimum lepton momentum cut.

Minimum lepton momentum cut. To reduce the cascade contribution, we re-
quire the lepton momentum to be greater than 1.4 GeV/c. From the fit men-
tioned above we estimate that the cascade lepton contribution is about 3% above
1.4 GeV/c. Variations of the value of this cut produce similar final results. The
single lepton yields are shown in Table 3.1.

Table 3.1
Single lepton yield for momentum between 1.4 and 2.4 GeV Jc.

On the T(45) below BB threshold net BB

# of Hadronic events 764,309 259,781 222,666*

# of Electron candidates 21,110 2,694 15,493

# of Tracks into electron fiducial 380,280 143,593 80,889
# of Fake corrected Electrons 19,537 2,102 15,154
# of Muon candidates 13,755 2,045 9,491

# of Tracks into Muon fiducial 378,304 145,328 75,004
# of Fake corrected Muons 10,960 903 9,076

* We use a slightly different hadronic event selection criteria from
the charmless B decay analysis.

Background from continuum e*e” annihilation. Leptons produced in the con-
tinuum events are mostly due to ¢ production, followed by the semileptonic
decay of the ¢ quark (D meson). Since the lepton spectrum from B meson decay
ends around 2.4 GeV/c, we use a maximum momentum cut of 2.4 GeV/e to
climinate continuum leptons that cannot come from B meson decays. We esti-
mate the contribution from the continuum background between the momentum
cuts using the data taken below BB threshold.
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Fake leptons. Fake leptons are non-electron (muon) tracks which project into
electron (muon) fiducial volume and are identified as electrons (muons). We
calculate the fake probability per track from data taken at the T(15) resonance
because hadronic decays of the T(15) (Y(15)~-ggg) are expected to contain no
leptons. The fake probability is checked by using pions {protons) from kinemat-
ically reconstructed K%(A) decays.

Topological cut for dilepton events. To suppress continuum background dilep-
ton events (See Figure 3.4 ) we require the angle Q, between two leptons must
satisfy

—0.8 < cos) < 0.9.

This cut also removes converted photons.

BB ete—= cC

Figure 3.4 Dileptons in BB events and ete™—cE events.

1 mass cut. To reject leptons from B—X, p—£1£~, a lepton candidate is not
used if 1t has an invariant mass between 3.06 and 3.14 GeV with any other
opposite-sign track in the event, unless the other track is definitively identified
as non-leptonic.

Fake dilepton events. Fake dilepton events consist mainly of one real lepton
and one hadron that has been misidentified as an elcctron or muon. To estimate
the number of fake dilepton events, we count the number of tracks that satisfy
all kinematic cuts in the sample of single lepton events and weigh by the fake
probability per track.

Cascades in the dilepton events. Cascade dilepton events mainly consist of one
lepton from B meson decay and the second from the cascade decay of a D me-
son. The cascade like-sign dileptons are from B—+£%1,X and B—D, D—{Tu,Y.
In this case the directions of the two leptons are uncorrelated. The cascade
opposite-sign dileptons arc mostly from B—DE X, D—£"7Y. Due to the
decay kinematics and the requirement that leptons have high momenta, the
two leptons tend to be back to back. This type of cascade dilepton events
can be eliminated by the angle cut mentioned before. Furthermore if there is




BYBY mixing, another kind of opposite-sign cascade dilepton events (BY =8ty X
and BB D, D—£-7,Y) must be taken into account. Cascade backgrounds
are calculated from the momentum spectra of D% and D mesons from B meson
decays folded by the lepton momentum spectrum in the semileptonic decay of
D mesons. There are, however, significant uncertainties in the shape of the high
momentum end of these spectra, affecting the number of cascade leptons having
momentum above 1.4 GeV/c. We have obtained a relative error of 30% in the
caleulated cascade background due to these uncertainties.

Observed dilepton events. The number of dilepton events found and our esti-
mates of the various backgrounds are given in Table 3.2. As we have discussed,
the major background sources are fakes and cascades. The “Signal” row in Ta-
ble 3.2 is calculated by subtracting the “non-continuum” background and below
BB threshold events which have already been scaled by luminosity and 1/s. All
the like-sign events in the below BB threshold data are explained as fakes as
we do not expect like-sign dilepton events from the continuum ete™ annihila-
tion process. Therefore, we did not subtract them. However, the error in the
signal reflects the statistical uncertainty of this contribution. After subtracting
all backgrounds, the “Signal” row gives the numbers of dilepton events in which
tliec two B mesons decayed semileptonically.

3.4. MIXING PARAMETER r

From the net signal given in the “Signal” row (i) of Table 3.2 the mixing
parameter r can be calculated. Since opposite-sign dileptons can be obtained
from the BT B~ events as well as BYBY events, the formula for r in terms of the
number of observed dilepton events is non-trivial. The mixing parameter r is

. N(B'B%) + N(B°B®) _

N(£E )
N(BYBY) T N ) = N(BYB=I)

where N{#Z{*)and N(£*¥£~) are the number of various dilepton events from
semileptonic decays of both B and B. “Signal” and N(BtB~—{£*{") is the
number of dilepton events from B*B~ semileptonic decays. The fraction of
dilepton events from BB~ decays is

(b+)*fa-

= oV s + 6oV’

where fi_ and foo are the fraction of charged and neutral BE events produced
from T(4S) decays, respectively, and by and bo are the charged and neutral B
meson semileptonic branching fractions, respectively. The contribution from the
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Table 3.2

Unlike-sign and like-sign dilepton rates.

Dilepton types ete” wtu~ etu¥ etet utpt eFut
Observed Events
a) On the 45 186 66 223 28 6 39
b) Below BB threshold 4 2 0 1 1 0
Calculated bkgrnds
c) T(4S5) Fakes 94127 6.3£21 17.2452 38+11 22307 6.7+2.0
d) Cascades 2.0+0.8 0.5+0.2 1.9+08 11.6+3.2 2.8%0.8 11.4+3.2
e) Y+Primary 0.7+0.3 0.3+0.2 1.0+0.5 0.74£0.3 0.3+0.2 1.0 £0.5
f) Continuum fakes 0.9+0.3 0.84£0.3 1.840.6 0.4+0.2 0.5+0.2 0.8 +0.3
g) T(45) bkgrnd  12.1+2.8 7.14£2.1 20.1+5.3 16.1+3.4 5.3+1.1 10.1+3.8
h) Continuum bkgrnd 6.5+4.2 2.443.0 -3.74+1.3 1.2+41.2 0.0%l.1 -1.6+0.6
i) Signal 167+15 5749  207+16 11.9+5.3 0.7+ 2.5 19.9 +6.2
Systematic error +3.6 +1.6 +3.8

The total background on the Y(4S) g), is calculated by sum-
ming items ¢), d), and e). The below BB threshold background,
h), is calculated by subtracting the continuum fakes, f}, from
the continuum events, b), and scaling to compensate for the lu-
minosity. The signal, i), represents the net BB contribution.
For the opposite-sign dilepton events, this is calculated by sub-
tracting items, g) and h) from the observed events, a). For the
like-sign dilepton events, the continuum background is not sub-
tracted because it is statistically equal to zero.




N(B*B~—£*£~) can be calculated from the total number of observed dileptons
by

N(B*B= ") = f x (N(€565) + N(£70)).

Therefore the mixing parameter

N(&EeE)
TS HNEEE) - fN(EEE)

using this dilepton technique, depends on bo/bs+ and foo/ f+—, which are not well
known. Currently, the restrictions on these are approximately (0.5 — 2.0) and
(0.66 — 1.0), respectively.? For comparison with the ARGUS results,!® we will
use the same ratios which yield f = 0.55.

Since the detection efficiencies for ee, pu, and ey events are not identical,
we calculate r separately for each set of combinations and average them. The
results are

ree = 0.167 £ 0.085 £ 0.056,
P = 0.027 £ 0.098 £ 0.062,
Fe == 0.242 + 0.088 £ 0.051.

We calculate a weighted average of these threc values,
r = WeeTee T WupTup + WepTep

where the weights, Wee, Wyy and Wey, respectively 0.38, 0.15, and 0.47, are pro-
portional to the expected number of dileptons. The expected number of dilep-
tons are calculated from the products of the single lepton vields

Wee : Wyy : Wep = Tcle t Tplml ! 2 X oc0y
= (35,154)% : (9,076)% : 2 x (15,154)(9,076)

where 15,154 and 9,076 are the number of electrons and muons in the momentum
range between 1.4 and 2.4 GeV/c (Table 3.1). We obtain

7 = 0.182 £ 0.055 & 0.056,

for this weighted average. The weighted statistical errors have been combined
in quadrature and the systematic errors have been combined linearly.
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3.5. DISCUSSIONS AND CONCLUSIONS

Understanding the background subtraction to the like-sign dileptons is crit-
ical to knowing that we are observing B~ B mixing. In particular, the cal-
culation of the cascade contribution is not easy to confirm. In an attempt to
minimize the background effects, we have looked for dilepton events with iden-
tified charged kaons and reconstructed D**’s. If the like-sign dilepton events
were all coming from B°B° (or B®B®) semileptonic decays, we would expect DD
(or DD) mesons (resulting in an excess of D**+(or D*7) and an excess of K~ (or
K*). Although I will not discuss these methods in detail we have seen excesses
consistent with B°~ B? mixing of r = 0.182.

In conclusion, we have observed B~ B° mixing. Our result is consistent with
that published by ARGUS"®and our previous upper limit” These observations
of B~ B° mixing are the first evidence for the existence of flavor changing
oscillations beyond K8T7® system. Our measurement of 7 translates into

=0.66 £0.13 £ 0.13.

z =

AM
r
This oust a constraint on the parameters in the relation among the CKM matrix

elements, Vyp, Vb, and Vig as well as the B meson structure parameters, the QCD
. 22
correction parameter, and quark masses my, my, and the W boson mass, M
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B Decay Studies from ARGUS

David B. MacFarlane
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Montreal, Quebec

(representing the ARGUS collaboration*)

Abstract. Recent results on B decays are reported from the ARGUS ex-
periment, operating in the ete™ storage ring DORIS II at DESY. Studies
of A-lepton charge correlations lead to interesting conclusions about baryon
production in B decays. Evidence from the reconstruction of B mesons in the
channels Dr# points to the dominance of Dp modes. Searches have been made
for one-loop weak decay processes with a radiative photon or gluon. The rates
for such “Penguin” diagrams are sensitive to the top quark mass and experi-
mental limits are approaching a level which limits extensions of standard model
physics. The endpoint region of the semileptonic spectrum in B decays has
long been used to place limits on the ratio of KM matrix elements |Vy/Ves|.
The theoretical foundations for this work has been put on a sounder footing
by the ARGUS determination of the polarization of the D* in the dominant
semileptonic decay B — D*fuv. A search for the corresponding b — u transi-
tion, B — plv, is reported. Finally, the current status of the ARGUS study of
the charmless B decays to ppr(r) is presented, now made controversial with
the non-observation of the same modes by CLEO.

©D.B. MacFarlane 1988




A selection of recent results from ARGUS in the field of B physics are
presented. These studies were made using a data sample containing 96,000
Y(4S5) decays obtained in running at the DORIS II ete™ storage ring at DESY
between 1982 and 1986. Approximately 42 pb~! of data taken at centre-of-
mass energies in the continuum below the open beauty threshold were also
available. ARGUS is a general purpose 471 detector with an 8 kI' solenoidal
magnetic field. The experiment has an excellent capability for charged particle
detection, and includes a electromagnetic calorimeter with good granularity
and reasonable resolution. As such, the experiment has been optimized for B
studies on the T(45). Details concerning the detector and some of the analysis

techniques which have been developed are available in Reference [1].

1 Lambda-lepton charge correlations

Inclusive rates for proton and A production in B decays have already been
shown to be sizable [2,3]. However, the mechanism for baryon production is
not yet understood. The dominant b—c weak decay mode must occasionally
result in a charmed baryon in the final state. ARGUS has presented direct ev-
idence for Ac production in B meson decays [4]. Picturing the decay process
as shown in Figure 1, it is expected that stable baryons are either the decay
products of the charmed baryon, or arise from hadronization processes includ-
ing the spectator quark, which conserve baryon number. The small difference
in the proton and A inclusive rates indicates that A production in B decays is
not dominated by the hadronization process. This is consistent with the ex-
pectation that strange baryon production is suppressed relative to nonstrange,
since the former requires an s5 pair from the vacuum.

Additional information about the source of stable baryons can be obtained
through the study of A-f charge correlations. In B decays the sign of A¢
baryon, as well as the sign of the primary lepton produced by semileptonic de-
cays, identifies whether the decaying meson was a B or B. A charmed baryon
and a high momentum primary lepton observed in the same Y(45)— BB event
must originate from the decays of different B mesons, because of energy con-
servation. Therefore there exists a strong charge correlation between a primary

lepton and a A baryon resulting from the charmed baryon decay; one should
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Figure 1. Diagram for baryon production in B decays.




observe only A¢* pairs. In contrast, the hadronization process contributes to
Af™ combinations. The BB mixing reverses the sign correlation between the pri-
mary lepton and a A baryon from a charmed baryon decay, thus also resulting
in the production of A¢™ pairs. Therefore, the study of A-£ charge correlations
could provide additional information on BB mixing.

The identification of electrons and muons, as well as the reconstruction of
A baryons, is performed in the ARGUS detector with high efficiency and low
misidentification probability {5-7]. For lepton identification, information from
all detector components is used coherently by combining the measurements
into an overall likelihood £ [6,7]. The available information consists of specific
ionization (dE/dx) and time-of-flight (TOF) measurements, and the magnitude
and topology of energy depositions in the shower counters. For muons a hit in
an outer muon chamber is required, and information on the hit-impact point
distance is used.

The basic strategy for event selection was to suppress continuum A-£
sources, keeping high acceptance for the decays of BB pairs. First, cuts on the
second Fox-Wolfram moment (8], Hz, and the total multiplicity of the event

were applied:

e H, <05

® Nyt = Men + %n., > 5.5, where n.p is the charged multiplicity and n.
is the number of photons with an energy of greater than 80 MeV in the

shower counters.

Exactly one particle in the event had to be well identified as a lepton, with
£ > 80%. The momentum of this lepton was then required to be between 1.5
GeV/c and 2.8 GeV/c. Such a cut suppresses almost all secondary leptons
originating from the decays of charmed mesons produced in B meson decays.
Electrons originating from photon conversion were suppressed by requiring
that the invariant mass of the fast electron and any other positron candidate
be greater than 100 MeV/c?.

The A candidates were selected by a soft cut on the x? for the fit of pr~
combinations to secondary vertices. Proton and pion hypotheses for charged
tracks were accepted if the likelihood ratio constructed {rom the combined dE/dx

and TOF measurements exceeded 1%. Vertices consistent with a I\'f]S or a photon
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conversion were excluded. The A baryons can be produced by kaon interactions
in the inner detector material (A baryons are not produced in such reactions).
However, in this case the flight direction of the A and the vector 7 connecting
the main to the secondary vertex do not necessarily coincide. In B decays the
fraction of A baryons produced in these reactions is increased due to the en-
hanced kaon yield. In order to suppress this source of background, we applied
a cut on the angle, 8(pa, 7), between the A momentum vector and F, requiring
cos (P, 7) 2 0.95. Since the kinematical bound in B decays for the momen-
tum of the A is 2.7 GeV/c, the A candidates were required to have momenta
below this value.

In continuum events, or where the A is produced by kaon interactions, the
lepton and A tend to travel in opposite directions. On the T(4S), a lepton and
A produced in the decay of different B mesons exhibit no such correlation. The
distribution of the opening angle, 8,- 4, between the momentum vector of the
lepton and of the A are shown in Figure 2a and 25, for T(45) and continuum
events respectively. On the basis of these observations, further suppression of
the contribution from continuum events and charge-exchange interactions was
accomplished by requiring cosf¢s > —0.7. This cut was applied for both A+
and Af~ combinations in order to maintain the same selection efficiencies.

Figure 3 shows, for both T(45) and continuum data, the pr~ invariant
mass spectrum for the remaining events containing A2¥ and A£~ pairs. After
subtraction of the continuum data, scaled by a factor of 2.5 to account for the
ratio of luminosities, clear signals remain for both Al and Al™ events from
Y(4S) decays. There are 39.3 Al* and 26.1 Al~ events with pr~ invariant
masses within £:3.5 MeV/c?, or approximately 2 standard deviations, of the
nominal A mass. The remaining background to the A signal was estimated by
studying the pm~ mass distribution outside the signal region. If the average
background level within 3.5 MeV/c? of the A mass is assumed to be equal to
the level in the sideband intervals from 1.090 to 1.110 GeV/c? and from 1.120
to 1.140 GeV/c?, estimates of 2.4 and 1.4 background events in the A region
are obtained for A¢* and A€~ combinations respectively.

The Af events also include contributions from backgrounds due to lepton-
hadron misidentification, secondary leptons from charm decays, J/¢ decays,

asymmetrical photon conversion, and A baryons produced in charge-exchange
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reactions in the inner detector material.

The background due to lepton-hadron misidentification was extracted di-
rectly from the data by folding the known lepton-hadron misidentification prob-
abilities [9] with the observed hadron momentum spectrum in events with A-
hadron pairs. Since the fake rates per track coincide, within errors, for pions
and kaons, it was not necessary to account for their relative fractions. The
background due to secondary leptons, J/i decays and converted photons were
determined by Monte Carlo simulation of B decays. A spectator model {10]
was used to describe the decay of the b quark, with the final state hadrons
produced using the Lund string fragmentation model [11]. The fraction of A
baryons produced in charge-exchange reactions was estimated from the differ-
ence in the numbers of A and A baryons in T(43) decays, taking into account
the approximately 5% larger absorbtion of A baryons in the inner detector

material.

Table 1. Rates for A¢ events.

ALt events | AL~ events

Y(4S) 59 31
Continuum 8 x 2.45 2x 245
Backgrounds
Fake leptons 0.9 0.4
Conversions 0.2 0.2
Secondary decays 0.3 0.3
J decays 0.2 0.2
K—A interactions 2.6 1.0
A sidebands 2.4 14
Total 32.7+99 | 226+73

The results are summarized in Table 1. After subtraction of the continuum
contribution and backgrounds, there remains a signal of 32.7 £ 9.9 and 22.6 +
7.3 ALt and A{™ events respectively. The distribution of the opening angle
between the lepton and the A for these events is consistent with being flat, in
agreement with the expectation for particles produced in the decays of different

B mesons.




As an independent check, the total number of AZ events was estimated from
the inclusive A and inclusive lepton branching ratios. Taking into account the
efficiency of event selection and the efficiencies of A and lepton identification,
the calculated number of Af events is 53 £ 13. This is in agreement with the
sum of 55 & 12 events obtained for At and A£™ pairs. To check the stability
of the result, the lepton momentum cut was varied between 1.4 and 1.6 GeV/c.
Within statistical errors, the ratio of Af* to AZ™ events did not change.

In contrast to the observation of a strong A£ charged correlation reported
by CLEO [2], we observe comparable numbers of A{* and A£™ events. There

are several mechanisms for the production of A¢* and A€~ pairs:

1. The A baryons from the decay of charmed baryons can only be accompa-
nied by a positively charged primary lepton. BE mixing manifests itself

in the production of A£~ pairs.

2. Spectator hadronization processes would lead to the production of A€~

events.

3. Baryon anti-baryon pairs produced along with the charmed meson would
lead to the production of A~ and ALY events.

4. Cabibbo-suppressed decays contribute to the production of A¢™ pairs.
5. The penguin diagram, b—s, results in the production of A£*t pairs.

6. A baryons produced in b—u transitions can be accompanied by both
positively and negatively charged leptons. The rate for such processes is

expected to be negligible.

In principle, all these processes can contribute to baryon production in

B decays. If it is assumed that the main sources are mechanisms (1) and

(2), the fraction of A baryons produced by mechanism (2) can be determined.

Subtracting the contribution to the AL~ sample due to BB mixing [9], this
fraction is 38 & 19% of all A baryons. One can also express this as:

Br(B—AcAX)

=0.69 £0.31
Br(B—AcX) - Br(Ac—AX)

which is the ratio of AL~ to AZ* after correction for BB mixing. Contributions

from mechanisms (3), (4) or (6) would decrease this value. Thus there seems to
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be substantial A production from hadronization processes. The result is also
consistent with the observed level of BB mixing, but the large hadronization

contribution to A¢™ events will not allow a quantitative statement to be made.

2 Reconstruction of B—Drw

While D mesons are a dominant decay product of B decays, the soft inclusive
momentum spectrum [3,12] and the high multiplicity of final state particles [12],
suggest that B decay rates to resonant two-body low invariant mass states are
rather small. Since large combinatorial backgrounds are encountered in the
reconstruction of high multiplicity decays, only a small fraction of hadronic B
decay modes have so far been reconstructed [13-16]. Fortunately, the modes
most favorable for reconstruction are also of importance for testing theoretical
models for weak decays.

ARGUS has already presented the results on the reconstruction of B decays
to a D*t and up to three pions [13]. These studies have now been extended

to the following additional channels:

B® — Dtx-
B - DYr—xO.

B~ - DVn-

B~ = D% n~n®

The #°’s were reconstructed by detecting both photons from the decay 7®—~7;
each photon was required to have an energy E,s > 50 MeV contained in two
or more adjacent shower counters {17]. The D mesons were reconstructed from

the following decays:

D - K=t D¥ - KYr*
D° - KYntn™ Dt - K—rxtxt
D - K—atn—xt Dt — Krntn—nt

which account for 16.5% of D® decays and 14.0% of DY decays [18]. Combi-
natorial background was reduced by a cut on the angle fx between the K and
the D flight direction in the D rest frame, namely cosfx < 0.8. The K3's
were reconstructed from the decay K%—=Fr~ in which a distinct secondary
vertex was resolved. Mass constraint fits were performed on each intermediate

state in the B decay chain in order to improve the B mass resolution.




The selection criteria for B candidates were then as follows:

o The angle aspryst between the thrust axes of the B candidate and the

remainder of the event was required to satisfy

| cOS Ctghrust| < 0.8 for D and | cos @epryst| < 0.7 for Drx.

This cut removes a large part of the background from two-jet contin-

uum events, which peak sharply at cos aiprust = £1. In contrast, since 5 MeV

B mesons from T(4S) decays are produced nearly at rest in the lab,
their decay products are essentially uncorrelated, and yield an isotropic

distribution.

10.0

The energy Emeas of each D or D7 combination was required to satisfy
| Emeas—Ebeam | < 20 g, where o g is the energy measurement resolution.*
This cut is applicable on the T(4S), where the beam energy Epeam is
also the energy of the B meson, or one-half the measured T(45) mass of
10580 MeV [15]. An energy constraint fit was then applied, resulting in
a B mass resolution, determined largely by the DORIS beam spread, of
approximately 4 MeV/c2.

The total probability for the sum of all x? obtained from particle identi- 0.0
fication and kinematical mass-constraint fits was required to exceed 1%. 5.20 522 5.24 526 5.28 5.30

Only one candidate per event per decay mode was selected on the basis of Mass GeV/c?
highest total probability. This requirement suppresses multiple counting

in which particles exchange position in the decay chain, or in which very

low momentum particles in the event are interchanged, both of which Figure 4. Invariant mass for D°x~ and D*n~ candidates.

can artificially enhance the B signal.

The modes D°r~ and D*x~ are quite distinctive in that the D and the
7 are nearly back-to-back with lab momenta sharply peaked at 2.3 GeV/c,

and thus have low backgrounds. Figure 4 shows the combined invariant mass

distribution of both modes, together with a fit with a Gaussian of 4 MeV/c?

*For modes with only charged particles in the final state og is typically 30 MeV and is
required to be no greater than 60 MeV. For the 7% modes with P(x°) < 900 MeV/c, o is
typically 45 MeV.
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width and a background function described below. The signal was found to
contain 15 & 5 events over a background of 8 & 3 events.

The background for the modes D°7~#° and D*#~x° is much larger. The
77 subsystem was examined for evidence of two-body production. If one selects
Dr~n® candidates in the B-mass region 5.27 < M < 5.29 GeV/c?, the ™ =°

invariant mass shows a clear p~ signal, as is evident in Figure 5a. A fit with

a Breit-Wigner of fixed mass and width and a smooth polynomial background
yields 16 + 6 signal events over a background of 11 + 4 events in the p~ region
(i.e., within £1.75T of the p~ mass). Conversely, selecting events with =~ n®

invariant mass in this same p~ region yields a clear B signal, shown in Figure

0.0
5b with a fit yielding 16 £ 5 signal events over 11 & 4 background. 0.0

4.0
Further evidence supporting the interpretation of these events as B— Dp~ Mass GeV/c?
may be found in the angular distribution of the pions from the p~ decay.

. . e — 0 -0
Assuming that the B meson has spin 0, the p~ produced in the decay must have Figure 5a. Invariant mass distributions for the 77" system from Dr™x

helicity 0; its subsequent decay to two pseudoscalar mesons should therefore candidates in the B signal region.
have a characteristic cos? 8, distribution, where 8, is the angle between the
p~ helicity axis and one of the =n’s, measured in the p~ rest frame. The

acceptance-corrected distribution shown in Figure 6 is in good agreement with _N__

the cos? 8, expectation, when a flat component is also included with a level
determined from the number of signal and background events in the mass plot.
The statistics for cos 8, > 0 are poor because in this region the 7°’s have high

lab momentum and the clusters in the calorimeter for the two photons tend

r
L

. . . . 10.0
to be spatially unresolved. A study using single-cluster 7%’s gave a signal in

good agreement with the rate obtained from two-cluster events, although the
resolution was somewhat worse.

A search was also made for the “colour-suppressed” decay B'—D%p°. In ‘L
contrast to the strong evidence for B—Dp~, no evidence for a B signal was l
found. An analysis similar to the previous one gave a 90% confidence level

upper limit of 4 signal events. ‘R
The combined Dx~ and Dp~ samples are shown in Figure 7. The measured

0.0 : - . '

masses of the charged and neutral B mesons were 5279.4:£1.7+3.0 MeV /c? and 5.20 520 524 5.26 528 530
5280.8 + 1.6 4 3.0 MeV/c? respectively. These values are in good agreement Mass Gev /et
with recently updated values from other channels [15,16]. The systematic Figure 5b. Invariant mass distributions D7~7° candidates after requiring
uncertainty comes primarily from the scale dependence of the value taken for that the 7~ n° mass lie in the p° region.
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Figure 6. Acceptance-corrected distribution for the helicity angle cos 8, of

the 7% from the p~ decay.
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Figure 7. Combined mass distribution for Dr~ and Dp™ events.
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the mass of the T(45).

The background shape was studied using four separate methods: continuum
data, D-sideband combinations, Monte Carlo, and event mixing. By scaling
the continuum data by the luminosity ratio, the background from continuum
events was found to account for (74 + 20)% of the entries in the B-sideband
region (5.20 to 5.27 GeV/c?) for the YT(45) data. However, the statistics of
the continuum sample were too limited to derive a background shape and so
instead a D-sideband method was used for this information. Such an approach
is justified by the observation that the D signal rides on a background which
is about 20 times larger than the signal, and hence fake D mesons are the
dominant part of the background. Therefore, the same analysis for B decays
to Dr~ and Dp~ was repeated using a D sideband centred at a mass of
1750 MeV/c?. The distribution from the D sideband was used to estimate
the background shape from continuum events and fake D mesons from Y (45)
events. Background from correctly reconstructed D mesons in T(4S5) events,
which tend to populate the region near the B mass, was estimated using the
Monte Carlo. The sum of both contributions is shown in Figure 8. The fitted
curve is a two-parameter function having a square-root threshold behaviour at
Ebeam. The distribution obtained by event mixing in good agreement with
this shape. This form was then used to fit the B-candidate distributions and
assigned a 25% systematic error.

A potentially dangerous background source, referred to as feeddown, arises
from actual B decays in which one or more particles in the decay chain have
been missed or ignored. This has been investigated in separate Monte Carlo
studies. Among the sources considered were B decays to D*n~ and D*p™~. For
the Dn~ modes, which contain only charged particles in the final state, op
is typically 30 MeV, and from the requirement | Emeas — Ebeam | < 20F such
feeddown sources were found to be negligible. However, for the Dp~ modes,

o is highly correlated with the m°

momentum, due to a nearly linear rise in
the shower energy resolution [17] at high energies. If we restrict the analysis to
well-measured candidates in which the #° momentum is less than 900 MeV, we
retain 75% of the B—Dp~ decays (reconstructed from two-cluster x0 decays),
while feeddown is reduced to less than one event in our data sample. Applying

this cut to the data reduced the signal from 16+5 Dp~ events to 1244 events;
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Figure 8. Background distribution for Dn~ and Dp~ events obtained by
using a D sideband.
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this is entirely consistent with the 75% retention expected if the initial sample

were free of feeddown.

Table 2. Branching ratios for B—Dn and Dp~ channels.

Decay mode | Signal | Bkgd | Efficiency | Branching Ratio (%)
B-—D%~ 7 6+3 0.036 0.19 4 0.10 4 0.06
B~ — D%~ 10 | 6£3 | 0.0047 2.1+£08+0.9
B~ ptr- 7 3+2 0.027 0.31£0.13%0.10
B°—D*p- 6 5+3 | 0.0033 22412409
B DYy0 <4 | 6+3 0.022 < 0.3 at 90% CL

The fitted signals, background levels within £2.5¢0 of the measured masses,
B reconstruction efficiencies, and resulting branching ratios with statistical and
systematic errors are listed in Table 2. While the results show rough agreement
with the theoretical predictions of Reference[19}, the measured decay rates of

the vector modes Dp~ relative to the pseudoscalar modes Dr~ are large.

3 Searches for rare B decays

In recent years there has been considerable interest in penguin decays of B
mesons, either with a radiated photon or gluon. Such transitions probe the
electroweak interaction at the one-loop level and provide a possible window on
physics well beyond the directly accessible mass-scale {20-31). Penguin decays
are also potentially important in gaining an understanding of the AI=1/2 rule
in K decays, since it is possible that a mechanism enhancing these diagrams
for B mesons might also enhance those for X mesons. Such information is
valuable in attempts to understand whether or not CP violation in the K°-K°
system can be accommodated by the Kobayashi-Maskawa formalism [32,33].
Estimates of the inclusive b—sv rate receive a substantial correction for
hard QCD processes, possibly by as much as two orders of magnitude for
small top quark masses [25). This leads to predicted branching ratios for the
inclusive rate which range from 4.8 x 1075 [31] to 1.4 x 1073 [25] for m; = 50
GeV/c?. Final states are assumed to be dominated by the K* resonances, but

the relative strength of the allowed exclusive channels is not well understood.




For B—+K*(892)y estimates range from 99.8% of the inclusive rate [24] to
as low as 4.5% [26]. The influence of a fourth generation has been considered
[29,30] and increases the range of allowed branching ratios for b—sv by another
order of magnitude. Typically estimates for the b—s gluon inclusive rate range
from about 1074 to 1073, There are, to date, no reliable theoretical estimates

of the exclusive rates.

3.1 b—sy transitions

Radiative B decays have been studied [34] in the decay channels:

B — K0y
I—4K+7r_
BY — K*F

l———» Kin+

where K* refers to the K*(892), the K3(1430) or the K3(1780) resonance. In
addition, the decay of B mesons into the K;(1400) resonance with J¥ = 1+

has been investigated in the following mode:

B —» K(1400) v

I——» K*rx

for both charges.

All K*r~ or K3rt combinations were accepted as K*(892), K(1400),
K #(1430) or K3;(1780) mesous if their invariant masses lay within +1.2T of
the appropriate nominal values. Photons were reconstructed in a fine-grained
electromagnetic calorimeter [17], made of lead-scintillator sandwich modules

with wavelength shifter readout. The energy resolution is approximately given

by og,, [ Esk = T%+/1/Esy + 1, where E,4 is in GeV.
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The usual energy constraint fit was applied to those candidates whose mea-
sured energy was within £20g of the known beam energy. The background
from continuum events was greatly reduced by a topological cut, which re-
quired that the opening angle between the thrust axis for the B candidate and
that for the remaining particles in the event satisfy | cos arghrust} < 0.8.

Figure 9a shows the invariant mass distribution of the K*(892)y combina-
tions passing these cuts. There is no evidence for a signal from B decays. An
examination of the same mass distribution, obtained using a sideband of the
R'"(892) centered at 1.05 GeV/c?, showed that the level entries in the mass
distribution is fully explained as combinatorial background. In order to derive
upper limits for the various branching ratios, the mass distributions were fit-
ted using a (Gaussian distribution centred at the B mass with a width derived
from Monte Carlo simulation (including the effect of the width of the T(4S)
resonance and the spread in the beam energy at DORIS), plus the following

function to model the background:

%NM\/T__E%(ﬂ—)

where « is a free parameter. The first term represents the expected distribution
of background uniformly distributed in phase space, while the second term
empirically accounts for the drop in acceptance toward lower masses. The
result was a limit of 4.1 signal events (90% CL). Using a constant background

level instead leads to an even lower limit.

Table 3. Branching ratio limits for b—svy modes.

Decay mode Events (90% CL) { Br (90% CL)
B K*(892)y <41 <24x 107
B K*0(892)y <39 <29x10™
B K*H(892)y <34 <85x 1074
B—K,(1400)y <44 <4.1x%107*
B K3(1430)y <64 <83x 107
| B~K3(1780)y <9.1 <3.0x1073

The mass distribution for the decays B®— K*°(892)y and B+ —K**(892)«
were fitted separately. The results of the fit can be found in Table 3. The




Figure 9. Mass distributions for (a) K*(892)y and (b) K,(1400)v searches.

The curves shown are the result of the maximum likelihood fits described in

the text.
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Figure 9. Mass distributions for (¢) K3(1430)y and (d) K3(1780) searches.

The curves shown are the result of the maximum likelihood fits described in

the text.
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search for decays involving the higher mass K™ resonances has been performed
in the same way (Figures 9b,c,d). In all cases the invariant mass spectrum
was well described by a background distribution obtained from a sideband of
the K*. The results are summarized in Table 3. In order to determine the
reconstruction efficiency, Y(4S) decays were simulated using the LUND 6.2
model [11], adjusted to describe the general properties of B meson decays.
The ratio of neutral and charged B mesons produced in T(45) decays was
assumed to be 0.45:0.55. The generated events were passed through a detailed
detector simulation [35], where the description of electromagnetic calorimeter
was carefully checked, and then were reconstructed in the same manner as
the data. The upper limits on the number of events have been obtained by
integrating the likelihood distributions, including the errors on efficiency and
K* branching ratios. Our result for the B K*(892)y decay represents an

improvement by an order of magnitude over the previous best limit [36].

3.2 b—s gluon transitions

The search for b—s gluon transition was made using the channels B—m, p,or
¢ and one of K, K*(892), K1(1400), or K3(1430). No evidence for a signal was
seen in any of these channels either, leading to a further 24 upper limits. These
form a significant addition to the existing limits on standard and electromag-
netic penguin decays [36,34]. While all of these decays can proceed via penguin
diagrams, it should be noted that some (such as B K*77) can occur via
spectator diagrams, which are suppressed by small Kobayashi-Maskawa matrix
elements, or via flavour-changing neutral currents, which are not allowed in the
standard model. However, standard model predictions for penguin-mediated
decay rates involving the stable K meson are about two orders of magnitude
larger than those for the spectator processes.

For this analysis, the mass bands used to select candidates for K", Kj, or
K3 mesons were a slightly more restrictive £T around the appropriate nominal
mass. The ¢ mesons were taken from K+ K~ combinations within £6 MeV /c?
of the nominal ¢ mass. The p mesons were all neutral and taken from wtx~
combinations with 2 mass lying between —I' and +1.2T of the nominal p°

mass. In order to suppress background, no decay channels involving neutral
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pions were used.

Table 4. Summary of the results on B—+K ™).

Decay mode Events (90% CL) | Br (90% CL)
B°—Ktn~ <98 <2.8x107*
Bt Kyr+ <3.0 <1.2x107*
B K*+(892)n~ <3.7 <1.1%1073
Bt K*0(892)rt <55 <4.1x107¢
B°—K{(1400)m~ <38 < 6.6 x1074
Bt K9(1400)n+ <3.2 <23 %1073
B— K3t (1430)r~ <35 <3.1x10"?
Bt —K3°(1430)xt <68 <1.0x1073

Table 5. Summary of the results on B—+K®p°.

Decay mode Events (90% CL) | Br (90% CL)
B K%p° <23 < 2.0x107*
Bt K*p0 <53 <2.1x107*
BY— K*°(892)° < 5.6 <50x107*
Bt K*t(892)p° <23 <54x107*
B°— K?(1400),° < 2.6 <31x1073
Bt K (1400)p° <84 < 1.7x107?
B°—K;°(1430)p° <13 <16x1073
Bt —K31(1430)0° <23 <1.9x107?

In addition to the usual energy requirement, cuts were made on the produc-
tion and helicity angle distributions. Assuming B mesons are spinless, their
production angular distribution should be proportional to sin? §p, where 8p is
the angle between the momentum of the B and the beam axis. We therefore
required that |cos8p| < 0.5 in order to reduce the background. In addition,
for decays of a B meson into a spin-1 and a spin-0 particle, the spin-1 par-
ticle must be in a helicity-0 state. If we define ary as the angle between the
decay axis of the spin-1 particle in its rest frame and the boost direction, one
expects a cos? ay distribution for signal events. Requiring |cosay| < 0.5 im-

proved background rejection. Background from continuum events was largely




removed by the requirement | cos ahrys:| < 0.8. After these cuts, no evidence
for a signal was seen in any of the channels. The upper limits given in Tables

4-6 were obtained by the same method as for the b— sy results.

Table 6. Summary of the results on B—K {4,

Decay mode Events (90% CL) | Br (90% CL)
B°—KY <23 < 4.5x 107
Bt K*¢ < 3.6 <31x10*
B°K*%(892)¢ <23 < 4.7 x10™*
Bt K*t(892)¢ <23 <1l1x107®
B°— K?(1400)¢ <23 <59x1073
Bt K (1400)¢ <38 <1.6x10-3
B°— K3°(1430)¢ <23 <11x107?
Bt K;*(1430)¢ <23 <4.1x 1073

In summary, no evidence for radiative b—sv or b—s gluon decays was
found. If the fraction of B—K*(892)y decays is 7% [25] of the inclusive rate,

we derive an upper limit of:
Br(b—sy) < 3.4 x 107°

This is just at the limit of sensitivity or constraining the top quark mass. The
saime conclusion holds for the influence of a possible fourth generation, where a
slightly improved sensitivity would allow the exclusion of a wide range of values

for mixing with a new generation.

4 D* polarization in B—~D*{v

ARGUS demonstrated some time ago that the decay B°—D*+£~7 (8~ =™,
©7) has a large branching ratio and can be cleanly reconstructed [37). This
mode therefore provides an ideal laboratory for studying the quark dynamics
of the weak b—c transition as probed by the fundamental vector and axial
vector currents.

The major problem for theoretical calculations of the semileptonic decay
widths for exclusive channels is a model for the hadronic part of the interac-

tion. This can be handled, for example, by introducing form factors [38-45].
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The predicted values for these form factors have important consequences for
the helicity decomposition of the B°—D*+£~7 decay width [44], which affect
not only the estimates for the integrated rates, but also the shape of the lepton
momentum spectrum. Since the decay B®°—D*t¢~T constitutes about 60% of
the inclusive semileptonic rate, it is important to compare theoretical predic-
tions with experimental measurements, because the same medels are used to
determine |V,3|/|Ves| from the measured inclusive lepton spectrum in B decays
(46].

As pointed out in References [43] and [44] the average D** polarization in
B D*+¢~7 determines the ratio I'y /Tt of the longitudinal and transverse
component of the decay width. Thus a polarization measurement is a powerful
tool for checking the validity of model predictions for semileptonic B decays.

The polarization of the D** is determined using the strong two-body de-
cay D**—D% %, The distribution of the angle §%, of the slow pion in the
rest frame of the D** with respect to the D*t boost direction discriminates
between the allowed helicity contributions. For longitudinally polarized D**
mesons will exhibit a cos? 8%, distribution, while for transversely polarized
D** mesons a sin® 6%, behavior is expected. In the D** rest frame the angu-

lar distribution can be parametrised by:
N(Bi+) ~ 1+ a-cos? 85,
where
o= 2T, ~-Tr )
I'r
The allowed values for the asymmetry parameter o range from —1, correspond-
ing to fully transverse polarized D** mesons, to infinity, corresponding to full
longitudinal polarization. For @ = 1 both polarizations are equal in magni-
tude. Note that the predicted value for a depends on the lepton momentum
cut.

In order to maximize the size of the sample, D** mesons were reconstructed
using' the decay chain D*t— D%t followed by D° =K ~n% or K~ wtxta—.
Both the D° and D** final states were kinematically constrained to the ap-
propriate masses. The combinatorial background from multiple counting was

reduced by selecting only one D** candidate per event. This was accomplished




by accepting the combination which maximised the x? probability from kine-
matical fitting and particle identification. In addition, the x? probability was
required to exceed 5% for the D®— K ~x*t channel and 10% for the K ~#tntr~
final state. The continuum contribution was suppressed by requiring the D"+
candidates satisfy z, < 0.5 (z, = p/\/—m), which is the kinematic
limit for D** mesons from B decays on the T(45).

Leptons were identified, as previously described, by using information from
all detector components combined into an overall likelihood, £. An e~ or u~
candidate was accepted if the likelihood ratio exceeded 70% and the momentum
was larger than 1 GeV/c. The fake rates due to lepton-hadron misidentification
are 0.5% for electrons and 1.5% for muons with these requirements.

The partial reconstruction of the decay B"—D*t{~7 is possible because
B mesons produced in Y(45) decays are nearly at rest. The neutrino is
unobserved, but can be inferred if the recoil mass against the D*¥ £~ system,

MY, ..., is consistent with zero, where:
M}Zi:cnil = [Ebeﬂ"" - (ED"" + El' )]2 - [P_.;;- + 51‘]2-

The M2, distribution obtained from the data is shown in Figure 10. A

prominent peak at M?

% coil ~ 0 can be seen, due to the decay B D¢ w.

The position and shape of the signal are well described by the Monte Carlo pre-
diction for T(45)—B°B° followed by the semi-leptonic decay B°—D*+¢ 7.
The contribution of individual background sources has been evaluated in de-
tail. The estimates for the total D*t£~ sample, as well as the number of
combinations in the signal region defined by |M?2 ;| < 1 GeV?/c*, are listed
in Table 7.

The background level from the continuum component of the Y(45) data
sample was determined from continuum data recorded at centre-of-mass ener-
gies below the open beauty threshold. The contribution from fake leptons was
obtained by extracting D**-hadron events, where the hadron was not com-
patible with either the electron or muon hypothesis, and rescaling using the
known hadron misidentification rates. The upper D** mass sideband was used
to determine the background from fake D** combinations, normalised to the
fitted background level under the signal. Background sources (1-3) were found

to have the same dependence on M2 For backgrounds (4-6) the shapes

recoil”
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Figure 10. Distribution of M2, for D**{~ combinations with lepton mo-
mentum above 1 GeV/c. The solid line is the result of a fit using a Gaussian

plus the background parametrisation described in the text.




were obtained by Monte Carlo simulation.

The fit to the M?

recoil

lows. The shapes of all the background sources were fixed. The absolute

distribution (Figure 10) was then performed as fol-

contributions of {4-5) were varied within the range shown in Table 7. The
normalisations of (1-3) and (6) were free parameters in the fit. The solid line
is the fit result using a Gaussian of width & = 0.5 GeV?/c* for the signal, above
the described background shown as a dotted line. The number of signal events
was found to be 75 £+ 11 and was stable against variations of the background
shape and the normalisations of (4-5). The total number of background com-
binations obtained from the fit is 66 + 14, in good agreement with the sum
of {1-5) given in Table 7. The contribution of the decay B—D*(2420)(" %
with D*(2420)—D*¥ = (6) was consistent with zero, leading to the upper lim-
its quoted in Table 7. In the signal region the background was 23 + 5 events,
giving a signal-to-background ratio of about 3:1.

Table 7. Background sources to the signal for B°—D*+¢~7 with

lepton momentum greater than 1 GeV/ec.

Background source Total sample |M2, 0l
<1GeV?/ct
1. Continuum events 13+6.5 814
2. Fake leptons 4+2 2+1
3. Fake D** signal 35+10 13+4
4. B—D°(D™)X,B-D"*tX,
with DY(D™)—=£~X 4415 1404
5. B"-B'-i X,
B'»DptX 1245 241
6. B-D*(2420)¢"7,
with D*(2420)—D**r <13@90% CL | <7 @ 90% CL
Total (1-5) 68413 26 4 6

The cos 87, distribution was extracted from the events in the signal region
(1M2, ,al < 1 GeV?/c*). For background sources (1-3) the shape in cosf},
was obtained from the data, while sources (4-6) were assumed to have a flat

distribution in cos 8%, . The kinematics for the process B D*te 7, as well as
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the acceptance in cos 87, , have been studied using a Monte Carlo programme,
where the generated events were passed through a detailed detector simula-
tion, and then all analysis cuts. The simulation includes the measured lepton
and D% spectra as obtained in Refercnce{37). The smearing of the cos 67,
distribution due to the motion of the B meson was found to be negligible. Note
that the acceptance in cos 8}, is determined largely by the acceptance for the
slow pion.

After acceptance correction and normalisation, the cos 8%, distribution in
Figure 11a was obtained. The solid line is the result of a least-squares fit with

dN _ 1+ a-cos?f?,
N -dcosfx, 2-(14+a/3)

where the denominator on the right-hand side accounts for the proper normal-
isation and « is a free parameter. The fitted value for o was 0.3 £ 0.6 & 0.3.
The first error is statistical, the second the estimated systematic uncertainty.
The systematic error has been investigated by varying the cos@}, shape of
the background sources, as well as the acceptance function. In addition, a
consistency check was made by obtaining the cos 8}, distribution from fits to
the M2, spectrum in bins of cos#%,. The result for a was found to be
compatible within the statistical errors. For lepton momenta larger than 1.2
GeV/c (Figure 11b), we obtained o =0.3 £ 0.8+ 0.3.

From the value for a one can deduce the ratio of the longitudinal and

transverse component I';, /T'r in the decay width. We obtain

F—L =0.65+0.3+£0.15

T

pe > 1 GeV/c. The measured average polarisation of the D** mesons shows
that there is a substantial contribution of the transverse helicity component to
the decay width of B’—D**£~7 in the selected region of phase space.

A comparison between our measured values for a and the model predictions
of Pietschmann and Schéberl (PS) {41], Grinstein, et ol (GIW) {42], and
Kérner and Schuler (KS) [44] is shown in Figure 12, where the asymmetry
parameter « is plotted versus the lower lepton energy cut off (computation
taken from Reference [44]). The data points are the ARGUS result, where

statistical and systematic errors have been added in quadrature. We find
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Figure 12. Comparison between measured values of the asymmetry param-
eter o (statistical and systematic errors added in quadrature) with the model
predictions of Pietschmann and Schéber! (PS) [41], Grinstein, et al. (GIW)

[42], and Kérner and Schuler (KS) [44]. The curves are taken from Reference
[44].




good agreement with the KS model, whereas the GIW and PS models can be

excluded by more than 3 and 6 standard deviations respectively.

5 Search for B—plv

The best method for extracting a reliable value for |V,s|, from the standpoint
of theoretical prediction and experimental accessibility, appears to be a mea-
surement of an exclusive noncharm B decay in a semileptonic mode. In this
context, the channel B~ —p%¢~¥ seems particularly suitable, especially in the
light of the success with B'—D*t¢~7. For this reason, ARGUS undertook a
study of the decay B~ —p%¢~ 7, using the recoil mass technique. The channel
B~ —p%£7V is of course intrinsically more difficult to observe, since it is sup-
pressed by the small size of the KM matrix element V3. This is compounded
by the large width of the p® resonance and, particularly relevant for the recoit
mass approach, the fact that many p® mesons are produced in the dominant
b—c decay modes. The compensating factor for these difficulties is the high
reconstruction efficiency for the p°, about 50 times larger than that for the
D+,

In the search for the decay B~ —p°£~7, p° candidates were selected from
n¥ 7~ combinations lying within 150 MeV/c? of the nominal p° mass. In ad-
dition, the p® momentum was required to exceed 1.0 GeV/c. Leptons were
selected by the usual cut on the global likelihood ratio (£ > 75%), and were
required to have momenta above 1.5 GeV/c. Continuum background was sup-
pressed by a cut on the angle between the lepton and the thrust axis of the
event with the lepton and p° tracks removed. Again, the two-jet nature of
the continuum events leads to a strong forward-backward correlation in this
variable for the continuum background (Figure 13). The requirement that
[ cos atnrust| < 0.5 retains about 50% of the potential signal.

The resulting spectrum for the mass recoiling against the p°4~ system,

M2

2 woit» is shown in Figure 14. No signal is observed at zero recoil mass. The

backgrounds are substantially larger for this analysis than for B D¢y,
because of the larger combinatorial background under the broad p°, as well
as the substantial number of p® mesons from higher mass states produced

in b—c or b—u transitions. An upper limit of 46 events {90% CL) can be
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Figure 13. Distribution of the opening angle between the lepton and the

thrust axis for the event with lepton and p° tracks removed.
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Figure 14. Distribution of M7, , for p°¢~ events with lepton momentum
above 1.5 GeV/c.
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attributed to the decay B~ —p%0~ % (shown by the solid curve in Figure 14).
This corresponds to a limit on the branching ratio for B~ —p%~ ¥ of 0.22%
(90% CL).

A direct comparison with the decay B°~D*t£~7 in the same data, gave
a limit of: Br(B-—p00-7)

R= m < 3.2%

where some experimental errors cancel in the ratio. It is also expected that
this quantity can be reasonably well predicted using the available theoretical

models. Assuming equal lifetimes for charged and neutral B mesons, and:

LB —pte~v 1

[(B-—-p-v) ~ 2

one obtains from References{39] and [44]:

(B —p*t v Vas|?
o TE =0T 00) g gg 5 Vsl
(B’ —=D*t{-7) {Veo|?
The measured limit on R translates, with these assumptions, into a restriction
of the ratio: Vo
ub
— < 22%.
|Vcb| ’
This result is not quite at the level obtained from the full inclusive lepton

spectrum, but brings with it less theoretical uncertainty.

6 Status of charmless B decays

Last year, ARGUS reported {16,47] the observation of hadronic B decays to
charmless final states. This was part of a systematic effort to establish the
existence of weak b—u transitions. Upper limits for the ratio I'(b—u)}/T(b—c¢)
have been obtained from the analysis of inclusive lepton spectra in semileptonic
decays of B mesons [46), from the study of the reaction B~ —p%¢~¥ described
above, and from searches for charmless hadronic B meson decays, largely into
multipion final states [48]. A common feature of all such analyses is the strong
model dependence of the upper limits derived for the Kobayashi-Maskawa ma-
trix element V,;. However, the observation of a charmless B meson decay

would provide evidence for a finite b—u coupling.
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The successful search for charmless B decays came in channels containing
baryons. Originally this was motivated by the fact that with baryons more
of the available phase-space would be absorbed as mass, with the possible
consequence that branching ratios would be larger for low multiplicity channels.

The specific channels investigated were:
BY — pprt
B — pprtrT.

Particle identification information for this study was applied in the usual
fashion, by using as protons or pions those particles with a likelihood ratio (1}
for the proton or pion hypothesis which exceeded 1%. In addition, the probabil-
ity for the sum of all x? contributions from particle identification was required
to exceed 2% for the pP system. Given the limited discrimination available
from the ARGUS dE/dx and TOF systems in the relevant momentum regions,
these requirements effectively mean that the protons and antiprotons only sat-
isfy a consistency requirement. However, the pions have low momentum, and
are uniquely identified by this procedure.

The B candidates were required to satisfy |Emeas — Ebeam| < 20£, where op
is the measured energy error. Typically, o is 40 MeV and candidates with an
error greater than op > 60 MeV were rejected. For the accepted candidates,
an energy constraint fit was applied.

Background from continuum events was reduced by three topological cuts.
The first was the previously described cut on the opening angle between the
B thrust axis, and the thrust axis of the recoiling B, where for this analysis
the requirement was | cos @¢prust] < 0.8. Second, the multiplicity of charged
particles in the remainder of the event, excluding the particles contributing
to the B candidate, was required to be larger than three. This cut exploits
the fact that the multiplicity in T(4S) decays is larger than in the continuum.
In addition, it is a precondition for the implementation of the third cut: the
Fox-Wolfram moment H [8] of the remaining charged and neutral particles in
the event was required to be less than 0.3, thereby selecting spherical events.

The distribution of the opening angle between proton and antiproton 8,5 for
candidates which passed these cuts, and had an invariant mass in the B mass

region, can be seen to be strongly peaked at 180° (Figure 15a). This behaviour
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Figure 15. Distribution of the opening angle, 6,3, between the proton and an-
tiproton for (a) candidates in the B mass region (5.272 < M < 5.285 GeV/c?),
(b) Monte Carlo generated decays B—Ap. (c) continuum data with and
(5.100 < M < 5.290 GeV/c?), and (d) a sideband interval below the B mass
(5.100 < M < 5.260 GeV/c?).
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is readily understood if two-body channels, consisting of protons and low mass
baryonic resonances, dominate the studied final states. As an example, the
f,5 distribution for Monte Carlo generated B—35A, A—pr decays, shown in
Figure 15b, exhibits the same back-to-back peaking as the B candidates. In
contrast, the 8,5 distribution for candidates below the B mass region in T(45)
sample (Figure 15d), as well as for continuum data (Figure 15c), shows a
significantly less pronounced peaking at 180°. Restricting our search to such
quasi two-body channels, we required cos ,5 < ~0.98.

After applying these cuts, in the mass range between 5.1 GeV/c? and the
kinematic limit at 5.29 GeV/c?, 18% of the events contained more than one
B candidate in one of the decay channels and 7% contained candidates in
both channels. Only one candidate per channel was accepted by choosing the
candidate with the smallest x? from the beam energy constraint fit.

The resulting mass spectrum for the Y(45) data (Figure 16) shows a pro-
nounced peak in the B mass region. The shape of the background was de-

scribed by the form introduced previously:

N i e (),

However, since the level of background is small, the results are not sensitive to

the specific choice.

Table 8. Comparison of fitted mass values for B° and BY. The
D**nr mass values are from Reference [13], adjusted to a Y(45)
mass of 10580 MeV /c?.

[MeV/c?) pprt(n7) D**pr |
M(B®) 5278.8+1.7+3.0 | 52797+ 1.0+ 3.0
M(BY) 5277.8+ 1.2+ 3.0 | 52773+ 1.3+£3.0

M(B%)— M(B*)| 10+21+10 | 24+16+10

From a fit with a Gaussian for the signal plus this background form, the
signal was found to have a mass of 5278.3 £ 1.1 £ 3.0 MeV/c? and a width,
consistent with expectation, of 4.2 & 1.0 MeV/c?. In a 1.5 sigma region
around the B mass, we observed in total 34 events. Only 9 £ 4 of these

events were attributed to the background, where the error includes a systematic
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Figure 16. Invariant mass distribution for both channels in the T(45) data
sample. The dotted line is the fitted curve from the same distribution in the

continuum sample, scaled by luminosity.
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contribution from the uncertainty of the background shape. The probability
that the observed excess of events is a statistical fluctuation of the background
corresponds to more than five standard deviations.

The sample can be divided into neutral and charged B mesons (Figure
17). The masses obtained by separate fits to these distributions are given in
Table 8. They agree nicely with previous measurements in the decay channels
B—D*tnr, n = 1,2,3 (13]. In order to determine branching ratios, we as-
cumed that 55% of the time the T(4S) decays into B* B~ pairs and 45% into
pairs of neutral B mesons. A Monte Carlo simulation was used to calculate
the geometrical acceptance. Since the |cos ashrust| distribution is expected to
be flat, the acceptance for the cut on the thrust axes angle was taken to be 0.8.
Fitting the invariant mass distribution in separate bins, the angular distribu-
tion shown in Figure 18 was determined for our data. Within errors, the data
is consistent with expectation. The acceptance for the cut on the opening angle
between the proton and antiproton was evaluated by fitting the observed signal
without this requirement. The correction for this cut was found in this way
to be (70 4 30)%. The losses due to the other cuts were determined similarly,
taking into account possible correlations between the different requirements.

By this means we found:
Br(B*—pprt) = (5.2+1.43:1.9)» 107
Br(B’—pprtrT) = (6.0£2.0£22)x 107t

where the first is the statistical and the second the systematic error, including

a contribution introduced by our assumed background function.

Table 9. Branching ratios for the decay channels B—ppnr.

‘T)ecay mode l Br 4]

Br(B°—pp) < 1.3 x 107* (90% CL)
Br(Bt—pprt) (5.2+14£1.9)x 107
Br(B®—pprtnT) (6.0 £2.0£2.2) x 1074
Br(Bt—pprtrtaT) | <47X 10~* (90% CL)

A comparison of these values with upper limits for branching ratios of the

decay channels B® — pp and BY — pprrtx™ in our data is given in Table 9.
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The analysis of the two-prong and five-prong channels was identical to that
described above, except that the cut on the angle between the p and p was not
applied.

In general, background arises from resonant ete~—7Y(45) and from contin-
uum ete~—¢7 events. The continuum mass distribution (Figure 19a) does not
show any excess of events at the B mass. Thus, the observed signal originates
from T(45) decays and cannot be faked by any background from continuum
events. Outside the B mass region, continuum and Y(4S5) data agree in mag-
nitude within one standard deviation. This is shown in Figure 16 where the
continuum data were normalised by the ratio of luminosities taken on and off
the T(4.5). Thus, the background in the T(45) sample is mostly from nonres-
onant et e~ —¢7 events, and, at least outside the enhancement at the B mass,
the contribution from e*e™—T(45) resonance decays must be small.

The only remaining background sources which could produce a peak are
reflections from other B decay channels. Reflections may occur if particles are
used with a wrong mass hypothesis (particle misidentification) or if particles
are added to or removed from the true final state (adding or losing particles).

While it is not too surprising that continuum events produce a smooth
background, it is not so obvious that the same will be true for background
from BB pairs. To appreciate the potential difficulty, one should recall the
peculiar topology of the signal events. The momentum of the two proton can-
didates is outside the region where either dE/dx or TOF can provide positive
identification. If the tracks were not actually protons, the requirement of con-
sistency with the proton hypothesis would be roughly equivalent to selecting
only high-momentum particles. Moreover, after the opening angle cut there
would be reasonable acceptance only if the two fast tracks had come from a
single B decay. What needs to be demonstrated is that, despite the implicit
correlation introduced by the selection criteria, B decays to charm cannot
produce a narrow peak at the observed rate.

One simplification is that particle misidentification alone cannot be a source
of reflection in this analysis. This is because the mass difference between
protons and kaons (pions) is large enough to kinematically separate related final
states where kaons (pions) are misidentified as protons. Combinations with a

wrong mass assignment do not pass the energy cut, provided everything else is
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Figure 19. Background studies showing the mass distribution obtained
from (a) the continuum data sample, (b) wrong-energy combinations, using
Ep = Eyegm +300 MeV/c? and £500 MeV /c?, (c) wrong-charge combinations
forbidden by baryon number conservation, and (d) Monte Carlo generated
T(45) events containing eleven times as many B decays as in the data, all via

(b—c) transitions.
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interpreted correctly. Similarly, adding or losing a single particle is excluded
as a source of reflections as long as only one of these misinterpretations takes
place. Again, these combinations are rejected by the energy cut.

As a consequence, only those reflections need be considered where two or
more simultaneous mistakes are made (particle misidentification and adding or
losing particles) affecting the energy balance in different directions and fulfilling
the energy constraint, thereby producing a peak with the expected mass and
narrow width.

Nevertheless an explicit search was made among the candidates for known
charmed mesons or baryons, or a A or K% with an undetected decay vertex.
The invariant mass distributions of appropriate subsystems were examined un-
der all possible mass assignments for the candidate tracks. Both Cabibbo-al-
lowed and suppressed channels were considered. Only one candidate was found
to be consistent with the hypothesis that it originated from a charmed particle
decay. As it appears in the Cabibbo-suppressed decay mode Ac—prtn—, it
can be readily discarded as an accidental combination.

This leaves correlated backgrounds where particles are taken from both B
decays. Two empirical tests have been used to establish the level of contribu-
tion for such processes. For the majority of channels, the phase space for a
B decay to produce two fast same-charge tracks is roughly equal to that for
two oppositely charged. Consider as an example: B~ —a; 7° D7 followed by
D* Ky n}. For this decay the probability that 7, and 7 have momentum
greater than 1.5 GeV/c (and, hence, are consistent with the proton hypothesis)
is actually smaller than that for 77 and K;. With this argument in mind,
the same analysis has been repeated for combinations forbidden by baryon
number conservation: ppr~ and ppr~7~. The resulting invariant mass dis-
tribution (Figure 19¢c) shows no evidence for an enhancement in the B mass
region.

An alternative approach is to conduct the analysis with the B candidates
intentionally selected with the wrong energy requirement. This technique leads
to the mass plot shown in Figure 19b, if sideband energies of Eyeam = +300
and +500 MeV/c? are used and averaged. These energies were chosen because
the signal itself can reflect into the nearest sidebands. In general the method

tends to overestimate the background level, since particle misidentification




alone, or adding or losing a particle alone, can fulfill the energy constraint
for the sideband analysis. However, this study reinforces the conclusion that
reflections from B decays are not responsible for the observed peak.

These arguments are naturally confirmed in a more general way by Monte
Carlo simulation. An event generator was used that incorporates the weak
decay b—cW ™, with the c, spectator quark and W~ decay products dressed
into hadrons using the Lund model {11]. A total of 2.1 x 108 Y(4S) decays
were generated, passed through a detector simulation and reconstructed with
the standard analysis programs. After applying the same cuts as used for
the data, the invariant mass distribution shown in Figure 19d was obtained.
Although the predicted form of the background peaks toward the B mass, the
estimated level of contribution from Y(45) backgrounds is less than one event
per bin. This result is quite consistent with the observation made earlier that
the background rate is saturated by the continuum component alone. All these
tests point to the same conclusion: there is no indication for any background
source which could be responsible for a peak at the B mass, in particular for
a peak with the observed narrow width.

As a check of the validity of the identification of the protons and antiprotons
in our sample of events, we compared the ensemble properties of the candidate
particles to those of a sample of uniquely identified protons and antiprotons of
similar momenta, produced from A and A decays respectively. To demonstrate
the level at which such a method can distinguish protons and pions, a sample
of uniquely identified pions from K% decays was also obtained, again in an
appropriate momentum region.

For the shower counters, comparisons were made of both the energy de-
posited and the lateral shower development. The mean energy seen in the
shower counters was 1.10  0.02 GeV and 0.62 + 0.02 GeV for the identified
antiproton and pion samples. The antiprotons from our B candidates had a
mean energy deposition of 0.95 + 0.11. The candidate tracks and the mean
pion response are therefore three standard deviations apart.

The mean value of the specific ionization in the drift chamber and of mass
computed from the time-of-flight measurements were also determined for each
of the ensembles. The mean dE/dx response for pions between 2.0 and 2.5
GeV/c was found to be 6.1 % 1.4% higher than the response to the candidate
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tracks with the same momentum restriction, the difference corresponding to
over four standard deviations. TOF provided similar evidence. The ensemble
values for the proton and antiprotons in the B candidates are therefore in ex-
cellent agreement with expectation, and are clearly distinct from the response
to pions.

Thus, the only viable interpretation of our observation is to attribute these
decays to b—u transitions. However, the ARGUS result is at present con-
troversial, despite the internal consistency of this analysis. In a data sample
containing 484,000 B decays, CLEO has not observed a signal in either chan-
nel using approximately the same selection criteria [49]. This has lead to the
upper limits shown in Table 10. For comparison the ARGUS measurements
are also shown, with the acceptance for the 6,5 cut removed from both the

central value and the systematic error.

Table 10. Comparison of ARGUS measurements and CLEO lim-
its for charmless B decays. No acceptance correction for the pp

opening angle cut is applied.

Br(B*—ppr™) Br(B%—pprtaT)
ARGUS (36+1.0£09) x10~* | (42 £ 1.4+ 1.1) x 1074
CLEO, 1987 | < 1.4 x 10~* (90% CL) | < 3.8 x 10~* (90% CL)
Average (1.0£0.7) x 107* (2.7£1.4)x 107*

A statistical test of the consistency of these four measurements can be
made by computing the weighted average of each pair of measurements and
then determining the x? for a fit of the four measurements to the two common
branching ratios. For this purpose, the central value of the CLEO results
was taken as zero, and the 90% CL upper limits interpreted as equal to 1.64
standard deviations. The weighted averages are listed in Table 10. The x?
obtained is 7.2 for two degrees of freedom, which has a probability of almost 3%,
equivalent to 2.20. Thus, the ARGUS and CLEO observations are discrepant,
but not seriously so. A final resolution of this question therefore awaits further

data from both experiments.




*Current members of the ARGUS collaboration are: H.Albrecht,
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J.Spengler, R.Wurth, A.Yagil (DESY), R.D.Appuhn, A.Drescher, C.Hast,
D.Kamp, HKolanoski, A Lindner, R.Mankel, H.Scheck, G.Schweda,
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S.Werner (Heidelberg), K.W.Edwards, W.R.Frisken, H.Kapitza, R.Kutschke,
D.B.MacFarlane, K.W.McLean, A.W.Nilsson, R.S5.Orr, J.A.Parsons,
P.M.Patel, J.D.Prentice, S.C.Seidel, J.D.Swain, G.Tsipolitis, T.-S.Yoon
(IPP Canada), R.Ammar, S.Ball, D.Coppage, R.Davis, S.Kanekal, N.Kwak
(Kansas), T.Ruf, S.Schael, K.R.Schubert, K.Strahl, R.Waldi (Karlsruhe),
B.Bostjanéié, G.Kernel, P.KriZan, E.Krizni¢, M.Plesko (Ljubljania),
H.1.Cronstrom, L.Jénsson (Lund), A.Babaev, M.Danilov, B.Fominykh,
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EVIDENCE FOR D} — e*X!
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Abstract

We have searched for the inclusive reaction DE — e¥X using a tagged sample
of 73 DE produced in the reaction ete™ — DD:¥. The data were collected by
the Mark III experiment at SPEAR at a center-of-mass energy of 4.14 GeV. The
tagged sample consists of the decays DF — ¢xt, DF — KF 'K+ and DF — KK+,

We determine B(D} — e*X) = 0.09%55 +0.02.
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INTRODUCTION

Though the existence of the charmed-strange DF meson (formerly the F+)

has been known for close to a decade, fewer than 30% of its decay modes have
been observed. In fact, only the branching fractions of the various modes (which
number a half-dozen or so) relative to the decay D} — ¢n+ have been well-
measured”™?  Absolute branching ratios are obtained only through an estimate
of the ratio of D} to total charm production. Furthermore, no observation of the
leptonic decay of the D} has been made to date.

The Mark III experiment recently took data at SPEAR at a center-of-mass
energy of 4.14 GeV. At this energy, the DF is produced in association with its
vector meson partner, the D?~; the production rate of D} D, appears to be sup-
pressedm at this center-of-mass energy. Several hadronic modes have already been
studied. This analysis now addresses the subject of the semileptonic decays,and
in particular, the inclusive semi-electronic branching ratio, DF — e*X.

While the spectator decay mechanism is considered too naive a picture of
hadronic charm decay, which may be affected by final state interactions, the same
does not apply for the semileptonic decay. In fact, the measured partial widths
I'(D® - e*X) and [(D* — e*X) are approximately equal® The semileptonic
spectator decays of the DF, DY, and D* are shown in Fig. 1. Assuming that the
partial electronic width of the D} is approximately equal to that of the D® or D+,
the inclusive electronic branching fraction B(DF — e*X) can then be estimated:"!
it is = 8%.

THE TAGGED SAMPLE

Three channels were used to tag the DI D™ sample: DF — ¢7+, KK, and
RK¥OK*. The Mark III detector has been described in detail elsewhere.” Particle
identification techniques, briefly summarized below, are similar for the three decay
modes. Invariant mass calculations and kinematic fits have been used to extract
the tagged signals, depending upon the background contamination in a given
mode. Throughout the analysis, the goal has been to maximize the signal-to-
noise without losing too much of the data.

Kaons are identified primarily using the TOF system, which resolves kaons and
pions at 3 o for p < 1 GeV/c. For momenta less than 650 MeV/c, dE/dx informa-
tion from the drift chamber can be used when TOF data is lacking. Electrons are
identified primarily using a lead-proportional chamber gas sampling calorimeter.
Charged tracks are also required to pass reasonably close to the reconstructed
vertex, within 0.015 m for pions and within 0.030 m for kaons. {This requirement
is lifted in the case of detached vertices such as K2.)
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Figure 1: The spectator picture of semileptonic decay of the D°, D+, and D}

showing the expected (right-sign) charge of the electron relative to the charim of
the parent particle.




D} — ¢nt

Invariant mass combinations of K¥K™ pairs are formed and those which fall
within 210 MeV/c? of the nominal ¢ mass are retained. Mass combinations of the
# with all #% in the event are then calculated. Figure 2 shows Mgx vs. the recoil
mass calculated using the constraint on the total event energy (4.14 GeV). Events
which satisfy 1.92 < Mg, < 2.02 GeV/c? and 2.04 < Myeoq < 2.18 GeV/c? are
selected for the tagged sample. There are 42 such events. The estimated number
of signal tagged events is 36 &+ 3.

DF — K*OK+

For this channel, particle identification is done using only TOF. A 1-C fit is
performed with the recoil mass constrained to equal the value of the D} mass.
Additional criteria are applied: that the 1-C fit probability be > 0.10; that the
Kr mass be within 60 MeV/c? of the nominal K* mass; and that the angle of the
K in the K* rest frame, |cosfg+| > 0.3.

Figure 3 shows the K*K mass after the constrained fit and the above criteria
are applied. This channel is particularly plagued with D-related backgrounds. To
maximize the signal-to-noise ratio, those events which satisfy 1.96 < Mg.x <
1.98 GeV/c? are selected for the tagged sample. This yields 24 events, of which
18 % 3 are estimated to be signal.

DF - KK+

A 2-C fit is performed using the K mass and the recoil D} mass as constraints.
For the tagged sample, events with a fit probability > 0.10 and 1.92 < Mygeg <
2.02 Gev/c? are retained. The reconstructed decay length of the K° is required
to be greater than zero. Figure 4 shows Mgoy after these selection criteria are
applied. There are 27 events which satisfy this criteria; the estimated number of
signal events is 19 £ 3.

THE RECOIL SYSTEM

Tracks which pass within 0.015 m of the vertex and which have not been used
in the “tag” are examined for possible electron identification. For tracks with
momenta less than 300 MeV/c, the identification is made using TOF. For tracks
with momenta greater than 300 MeV/c, a recursive partitioning algorithmm is
employed, which makes use of information from the TOF and the electromagnetic
calorimeter. Kaons identified using TOF are first excluded. In addition, to elim-
inate electrons due to photon conversions, tracks which have an opening angle
< 14° with any other oppositely-charged track are also excluded. The remain-
ing recoil tracks are then assigned one of three identifications: electron, pion or
ambiguous identification.
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The numbers of electrons and pions found for each of the tagged channels are
shown in Table 1. The probability for misidentification of tracks is momentum-
dependent. For the purposes of the branching ratio calculation, we have used
seven momentum bins. Table 2 shows the numbers of electrons and pions found
in each momentum bin.

Table 1.  The tagged Ds channels and the
total numbers of right- and wrong-sign elec-
trons and pions found in the recoil, where, for
example, nf denotes the number of right-sign

electrons.

Channel | Tagged | Signal |nf [n¥Y |0} | ¥
Events | Events
. 42 |36+4 a1 [32]14
KK 27 (194+3{2 (1 [32]16
K*K 24 18+3 {31118} 6
Totals 93 (73+1019 ) 3 18236
Table 2. Momentum distribution of observed electrons and

pions in the recoil against a Dy tag.

< 0.3 [0.3-0.40.4-0.5 [0.5-0.6 | 0.6-0.8 | 0.8-1.0 | > 1.0
GeV/c|GeV/c|GeV/c|GeV/c|GeV/c|GeV/c|GeV/c
n? 5 2 1 1 0 0 0
nY 1 1 0 0 1 0 0
| 30 11 14 8 12 4 3
i 15 6 8 4 3 0 0

The numbers of right- and wrong-sign electrons were also tabulated for mass
sideband regions. The sideband for each channel was the mass range 1.72 —
1.92 GeV/c®. The region above the Dy mass contains insufficient numbers of
events to be of use. The masses for those events, both in the signal and sideband
regions, which contain an electron in the recoil are shown in Fig. 5.

BRANCHING RATIO

The number of observed electrons has two components: electrons which have
been correctly identified and pions which have been misidentified. The proba-
bilities for identification and misidentification are momentum-dependent. There
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Figure 5: The masses for tagged events, both in the D7 signal and sideband
regions, which contain an electron of either right or wrong sign in the recoil.



are four identification/misidentification probabilities for a given momentum bin.
These we call: Pee, Pe.xr, Pr_x, and Py, where for example, Pe_.r is the
probability that an electron is called a pion. Thus for each momentum bin, where
we have observed pions and electrons (ne and 1), we have the true (or produced)
numbers of pions and electrons (fiy and fie):

R ~R ~R
n, = Pe_e n, + Py fiy )
w W W
Ny = Peoe fig + Proe By
~R ~R
Prox fiy + Pe—ux 1ig y

~W =W
Pror ny + Pe—t:r e s

]

I

R
L4
n

where the superscripts denote right- and wrong-sign. The total number of right-
sign electrons is assumed to be due to semileptonic Ds decay and to charge-
symmetric background, such as photon conversions. The number of wrong-sign
electrons is assumed to be due solely to charge-symmetric background. The effects
of D semileptonic background have been ignored. We estimate the number of
semileptonic decays due to misidentified D decays to be at most one (right-sign)
event. Of the three tagged channels, only the K* °K* channel suffers substantial
background contamination: hence the more stringent requirement on the invariant
tagged mass. The branching ratio is:

T~ dig')/e

Ntags

B(D; —eX) =

where ¢, the momentum-dependent efficiency, Is a product of the geometric accep-
tance (0.80 £ 0.05) and the ability to classify a track as a pion or electron. The
numerator is sumined over the seven momentum bins.
The probability to correctly classify an electron ranges from 0.78 to 0.90. The
probability to misclassify a pion as an electron varies between .03 and 0.06.
Using the numbers of right- and wrong-sign electrons and pions giver in

Table 2, and the momentum-dependent identification probabilities, we obtain
B(D} — e*X)=0.09.

ERROR CALCULATIONS

In general, the numbers of produced electrons and pions arise from parent
distributions:

N, NY, RR ) and NY.

Likewise, the number of tags can be considered to arise from a parent distribution,
Niags. We then construct a probability function using Poisson statistics for the
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numbers of electrons and Gaussian statistics for the numbers of pions. (Again,
R is the number of observed right-sign electrons.) We have averaged over the
momentum bins. The number of tags is treated like a Gaussian, with & being
equal to the error on the number of tags, which is due to background fluctuation.
We have:

—(Pe—e NE4+P,_. NF N R
e~ (Pe—e NI+P . (Pe—se N}} + Ppoe NE)

P =

ol
P = e (Peee NY4Poe ) (P, NW 4+ P, NW)
nl!
Gp = b (Pas NE4Pe, Ryl
V/2m}
Gy = zimwe—«m_, R 4+Pemss RY)-n¥)/20¥
V/2mn}
Gy = L o (Napnig)/2iug
\/Zr—Antags

We then construct the negative fog-likelihood function:
—Inl = ~In(P, - P -Gi-Gz-Gs)

The five parameters, Ng{, N:V, NE, N,‘ﬁv, and Niag, are varied. Using MI-
NUIT, the minimum of ~In £ was found for each value of the branching ratio.
This is plotted in Fig. 6.

The 1 o errors on the branching ratio are obtained by moving along the vertical
axis by 0.5 units. This gives:

B(D} —e*X) = 0.09105

The systematic error, £0.02, arises from the error on the geometric acceptance
and the errors on the classification probabilities. The latter are determined from
a study of electrons from radiative Bhabha events and charged pions from K°
decays.

DISCUSSION

We have obtained the first evidence of semileptonic decay of the DI meson,
using a sample of 73 tagged hadronic events. Though the result is not statistically
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Figure 6: The likelihood function £ shown vs. the branching ratio, B(D* — ¢*X).
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compelling, it also represents the first measurement of an absolute branching ratio
of the D, whose hadronic decays have previously been measured in terms of
relative branching ratios. The value of B(DF — e*X) agrees with that predicted
assuming equal semileptonic partial decay widths for the D°, D+, and DF. This
may lend support to the theorv that interference effects play a significant role
in hadronic charm decay, leading to the differing charm lifetimes, rather than to
suggestions of the importance of annihilation/exchange diagrams.
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Abstract

Recent results from four experiments, VENUS, TOPAZ, AMY and SHIP
at the et¢™ colliding beam accelerator TRISTAN at KEK, Japan are pre-
sented. Each detector has accumulated more than 11pb~! at center-of-mass
energies between 50 and 56 GeV. For hadronic events the measured values
of R-ratio indicate no signal of the top quark. Analyses for other new par-
ticle searches extended the mass limits on sequential heavy leptons, excited
leptons and magnetic monopoles. The differential cross sections for pro-
cesses ete™ — ete™ and ete™ — vy are in good agreement with QED, and
the forward-backward charge asymmetries for reactions ete™ — u+u~ and
ete” — r+7~ show good agreement with the standard electroweak theory.

Talk presented at the 16th SLAC Summer Institute on Particle Physics,
Stanford, California, July 18—29, 1988.
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1 Introduction
Since the first Bhabha event was observed by VENUS at \/s= 48 GeV on the
19th of November 1986, stable machine operation and increasing beam energy

enabled the four TRISTAN experiments VENUS, TOPAZ, AMY and SHIP to S A A B B RS
58 GeV

VENUS -

do well. All the experiments have accumulated total integrated luminosities of
more than 11pb™! at /5 of 50, 52, 55 and 56 GeV. Figure 1 shows the integrated
luminosity per day accumulated by VENUS. During this spring run at /s =
56 GeV, the total beam current reached 13.6 mA and the luminosity reached

w
<3
S

I

N

=]

=}
I

a level of 300nb~1/day. The machine operation and integrated luminosities are 52 Gev 85 Gev

summarized in Table 1. At the time of this conference the experiments are
running at \/s= 57 GeV.
In this paper results from the data of 50 to 56 GeV are reported. The
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contents are arranged in the following way: A brief explanation of the major
detectors (VENUS, TOPAZ and AMY) is made in section 2. Section 3 describes
the top quark search based on the R-ratio, event-shape analysis and the study

ISP W I || 5 A T .
: ; : 0 100 200 300 400 500
of inclusive lepton events. Results of other new particle searches such as sequen- Dates from 19—Nov.~1986

Integrated luminosity / day (nb™!)

tial heavy leptons and excited leptons (e* and u*) are described in section 4,

together with a magnetic monopole search which was done by a special purpose Figure 1. Integrated luminosity per day from Nov.1986 to Mar.1988 measured
by VENUS. ’ '

detector SHIP. Tests of QED by e*e™ — ete™ and e*e™ — 47 processes and

those of electroweak theory by ete™ — utu~ and ete™ — 7+

T~ processes are

given in sections 5 and 6. Finally a summary and a brief description of future

plans are given.

Table 1. Machine operation and integrated luminosities.

2 Detectors

Since detailed descriptions of the three major detectors VENUS, TOPAZ Period Vs | Oper.Time Integrated Luminosities
. . . -1
and AMY are given elsewhere [1), it is sufficient to give the features and per- (CeV) o ef:)) VENGS TOPATZ (.iih? SHTP
formance of major components. They are all general purpose detectors with 1986 Dec 48 182 104
n . . . . . . 1987 Jan-Feb 50 596 281 0.7 0.4 0.6 0.8
tracking devices in a magnetic field supplied by a superconducting solenoid and 1987 May-Jun | 50 737 368 }
electromagnetic shower counters and a muon chamber system which is placed 1987 Jun-Jul 52 707 530 2.9 3.6 40 40
outside the return yoke. Table 2 summarizes the characteristics of the detectors. 1967 Oct-Dec | 55 1310 724 24 29 33 40
| ) ] ) ) 1988 Jan-Mar 56 1170 650 5.4 5.6 6.0 7.5
VENUS is characterized by uniform and hermetic calorimeters (barrel lead Total 114 125 139 163
lass and endcap liquid argon counters) with good energy resolution. The ac-
g . p lig 3 ) g :34 ; 1988 Jun 56.5 0.9 09 10 -
ceptance is greater than 99% of 4x. The components of the calorimeters (lead 1988 Jul 57 3.7 37 44 45

glass blocks of barrel and lead plate modules of endcap calorimeters) point to

the interaction region in order to make shower reconstruction easy. Figure 2(a)
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shows a mass spectrum of two clusters in hadronic events measured by the bar-
rel lead glass calorimeter. A clear neutral pion peak is seen with a r.m.s width
of 17 MeV. In Fig. 2(b) the energy cluster spectrum is shown for endcap Bhabha
events at \/s= 56 GeV measured by the liquid argon counter. The resolution
o5/E is 3.5 % at 27.5 GeV. The momentum resolution oy, /p, of the central
drift chamber in a magnetic field of 7.5kG is about 0.008p, which is shown in
Fig. 2(c).

TOPAZ is characterized by a powerful central tracking device, a time pro-
jection chamber (TPC) {2], in a magnetic field of 1.0 tesla for three-dimensional
tracking and particle identification by the dE/dx method. Figure 3(2) and (b)
show the performance of the TPC for real data. Clear separation of electron,
pion, kaon and proton in momentum up to a few GeV/c is seen in Fig. 3(a) and
the effective mass of 7+ 7~ in multihadronic events is presented in Fig. 3(b) in
which a clear K? peak is seen.

AMY is a compact detector with 2 high magnetic field of 3 tesla. The
momentum resolution op, /p; of the central tracking chamber is about 0.007p..
The effective mass of 777~ in hadronic events is shown in Fig. 4(a) in which a
sharp K0 peak with a r.m.s width of 8 MeV/c? is seen. The barrel calorime-
ter is placed inside the superconducting coil. The calorimeter is made up of
alternating layers of lead and gas proportional tubes with angular resolution
of 5 mrad to obtain good identification capability of electrons or gammas in
the high multiplicity hadronic events. Figure 4(b) shows the shower spread of
26 GeV electrons and that of neutral clusters with energies between 8 and 15
GeV in hadronic events. Considering that the opening angle of two gammas
from #° with an energy of 10 GeV is typically two degrees, it is clear that a
single gamma can be distinguished from 7° with an energy up to 10 GeV. The
compactness of the detector enhances muon identification capability by reduc-
ing the background muons from pion and kaon decays. Figure 4(c) shows the
distance between the hit position of the muon chamber and the extrapolated
position of the track with the momentum greater than 2.5 GeV /c by the central
drift chamber for inclusive muon events together with u-pair events produced
from two-photon process ete™ — ete putu~. The two distributions are in good
agreement with each other except for some backgrounds in the distance greater
than 50 cm. Figure 4(d) shows the detection efficiency for primary muons and

fraction of the background estimated by a Monte Carlo as a function of the

Table 2. Characteristics of AMY, TOPAZ and VENUS detector.

. AMY TOPAZ VENUS
Magnetic Field 30kG 10kG 7.5kG
Central Tracker MWDC TPC MWDC
coverage 35~ 145° 30 — 150° 30 — 150°
o, /P %) =0.7p, | J(1.5p)7 + (16) | \f(0.78p,) + (1297
dE/dx resol. — 4.6% -
E.M.Calorimeter
Barrel part lead-PWC lead glass lead glass
coverage 43~ 13717 32 - 148° 37— 143°
readout |, strips 4300ch 516Gch
o5 /E(%) 4ol JFF+E 3.Taarsaev
Endcap part | lead-scint. PWC lead-PWC lead-liq.Ar
coverage 15 -26.5° 12-32° 8~ 38°
readout strips towers towers
o5/ E(R)arrrscev 13 6.7 35
Muon Detector dnift tube drift tube drift tube
layers 4 8 3
coverage(barrel) 42-138° 49 - 131° 48 —132°
coverage(endcap) - - 22 -43°
iron thickness 223 54 5
00 0o
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; 00 _ i} 500 b)
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Figure 2. Performance of the VENUS
detector. a)lnvariant mass dis-
tribution of v by the barrel calorime-
ter. bjEnergy distribution of 28
GeV/c electrons measured by the
endcap liquid argon counter. c)Momentum
resolution of the central drift cham-
ber for cosmic rays.
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distance between the hit and extrapolated points at the muon chamber. With
the cut at 40 cm, the detection efficiency is 90% and the background level is
about 25%. This corresponds to a hadron rejection ratio of 1/500.

3 Search for Heavy Quark Flavors

One of the most interesting physics objects at TRISTAN is to search for
heavy quarks especially for the top quark. The search was made by three types
of analysis for hadronic events; measurement of the R-ratio, event-shape anal-

ysis and study of inclusive lepton production.

3.1 R-ratio

According to the standard model (3] the ratio R, the total production cross
section of hadrons divided by the lowest order QED cross section of pu pair
production, is expressed by (including the quark mass effect and the QCD cor-
rection terms up to a? {4]),

—35°(Llga o Ve v Q) o
R=35 5403 {1+ ar 2yl

-
w6 {1+ 0%t op 2 el

where f indicates flavor of quarks, 8 is the quark velocity and C{,V and C!M
are functions of the electric charge Q; of the quark with flavor f and the vector
and axial vector coupling constants (v., vy, a.,ay), respectively. The functions

C}y and €, are given as follows:
Clv = Q) ~ 2Q vevy Rex(s) + (v + al)vjlx(s)I",

Cha = (02 + aD)afix(s)l%,

v, = —1 + 4sin’fy, a, = -1,
bue =+~ Zointlw,  aue= 1,
Vgap = —1+ %sinzew, ag,p = —1,

Gr sM2

X(.S) = 8\/5#03 —M}+i]\rfzrz’
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where G is the Fermi coupling constant and Mz and T'; are the mass and

width of the weak neutral boson. The functions of 8 are CV and Cf are expressed

by [5]:
y [5] o 4 [ 3+ﬂzr__3)
T3\ 280 4 G-
a dlm 18 2y Taym 3
C“s”{w (75~ 50 +38 47r}’

and CY and Cj depend on the number of the quark flavors Ny,
CY = Cf =1.986 — 0.115N,.

For five known quarks (u,d,c,s,b), § is nearly equal to unity in the TRISTAN

energy region and C} and C{! are very close to unity; R is then written as

a, a,
R=3):{1+7+Cz"(;)’}(c{,v+c,§,,)
f

=33 Q}(1+7QCD")(1 + " Weak”).
/

For example, at \/s = 56GeV a simple calculation for R with parameters Mz =
92.6GeV/c?, sin?fy = 0.226 [6], Tz = 2.5GeV and a, = 0.15 leads to

1
R = —("QPM”) +0.78("Weak”,20%) + 0.23("QC D", 6%) = 4.67.

If the top quark threshold opened, the value of R increases by 4/3 and if the
threshold of the b’ quark opened, the value increases by 1/3. This level of in-
crease will easily be observed.

Experimentally R is calculated by the following expression:

Nops — Nig
Le(1 4 6)oo’

where N, is the number of observed hadronic events, N, is the number of

R =

background events, L is the integrated luminosity determined from Bhabha
events, ¢ is the detection efficiency which was estimated by the LUND Monte
Carlo program (7], § is the radiative correction factor which was obtained by
full calculation up to a® order processes [8] and oy is the lowest order QED
cross section of u pair production 4ra?/3s. Though the value of § depends on
the maximum energy of the radiated photon, ¢(1 4 §) is found to be stable and
typically 0.95.



Event selection for hadronic events was done by the characteristics of high
multiplicity, a large visible energy and a small momentum imbalance. Main
backgrounds come from 7 pair production and two-photon processes likeete™ —

ete™ + hadrons. The following were the selection criteria applied to the VENUS

data:

1) total deposit energy in the calorimeter E., was greater than 5 GeV, where
E.,; was the energy sum of the barrel and endcap calorimeters in the polar

angle region of |cosf] < 0.91,

2) number of tracks with |cosf| less than 0.85 and transverse momentum

greater than 0.2 GeV/c was equal to or greater than five,

3) invariant masses of particles in both hemispheres defined by a normal plane
to the thrust axis were greater than 2 GeV/c?. (Thrust axis was defined
as the direction of a unit vector ey which gave thrust T, the maximum

value of ¥; [p*-er|/ T; |p*| where p’ is the momentum of the i’th particle.)

Criteria 2) and 3) were effective for rejection of 7 pair production. Backgrounds
from two-photon processes were characterized by a small visible energy E.i,
which was the sum of E. and momentum Pp.4 of charged particles, and
large longitudinal momentum imbalance which was defined by Po; = (2 Eca1. +
Y Piackz)/ Euis, where Eca, and Pirack,: Were z-components of E. and Piock

respectively. To reject them, they applied the following cuts:
4) the absolute value of Py, was less than 0.4,
5) E., was greater than the beam energy Epeam-

Figure 5(a) is a scatter plot of Py vs. Eyis/Epeam 2t Vs = 56GeV for events
which passed the criteria 1) to 3). The corresponding E.io/ Evearn and Py are
shown in Fig. 5(b) and (c) together with histograms of solid lines generated
by Monte Carlo simulations both for hadronic events and backgrounds from
two-photon processes. It is clear that criteria (4) and (5), which are indicated
by a dotted line in Fig. 5(a), are effective to reject two-photon processes. The
estimated fraction of backgrounds in the remaining events were 0.5% from two-

photon processes and less than 0.1% from 7 pair production. Other backgrounds
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were found to be negligible.

A summary of N, and R from the three experiments are given in Table 3.
The values for 55 and 56 GeV are preliminary. The results at 50 and 52 GeV
have been published [9]. The first and the second errors in R are statistical and

systematic ones, respectively.

Table 3. Number of hadronic events and R.

VENTUS TOPAZ AMY
Nobs
/5 =50 GeV 96 61 87
52 GeV 399 508 478
55 GeV 274 381 364
56 GeV 681 589 727
R
50 GeV 44+05+04(4.084+0531+0.2814.34+045£0.30
52 GeV 4.7+03+0.5(4.40+0.2040.28 {4.23+0.2040.21
55 GeV | 4.24 £ 0.30 £ 0.18 | 4.64 £0.24 + 0.30 | 4.50 3 0.24 + 0.27
56 GeV | 4.9240.2240.21 ] 4.994+0.22£0.31 | 5.15+£0.19 £ 0.31

The values of R are plotted in Fig. 6 together with previous experiments
at PETRA [4,10,11]. A clear increase of R due to the Z° effect is seen at the
TRISTAN energy. The results are in good agreement with the prediction by
the standard model with five quark flavors. The dashed lines in the figure show
the level of the top and b’ quark production. It is clear that full opening of
the top quark is excluded at 95% confidence level. Production of the b’ quark,
however, cannot be excluded at the present level of statistics. A fit of R was
applied within a framework of the standard model to the VENUS data to ob-
tain sin®@w. The result is that sin?fw is 0.22 £ 0.03 and the corresponding Z°
mass is 93.0 £ 5.0 GeV/c? which are consistent with the world average values
{6]. The fitted value of R is shown by a solid line in Fig. 6.

3.2 Shape Analysis

Production of a new heavy quark would be studied by a difference of mo-
mentum distribution of the final state particles. The low velocity of the heavy
quark would produce more “spherical” events than ones from the light quark

production which have jet-like topologies. Figure 7 shows scatter plots of @)
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vs. (Q3— Q2)/+/3 for hadronic events at /5=56 GeV from VENUS, where Q;’s
are eigenvalues (Q; < Q3 < @3) of the sphericity tensor T,s defined by

P.Pj
Too = 2 Toil Tl

The number of “spherical® events passing through conditions @, > 0.05 and
(Qs — Q2) < 0.4 was 8 (Fig. 7(a)). This number agrees very well with the pre-
dicted value of 7.9 + 2.9 from the Monte Carlo simulation (LUND5.3) with five
quark favors (Fig. (7b)). Subtracting the predicted number from the data, the
upper limit on the production cross section of the top quark with mass M, of
27.5 GeV/c? was obtained to be 4.9pb at 95% confidence level. Figure 8 shows
aplanarity (= 20;) distribution at V3=55 GeV from TOPAZ in which data
points (rectangles with error bars) are compared with histograms from a Monte
Carlo estimation with five flavors (solid line) and six flavors (M,,, = 26GeV/c?,
dashed line). The number of “spherical” events with aplanarity greater than 0.1
was 5+ 2.2(stat.) £2.2(syst.). Comparing this number with 3.9 (5 flavors) and
17.0 (6 flavors) from the Monte Carlo estimation, the observed event number is
in good agreement with the expected number from 5 flavor Monte Carlo. The
lower limits on the top quark mass was calculated to be 27.1 GeV/c? at 95%
confidence level. The AMY group examined the thrust distribution at /5=56
GeV as shown in Fig. 9. By comparing the number of “spherical” events with
low thrust (T < 0.7) between data (dots with error bars) and the Monte Carlo
estimation with (solid line) and without (dashed line) the top quark, they set a
lower mass limit for the top quark as 27.3GeV/c? at 95% confidence level. They
also made similar analysis for the b’ quark and set the lower mass limit to be
25 GeV/c? at 95% confidence level.

3.3 Inclusive leptons

Signals of heavy quark production could be observed as a form of isolated
leptons from jets. In addition to this, a recent MARK-J result {11] indicated
some excess with isolated muons in a low thrust region at /5 around 46 GeV,
although it has been controversial comparing with other experiments. It is thus
important to study the inclusive lepton events at higher energy region to cor‘xﬁrm
the existence of the possible new signals. VENUS, TOPAZ and AMY examined

hadronic events with electrons and muons at /s=50 to 56 GeV. Identification
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of muons were done from the matching of hit positions of the muon chambers
with extrapolated tracks from the central tracking device. Major backgrounds
from the decay and punch-through of pions and kaons were estimated by gener-
ating hadron tracks having consistent momentum spectrum with real data and
using a detector simulation program. Electrons were identified by using the
information of the barrel calorimeter and the central tracking chamber. The
ratio of the cluster energy in the calorimeter to the momentum of the associated
charged track was required to be around unity. TOPAZ also used the dE/dx
information from the TPC to reject pions form electron samples. Figures 10(a)
and (b) show results from AMY for inclusive muon events. In Fig. 10(a) the
thrust distribution of inclusive muon events (dots with bar) at /s =56 GeV is
shown together with histograms by a Monte Carlo estimation with and without
the top quark. It is clear that the observed thrust distribution agrees well with
predictions without the top quark and it was concluded that M, is greater
than 27.7 GeV/c®. Figure 10(b) is the scatter plot of |cosé| (§ is the angle
between the lepton track and the thrust axis) vs. thrust (T) for 121 inclusive
muon events from 14 pb~! data. There remained no events in the area with
lcosé| < 0.7 and T < 0.8 which are the same conditions applied by MARK-J.
Results for inclusive electrons from TOPAZ are shown in Figs. 11(a),(b) and
(c). Again, the data is consistent with results from five flavor Monte Carlo.
The thrust distribution and its correlation with |cos§| were also examined by
VENUS [12] for both electron and muon inclusive events at /s between 50 and
55 GeV. They also confirmed that the data is consistent with five quark flavors.
For events with [cosé| < 0.7 and T < 0.8, the observed number of events are
presented in Table 4 together with those from PETRA experiments {13].

Table 4. No. of observed events with T<0.8 and |cosé| < 0.7.

AMY | TOPAZ | VENUS | MARK-J | JADE { CELLO
Vs(GeV) | 50-56 52-53 50-55 46.3-8 | 46.3-8 46.3-8
J L(pb~) | 113 6.5 6.0 2.8 1.8 2.1
ee — pX
observed 0 0 1 7 5 1
expected 24108403 <1l4 0.8 0.7 0.65
ee — eX
observed 2 0 1 — 0 0
expected 1.9 [05+£0.9 <13 - 0.7 0.5

COSé

Figure 10. a) Thrust distribution and b) |cos§| versus thrust for ee — uX
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In conclusion, we can say that for both electron and muon inclusive events
the thrust distribution was well reproduced by the Monte Carlo with five quark

favors and no excess was found in the low |cos6} and low thrust region.
4 Search for New Particles

4.1 Sequential heavy lepton

The number of observed generations of quarks and leptons is at present
three, though the top quark has not been found yet. It is very important to
find a sequential charged heavy lepton (L*) because it is a direct evidence of
the next generation. Previous analysis [14) from TRISTAN extended the lower
limit on the mass of charged heavy leptons Mp up to 25.5 GeV/c* (at 95%
confidence level) under the assumption of the mass of the associated neutrino
(v1) to be zero. The present search was made by taking account of the finite
mass of the neutrino. The VENUS group analyzed 5.3pb~! data taken at /5 of
56 GeV considering the following two possible cases [15]:

Case (1) L* decaying into a weak doublet and v(Pr) with finite mass in

which vy, has long life time and does not decay within the detector volume,

Case (2) L* being stable, and v, heavier than L and not mixing with other

neutrinos.

In case (1) an examination was done for pair-produced heavy leptons both of
which decaying into multihadrons plus an associated neutrino, in other words,
an acoplanar two-jets event with large missing energy. Event selection was done
to remove 7 pair production, beam-gas and beam pipe interactions. Figure 12(a)
shows E.;,/ Ebeam distribution of 686 events passing through the selection criteria
of Npack > 5, Esarrel > 3GeV, and jcosfr| < 0.7 (61 is the polar angle of the
thrust axis). Backgrounds from two-photon and multihadronic events were
estimated by a Monte Carlo simulation and results are shown by histograms in
Fig. 12(a). Figure 12(b) shows the E,.,/ Epcam distribution which was estimated
by a Monte Carlo for pair produced heavy leptons with the mass of 27 GeV/c?
assuming the associated neutrino mass of 0, 10 and 15 GeV/c?. From this
study, they set a condition of 0.3 < Eyis/Een < 0.8 to select the possible



candidates of heavy lepton production. The condition is indicated by arrows in
Fig. 12. There remained 150 events and they were examined by looking at an
acoplanarity angle distribution which was defined by
€088ac0p = _(mxz) (ma x2) Z)’
In; x z| - |{n; x 2|

where n, and n; are the unit vectors of the momentum sum of two jets given by
the thrust axis and z is the unit vector parallel to the direction of the electron
beam. Figure 13 shows the acoplanarity angle distribution. The histograms
represent expected yields from heavy lepton production of M = 21GeV/c?
with the associated neutrino mass of zero (dotted line) and 15 GeV/c? (dashed
line) and from conventional multihadron events (solid line). The number of
simulated events were normalized to the integrated luminosity of 5.3pb~!. They
took the events with 6., greater than 40 degrees as the L* production can-
didates and there remained no events in the data. This is consistent with the
expected number of 0.740.4 from multihadron events. The systematic error of
the acceptance calculation was 13 to 21% depending not only on the value of My,
or m,, but also on the uncertainties from the fragmentation model, radiative
correction [8], decay branching ratio, cuts for the event selection, statistics in
the Monte Carlo simulation and luminosity measurement. The 95% confidence
level upper limit for observed zero events was compared with the numbers of the
expected L* production events with the systematic error taken into account.
The obtained limits on My, and m,, are presented in Fig. 14 together with pre-
vious results from PEP, PETRA [16] and UA1 experiments (at 90% confidence
level) [17).

In case (2) the search was made for collinear two track events using a time-

of-flight (TOF) information. Selection criteria were as follows:

1) each track had a momentum greater than 1 GeV/c,
2) the acollinearity angle 8,.. of the two tracks satisfied cosflacor > 0.98,
3) time difference of the two tracks was less than 5.0 nsec,

4) the energy calculated from the momentum and velocity (E=pc/8) ex-
ceeded 5 GeV for at least one of the two tracks,

5) difference between the z-position measured by the TOF counter and the

central tracking chamber was less than 18 em.
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Figure 12. E,;,/E.,, from VENUS: a)Selected 686 events (dots with error bar)
and backgrounds estimated by a Monte Carlo from multihadronic events
(solid line) and two-photon processes (dashed line). The backgrounds are
normalized to the integrated luminosity of 5.3pb~!. b) Monte Carlo esti-
mation of heavy lepton production with M = 27GeV/c* and m,, = 0,
10 and 15 GeV/J.
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Figure 14. Limits on M, at 95% confidence level as a function of the associ-
ated neutrino mass. Shaded area shows excluded region by VENUS.
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There remained 1520 events from the selection. The searched region was 1.5 <
/lj < 6.0 where no events remained. A particle with 713- > 6.0 could not be
detected because of its short range. This fact corresponds to a mass of 27.6
GeV/c?. The mass range from 18.4 to 27.6 GeV/c? was thus excluded for spin
1/2 stable charged leptons at 95% confidence level.

The AMY group searched for pair-produced heavy lepton events [18] in
which one of the heavy leptons decays leptonically and the other one decays
hadronically (lepton-hadron mode) as well as those in which both heavy leptons
decay hadronically (hadron-hadron mode). The analysis was made on 6.0pb~"
data sample taken at \/s=56 GeV. In lepton-hadron mode, the requirements

were as follows:

1) within a 20° cone (half angle) around the lepton (e or p) there was no
energy deposit greater than 2 GeV,

2) the effective mass of hadrons was less than /s/2,

3) thrust T and the transverse momentum imbalance P; divided by the visible
energy satisfled

T <09, PJE,,>02 and P/E,, > (2T —13).

The requirement 2) eliminated most of the multihadronic events and 3) elim-
inated hadronic events with a large amount of energy lost into the beam pipe
or carried away by neutral hadrons, two-photon events in which one of the
electrons had wide angle to be detected and 7 pair production whose thrust
value was close to unity. The scatter plot of P,/FE,;, vs. thrust is shown in
Fig. 15. There remained no events. A 95% confidence level lower limit on My,
is 27.3 GeV/c? for massless vy, in this mode. Considering both hadron-hadron
and lepton-hadron modes, they concluded that M should be greater than 27.6
GeV/c? for massless vy. For a finite mass of vy, the excluded region (at 95%
confidence level) of My, and m,, is presented in Fig. 16. In the figure the results
from the hadron-hadron mode and from stable charged leptons are also shown

together with those from other experiments [16,17].
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4.2 Excited Leptons
One of the signatures from possible sub-structure of leptons [19] is the exis-
tence of excited leptons. They would be expected to be found in ete” colliding
beam experiments. The VENUS group searched for excited electrons (e*) with
the assumption that e* is of spin 1/2 and couples to ey with the effective la-
grangian given by [20]
Ae —

ngj = 'Q—H‘:I/)eadw,'(l)ep‘w + hc,

where ) is a dimensionless parameter for the relative coupling strength to the

electromagnetic coupling. The pair production process, ete™ — e

e*e~ v, and single production process, ete~ — e"e — ey(e) were searched.
For pair production, the 5.3pb~! data sample taken at /5=56 GeV was

analyzed. The selection criteria were:

1) there were four clusters in the barrel calorimeter with an energy greater

than 5 GeV,

2) there were two tracks with momenta greater than 2 GeV/c and pointing

to the energy clusters,
3) there was no other track reconstructed,

4) the opening angle »f any pair out of the four particles was greater than

15°,
5) the polar angle of all the particles satisfied |cosf] < 0.743.

After the selection no events remained. The number of events for given mass of
e* was calculated by the cross section formula for spin-1/2 fermion production
via single photon annihilation expressed by,

d ? .

I[?l_ - Z—sﬁ {1 +cos?@+ (1 — ﬂz)smzﬂ} R
where B is the velocity of e* and is given by 8 = /1 - (4M2%/s). The pair
production by t-channel process was neglected because of the small coupling
strength of X. The effects of the form factor and the small contribution from
the Z°-exchange process (less than 4%) were also neglected. The results are
presented in Fig. 17 in which the hatched area shows the ambiguity of +10%



coming from systematic errors in event selection, geometrical cuts, radiative
correction and luminosity measurements. The lower limit on the mass of " is
27.9 GeV/c? at 95% confidence level.

For single production, the quasi-real Compton scattering is the dominant
contribution [21,22] in which a quasi-real photon radiated from a beam particle
is scattered by another particle. The initial particle which radiated the quasi-
real photon is not observed in most cases at large angles. In this process, €”
with mass up to /3 can be produced. The analysis was made on data at NG
from 50 to 56 GeV whose luminosity amounted to 11.4pb~!. To select event
samples that an electron and a photon were observed and the other electron

was not observed at a large angle, the following conditions were required:

1) there were two clusters in the barrel calorimeter with energy greater than
10 GeV,

2) there was one and the only one track with transverse momentum greater

than 2 GeV/c and pointing to the clusters,
3) the track and the cluster were in a polar angle region of |cosf| < 0.743,

4) the acollinearity angle between the electron and the photon was greater
than 3°,

5) the acoplanarity angle 8.0, (the acollinearity angle viewed from the beam

axis) was less than 3°.

There remained 109 events. The effective mass of ey is plotted in Fig. 18
together with a histogram of QED expectation calculated with the Weizsacker-
Williams approximation and the Compton scattering cross section [22]. The
distribution and total number of 110+ 9 (systematic) expected from QED show
good agreement with the data. The upper limit on ) was obtained from the
expected number of single e* production which was calculated from the cross
section formula (19,21},

do _ 2ra?)? (24 (s — ML) + mZZM:.
dt —  MZis? t <)
where a small contribution from s-channel process was neglected. Comparing

with the QED expectation, the upper limit at 95% confidence level on A for
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M, between 23 and 54 GeV/c? was obtained. The systematic error (18% in
average) was taken into account to give conservative results for the upper limit.
For M.. greater than 54 GeV/c?, the limit on A wes derived from A = M2 /A2,
where A, was the lower limit on the cut-off parameter for ete™ — vy and was
80 GeV from VENUS analysis. As indicated in Fig. 19, the present result sig-
nificantly extended the previous limits from CELLO [23] and DELCO [24].

The AMY group searched for excited muons u* as well as excited electrons
from ptp~y and ptp~yy event samples in which all the particles in the final
state were observed in the central tracking chamber (|cos8| < 0.87) for charged
particles and the barrel calorimeter (|cos8] < 0.73) for shower clusters. The
analysis was based on the 14pb~! data samples taken at /s from 50 to 56 GeV.
The effective mass of the muon and photon are plotted in Fig. 20 for pair pro-
duction together with those of the electron and photon. Two combinations
are entered for each event. There are no events in the diagonal region where
pair-produced p* or e events would appear. The lower limit on M, and M,
of 27.8 GeV/c? was obtained. For single production of u”, the estimated QED
backgrounds were subtracted from the data in the pvy effective mass distribu-
tion. The remainder was compared with the expected number of p* which was
caleulated from the cross section of the s-channel process [19,21],

ég _ 2rali? (MZ.(S - M:) + 2tu)
dt " MZLs? ’

and a 95% confidence level upper limit on X was extracted. The limit on M,.
was 55.5 GeV/c?. From this and the study of the pair production of n*, the up-
per limits at 95% confidence level on A for pvy coupling are presented in Fig. 21.

$

4.3 Magnetic Monopoles

The SHIP (Search for Highly Ionizing Particles) experiment has searched
for magnetic monopoles with magnetic charge in units of gp = 5= ~ 68.5¢ which
would explain the quantization of electric charge [25]. The detector [26] con-
sists of two types of etchable track-recording solids, CR-39 plastic {27] and UG-5
glass [28). They are characterized by high ionization thresholds and are com-
pletely insensitive to relativistic singly charged particles. A stack of UG-5 was
installed inside the 1.5 mm thick aluminum vacuum beam pipe and at 7 cm
below the interaction point to search for particles with short range and very

high ionization. Outside the area of the beam pipe was covered by stacks of
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the more sensitive CR-39. Table 5 represenis the integraied luminosity, the ge-
ometric acceptance and the cut-off mass M,. The cut-off mass M, was defined
as a mass where the detector efficiency becomes half the geometric acceptance

for magnetic monopoles with charge ngp.

Table 5. Integrated luminosity, geometric acceptance,and cut-off masses.

Run(+/s) | [ Ldt AQ/4r, My, My(GeV/c?)
(GeV) | (pb71) CR-39(A) CR-3%(B) UG-5
I(50) | 0.8 |0.40" 232 12.1)0.40~ 220 5.6 |005 -~ 21.0
11(52) 4.0 0.40* 241 13.2{040" 233 73 1005 — 220
IT1(55) 4.0 043" 257 151043 249 99 —
VI(56) 7.5 0.43* 263 15.7)043 254 106 —

* Solid angle overlapping UG-5 has been subtracted.

The detectors from all exposures have been etched and scanned and the search
was made for pairs of collinear tracks produced by penetrating particles. The
null result from runs I and II has already been published {26]. In runs Il and IV,
there were no tracks satisfying the scanning criteria. The ratio Rp was defined
as the upper limit on the production cross section o4, of magnetic monopoles
at 95% confidence level divided by that of the muon pair normalized by their
charge,

- Uhm(m)
T o> 2m)('qf“)2 ’

Figure 22 shows limits on Rp for magnetic monopoles with charge gp and 2¢p

Rp

together with limits from other accelerator searches [29] and from cosmic rays
[30]. The present search is classified as "direct” since no assumption have been
made about the properties of monopoles except for the magnitude and magnetic
nature of the charge. The present experiment has established the upper limits
on the production cross section of Dirac magnetic monopoles with masses up
to 26.3 GeV/c? for charge gp and up to 22.0 GeV/c? for charge 2¢p.

5 Tests of QED
The study of the ete™ —» ete”™ and ete™ -» v processes at TRISTAN is
of great importance for a direct and clean check of the validity of QED with
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the highest sensitivity at the highest possible e*e™ energy. The measured dif-
ferential cross sections for both processes were compared with QED and the
deviation from QED was simply parameterized by the conventional cut-off pa-
rameters Ay [31].

For ete™ — ete™, the event selection was made by requiring two collinear
tracks with corresponding energy deposits in the barrel calorimeter or two ener-
getic and collinear clusters in the endcap calorimeters. The event selection for
the ete™ — v process was done by requiring two collinear energetic clusters
without associated tracks. The observed numbers of events for both processes
are summarized in Table 6. Note the excellent operation of the endcap liquid
argon counter enabled VENUS to obtain et

angle region (0.82 < |cosf| < 0.93).

e~ — v events with small polar

Table 6. Number of observed events of ete~ — ete™ and ete™ — 77
by AMY, TOPAZ and VENUS.
AMY TOPAZ VENUS

ete” — ete” (Barrel)

|cos8| < 0.73 <0.8 < 0.74
Vs =50 GeV 264 - 306
52 GeV 1488 1654 1192
55 GeV 1187 1261 646
56 GeV 2042 2621 1861
ete™ — e*e” (Endcap)
cos6| | 0.91 — 0.96 | 0.87 — 0.98 | 0.82 — 0.97
Vs =50 GeV 2592 - -
52 GeV 15059 9880 -
55 GeV 11384 7046 6945
56 GeV 19993 13196 21496
efe™ — yy (Barrel)
/5 =50 GeV 26 - 44 VENUS
52 GeV 188 177 165 endcap
55 GeV 144 136 99 71
56 GeV 272 270 269 199

After the correction of the acceptance, backgrounds and event loss, radiative
corrections from calculation of electroweak processes up to the order of a® were

made [32]. Figure 23 shows the ratio of the measured differential cross section
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of ete™ — et*e” at /5=52, 55 and 56 GeV from TOPAZ to the lowest QED
cross section. Dashed and dot-dashed lines in the figure are cross sections with

finite values of the QED cut-off parameters A and A_ expressed by

do 02[10+4I+212
Q" 4st (L-z)?

where

Py - 22 :)zm)p(s) +(L+2)F(s)),

F@)y=1x EEI%E’ z=cosd and t= —_—3—(12;2—)
A simultaneous fit of this equation to the data gave the lower limits of 183 GeV
for A, and 265 GeV for A_ at 95% confidence level. In Fig. 24 are presented the
differential cross sections for ete™ — v at /5=55 and 56 GeV from VENUS
and the ratio to the lowest order QED prediction. The deviation from QED
was introduced as
ds  of1+2? 52
Froimis Uy v Y =)
The simultaneous fit gave the lower limits on Ay and A_ of 80 GeV and 76
GeV at 95% confidence level, respectively. Table 7 is a summary of the lower
limits on the QED cut-off parameters (at 95% confidence level) from the three

experiments together with those of previous experiments [33].

Table 7. Swnmary of Lower Limits on
QED Cut-off Parameters (A} and A_).
(GeV, at 95% confidence level)

ete” mete™ | efe” — vy

Exper. | Ay Ao | Ay A
AMY 130 330 | 76 77
TOPAZ | 183 265 | 104 74
VENUS | 164 218 | 80 76
CELLO | 83 155 | 85 44
JADE | 267 200 | 61 57
MARKJ { 165 235 72 -
PLUTO | 184 162 | 46 -
TASSO | 435 590 | 61 56
HRS 154 220 | 59 59
MAC — - | 66 67
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As a result no deviation from QED was found in TRISTAN at present. In
spite of the lower statistics than PEP and PETRA, TRISTAN with its higher
center-of-mass energy, has obtained the comparable limits with the previous

experiments.

6 'Tests of Electroweak Theory

From the standard electroweak theory the interference between the electro-
magnetic current and the weak current becomes large in the TRISTAN energy
region and significant forward-backward charge asymmetry is expected in the
e*e~ — ptp~ and e*e” — T+~ processes. So studying these processes is a
powerful check of the standard model.

6.1 ete” — ptyu”

Selection criteria made by VENUS were two collinear tracks (with acollinear-
ity angle less than 10 degrees) with large momenta (greater than half of the beam
energy) and small energy deposit (less than 5 GeV) in the barrel calorimeter
(lcos8] < 0.75). The small time difference of the two tracks (less than 5 nsec)
measured by the TOF counters was also required to reject cosmic ray muons.
The observed numbers of events by the three detectors are summarized in Ta-
ble 8. The lowest order electroweak differential cross section was obtained by
do/d§2 = (No, — Nig)/(Le(1 + §)dQ), which is the number of observed events
(Nos,) subtracted by that of backgrounds (N, ) divided by the integrated lumi-
nosity (L) and corrected by the detection efficiency (¢) and the radiative correc-
tion factor (8) which was calculated by a Monte Carlo program [34]. Typically
(1 + &) was 0.89. Figure 25 shows the differential cross section at /s=54.3
GeV from VENUS for the combined data taken at Vs of 50, 52, 55 and 56
GeV. Clear asymmetry is seen. The asymmetry parameter A,, was obtained
by fitting the following expression for the lowest order differential cross section

to the measured angular distribution by adjusting parameters A, and Ry,
do o*
dQ  d4s
The solid line in Fig. 25 is the prediction by the standard model with the

parameters of the world average [6] and the dashed line is the result of the
fitting. The results were A,, = —0.32£0.07 and R,, = 1.10 + 0.07. In the

R, (1 + cos’6+ gcho.SG).

standard model Ry and Ay(l = p, T) are expressed by

Tee—ll

Ry= 25 = 14 veuiRex + (v + a)(vf + aDlxl?,
ED

3
Ay = §G¢GIX(1 + 2v.v;Rex)/Ru,

where v, = v, = v, = ~1 + 4sin%fy, a. = a, = a, = —1 and x is given in
section 3.1. At /s = 56GeV, A,, = —0.27 and R,, = 1.03 which are in good
agreement with measured values. The values of A,,, R,, and the product of
the axial vector coupling constants a.a, from TRISTAN experiments are sum-
marized in Table 8 and plotted in Fig. 26 together with the previous ones from
PEP and PETRA [35]. The errors indicated are statistical only.

Table 8. Summary of ete~™ — ptp~ (preliminary for 55 and 56 GeV).

VENUS TOPAZ AMY | st.theory
Nobs
Vs = 50 GeV 21 - -
52 GeV 65 58 71
55 GeV 46 38 44
56 GeV 91 35 101
total 223 131 216
[ L(pb7T) 114 11.3 13.3
< /5 >(GeV) 54.3 54.5 54.5
A,, | —032£0.07 | -0.29£0.13 | —0.28 £0.09 ~0.27
R,,| 110£007{ 091+0.10| 1.02+0.09 1.03
aea, | 1.18+0.26| 1124050 1.03+0.32 1.00

6.2 etem —Ttr-

The event selection of this process by the three experiments at TRISTAN
was made to search for T-pairs in the barrel region with a topology of 14+n(1 <
n < 5). The selection criteria of VENUS were as follows:

1) the number of tracks Nyack in the polar angle region of |cosf] < 0.72
satisfied 2 < Niraek < 6.

2) there was a charged track whose isolation angle 8;,, between the track and
< -0.38,

the other charged tracks satisfied c0sis0
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3) the sum of the absolute values of the charged particle momentum was
greater than a quarter of the beam energy (for reduction of the beam-gas
and two-photon events),

4) the visible energy was greater than the beam energy or the magnitude of
the transverse momentum imbalance of the charged particles (=|Zp,]) was
greater than 15% of the beam energy (rejection of two-photon events),

5) the energy deposit in the barrel calorimeter was less than 1.5 times the
beam energy (to reduce Bhabha events),

6) the charged particles were divided into two groups by a normal plane to
the thrust axis. One of the highest momenta was to be less than a half of
the beam energy (for rejection of H-pair events)

)

7) the effective mass of the particles in each group was less than 3 GeV/c?
(rejection of hadronic events),

8) the acoplanarity angle for two-track events was required to be greater
than one degree. Events were rejected if both particles were identified as

electrons (to reject ete~ — 7y and ete” — ete=() events),

9) the production angle defined by the polar angle of the thrust axis satisfied
leosd] < 0.70.

The number of events after the selection is summarized in Table 9 with those
from TOPAZ and AMY. The same analysis procedure as that for 4 pair produc-
tion was made to obtain the lowest order electroweak differential cross section.
Figure 27 shows the angular distribution from VENUS by combining data at the
four energy points. The asymmetry parameter A,, and the cross section ratio
R, from the three groups are listed in Table 9 and are presented in Fig. 28 with
previous experiments at PEP and PETRA (35]. They are in good agreement
with the standard model prediction. As to the axial vector coupling constants,
the ratio of the a,/a, is consistent with unity at the present level of statistics,

We cannot say anything about the deviation from the 4 — 7 universality.

o¥e” —> rty
Vi = 54.3 Cav
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0
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Figure 27. Differntial cross section of ete™ — r¥p~ a4 s -
VENTUS (combined for V5 =50, 52, 55 and 56 GeV).
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Table 9. Summary of e¥e™ — 7+7~ (preliminary for 55 and 56 GeV).

VENUS TOPAZ AMY | st.theory
Nobs
Vs = 50 GeV 8 - -
52 GeV 42 44 64
55 GeV 29 29 36
56 GeV 57 30 74
total 136 103 174
JL(pb™*) 114 11.3 13.3
< /5 >(GeV) 54.3 54.5 54.5
A,, | -020+£0.11 | -0.20+£0.14 | ~0.31 £ 0.11 —0.27
R.. 1.06 £ 0.09 1.17 £ 0.14 1.24 +0.12 1.03
a.a, 0.73 £ 0.40 0.77 £ 0.54 1.11 + 0.41 1.00
a,/a, ] 062+037| 0.69£057| 1.08+0.25 1.00

7 Summary

1) All the TRISTAN experiments have been doing very well and have accu-
mulated total integrated luminosities of 11 to 16pb~? at the center-of-mass
energy between 50 and 56 GeV during the first year of operation.

2) The R-ratio, shape analysis and study of inclusive e/u production pro-
cess in multihadronic events show that the threshold of the top quark is
not opened up to the center-of-mass energy of 56 GeV. No anomalous
enhancement like MARK-J type events is observed.

3) A new limit on the mass of new charged heavy leptons with massive neu-
trino has been obtained. For the mass of new stable charged leptons, the
lower mass limit is 27.6 GeV/c? at 95 % confidence level.

4) No signal of excited electrons and muons has been observed. The lower
limits on M.+ and M,. have been obtained at 95% confidence level. The
upper limits on the coupling strength A of e* and x* have been obtained
for M,. and M, up to 55.5 GeV/c™

5) No candidates of highly ionizing particles have been found. For Dirac

magnetic monopoles, new upper limits have been obtained on the pair-
production cross section up to the mass of 26.3 and 22.0 GeV/c? for mag-
netic charge gp and 2¢p.
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6) No deviation from QED has been observed in the differential cross sections

of e*e™ —+ ete” and ete™ —» g processes.

7) The measured cross section and the forward-backward charge asymmetries
for ete™ — p*p~ and ete” — 7717 processes are in good agreement with
the standard electroweak theory.

TRISTAN is now operating at /s=57 GeV. After the installation of 16 units
of superconducting cavities in one of the RF sections of the main ring, the next
physics experiments will start in November at /5=62 GeV. The center-of-mass
energy will be further increased to 66 GeV by installing another 16 units of
superconducting cavities in 1989. In addition, each colliding section will
be equipped with a set of superconducting quadrupales for mini-# operation to
get twice the present luminosity. As for the detectors, several improvements
are proposed. Some of them are: vertex chambers (VENUS, TOPAZ) for direct
detection of short lived particles, a transition radiation detector (VENUS) and
an X-ray chamber (AMY) to increase electron identification capability and a
set of calorimeters for better hermeticity (TOPAZ, AMY).

In conclusion, tests of the standard model and new particle searches are be-
ing done at the highest e*e~ energy at TRISTAN. At present new phenomena
have not been observed. However, with future increases in energy and luminos-
ity together with upgrades in the detector systems, we may find new signals if
they exist.
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INTRODUCTION

As Haim Harari! pointed out in his lectures last week, we are closing in on
the parameters of the standard model. Except for the measurement of the top
quark mass the crucial information will come from B decays. In addition, Harari
emphasized that the bottom quark is a key to physics beyond the standard

model.

The main goals in the study of B-meson decays are (1) measuring the re-
maining elements of the Kobayashi-Maskawa matrix, (2) understanding the na-
ture of CP violation, and (3) searching with great sensitivity for various rare
decays. Recent experimental results? suggest that €'/ is consistent with the
three-generation K-M model for CP violation. Measurements of B; mixing re-
ported at this conference? confirm that x4 = 0.7, which is almost ideal for large
CP-violating asymmetries. The consistent picture that is taking shape gives us
a clear goal for the next generation of B physics experiments-—to be able to

decisively test this model of CP violation.

For these reasons, it is a propitious time to look at the long-range prospects
for B decay experiments. This was a major focus of the Weak Decays group at
Snowmass ’88. Three subgroups worked in this area, and I will be reporting on
their results and conclusions. Roberto Peccei led a group studying the theory
and phenomenology. Dave Cassel, Gary Feldman, and Bob Siemann led a com-
bined group on B-physics at eTe™ colliders, including both experimental issues
and accelerator designs. Michael Schmidt led a group looking at B physics at
hadron machines. This summary will draw heavily on the summary talks given
at Snowmass. The subgroup reports will appear in the Snowmass proceedings,

and will contain more detail than I am able to supply here.
PARAMETERS OF THE STANDARD MODEL
The Kobayashi-Maskawa (KM) matrix describes the weak coupling between
the quarks:
Vud Vus Vub
V={Vy Vo V-
Vie Vis Vi

There are many simplifying notations available, but I will use the one used by
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Peccei, but with the normal sign for the phase of V,:

1- /\2/2 A Ap)3eib
V= -2 1=z A
AN (1 —petf)  —AN? 1

In this parameterization, unitarity is built in and for the off-diagonal terms,
only the leading term is kept. The well-measured parameters are A = sin 8, and
A=V, V2. Theratio V,/V) is pe~¥. The CP-violating phases are nonzero
for Vi and Vig: Vi = IVy3le™™ and Vg = [Vigle .

The unitarity of the K-M matrix applied to the first and third columns lead
to the equation

VJI;Vud + VC?;Vcd + Vj})th =0.

By setting the diagonal terms to 1, and using V4 = —A, we get

Vi + Vig = AV

u

This can be demonstrated graphically with the triangle in Fig. 1(a). By dividing
out the length of the base of the triangle, we get Fig. 1(b), which explicitly
demonstrates the relationship between the two CP-violating phases. Accurate
measurements of the lengths of all three sides could show that the triangle does
not close and the three-generation model does not work, or that all amplitudes
are real and the K~M model of CP violation is wrong. In practice, we assume

the three-generation model to predict the size of CP-violating effects.

EXPERIMENTAL DETERMINATION OF PARAMETERS

The parameter which is best determined is A = sin§, = 0.221 + 0.002,% as
measured in strange particle decays. The next parameter is A = Vcb/Vu?5 =
1.0 + 0.2.% This is determined by the measurements of the B lifetime and the
semileptonic branching ratio. The limiting errors are due to the theoretical un-

certainties in choosing m; and in accounting for the effects of exclusive channels.

The measurement of |V,3/V,| is the most important immediate goal of ex-
periments studying B decays. The ratio can be measured by fitting the lepton
energy spectrum from semileptonic B decays. The most conservative limit from
this technique is [Vy;/V,| < 0.20.7 A recent CLEO limit® using the exclusive

decay mode B — mev is [V,3/V,4| < 0.17. Because of the inconsistency between




Fig. 1(a). The triangle relation in the complex plane for elements of the
K-~M matrix. (b) The same triangle, scaled to unit length for the base.
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results on the decay modes pp# and ppxn,”? it is impossible to put a lower bound

on the ratio. The parameter p = |V,;|/A|V,4| is less than 0.8.

The final parameter in the K-M matrix is the phase §, for which we have no
direct measurement. The observation of CP-violation implies siné # 0. The CP
parameter |¢| is proportional to By psiné [1+ $A%(1 — pcos6)(m;/50 GeV)?],
where m; is the mass of the top quark and By is the B parameter for kaon
decays. Since we know 1/3 < Bg < 1 and mt > 40 GeV, we can indirectly limit
§ to be in the range 0.5-3 radians.

For predicting the level of CP violation it is important to improve our knowl-
edge of my and xq. The lower limit on my is 40 GeV from UA1.}0 An upper
limit can be inferred from the parameters My, M; and 8y, and is around 180
GeV.31! The mixing parameter in B, decays is defined as xy = Amgy/Ty. To
i6l2,

a good approximation, x4 o< mZ [1 — pe and is therefore very dependent on
d t

m;. The average measurement is now x4 = 0.73 + 0.18.3

All of these experimental results can be summarized in Fig. 2(a), which
shows the allowed regions of the parameters, p and 6. This allows the full range
of uncertainty: 40 GeV < m; < 180 GeV, 1/3 < By < 1, and 100 MeV <
Bg/QfB < 200 MeV.!! The two measurements which can restrict this range are
my and x;. Figure 2(a) shows the ranges allowed for various values of xs. For
these values of x;, it is not enough to measure the integrated number of mixed
events, which will be very close to 50%. The time dependence must be measured

to determine x;.

Figure 2(b) shows the restriction on the allowed range for two values of top
quark mass. Either an observation of the top quark or an improved lower limit
will significantly restrict the allowed parameter space. The present runs of CDF

and UA2 will be able to do one of these two in the present run.

To go back to the triangle of Fig. 1, the length of the side [V, | is determined
by the decay b — uev, and knowledge of x, fixes {V4|. The length of the base
is determined by rg and the Cabibbo angle. As Harari pointed out, for small p,

- & does not have much effect. For large p, § cannot be small, or else x3 would be

too small.




0 /2 T

(b)

0 !
0 /2 T

3]

Fig. 2. (a) Allowed region for the two parameters characterizing vub, p
and 6. The restricted regions allowed for two values of x¢ are shown. (b) The
allowed regions for two values of M;. These are adapted from reference 11.
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CP VIOLATION

The CP violating asymmetries always have the form
T = T o [Vusl{Vip] Im (Vi) o« A2A8psin 6.

In K decay the rates are proportional to A2A4p sin 6 ~ 10~3; which agrees with
the measured value of |¢|. The case in B decay is quite different. Then the
decay rates for the dominant modes are proportional to A?A? and asymmetries
are around Apsiné ~ .02. In addition, one can study asymmetries in K-
M suppressed modes involving b — u transitions, for example, for which the
asymmetry can be around sin§. The price of such a large asymmetry is a small
branching ratio, however.

Table 1. Estimates of branching ratios and asymmetries

for CP violation studies in B decays

Class Modes ! Branching Asymmetryj
Ratio ;
1. Charge Asymmetry in ByBy — £EeF + X 0.001 1073
Same Sign Dileptons BB, — et + X 0.002 104
11, Mixing with Decay™ B — ¥K, 5x 10°% 00503 |
to a CP Eigenstate B - yK.X io2xi07? 0.05 - 0.3
B — DDK, 5% 1073 0.05 - 0.3
B ate~ 5x107° 0.05 - 0.5
B — D*+*D-, D*D~, D'D* 3x 1070 0.05 - 0.3
1II. Mixing with Decay* By — Dtr— 6 x 1073 0.001
to a CP Non-Eigenstate By — DUK, 6x 107 0.01
B, — D¥K- 3 %1071 057
IV. Cascade Decays to the B~ - DUK~ +X 1072 017
Same Final State DY = K+ Y
V. Interference of Spectator B~ — DD 3 x 1073 0.01
and Annihilation Graphs
VI. Interference of Spectator B- - K~p0 ~107° 0.1
and Penguin Graphs By K-nt ~ 1075 0.1

* The asymmetry is integrated over the entire time evolution, and is equal to a x/(1 + x*). Thus the

parameter a is about twice the listed asymmetry for the B,

Table 1 shows the estimates of asymmetries made at the Berkeley SSC study
in 1987.12 There were seven classes of CP-violating asymmetries that were stud-
ied, The first of these is the charge asymmetry in dilepton events. Although this
mode is the easiest experimentally, and is the one in which mixing is measured,
the asymmetry is probably unobservably small. Class VI, interference of specta-
tor and penguin graphs, may have a large asymmetry of 10%, but the size of the

penguin graph is not yet known. These modes have the experimental advantage




that they are often self-tagging, with no need to observe the other B decay in
the event. There is the theoretical disadvantage that effects of hadronization
are important in extracting the K-M parameters, even if the asymmetry was

measured.,

Most of the work at Snowmass was focused on class II, mixing with decay

to a CP eigenstate. A CP-violating asymmetry requires two amplitudes to

interfere. In this case the interference is between the unmixed B; and mixed

B, states decaying to the same CP eigenstate. Because the mixing is so large, b '\f\ﬂf\f‘ d
the amplitudes are comparable and the asymmetry is large. The asymmetry

depends only on K-M matrix parameters, so the theoretical interpretation is (O) 1
straightforward. a AN B

Two modes which illustrate the available information are By — ¥K; and

By — nta~. The mixing diagram, shown in Fig. 3(a), involves two vertices

with factor V;y. The YK, decay diagram in Fig. 3(b) involves only V,; and V¢, S
and introduces no additional phases. Thus the asymmetry parameter & = sin 2¢. (_:
The diagram for By — a7, shown in Fig. 3(c) includes an extra factor of

V. and has asymmetry parameter a = sin2{¢ + ). The time dependence of b C
the decays will be (b)

Q.
al

T(B° — ) = e T![1 + asin(Amt)]
I‘(@ —f) = e_rt[l — asin{Amt)],
where the o parameters are given above. d

Measurements of the asymmetries in these two modes would specify the

shape of the triangle. This shape can be determined independently by measuring

cl

the three sides, although theoretical and experimental uncertainties are still

large. The asymmetry parameter for the ¥K; mode is restricted to be positive,

but the parameter for the 777~ is completely unlimited. Knowledge of these (C)
two asymmetries will provide a detailed test of the three-generation model of o —
CP violation. d d

STATUS OF B DECAY STUDIES

Fig. 3. The quark diagram for (a) By — By mixing, (b} By — 9Ks and (c)
It is useful to recall the experimental status of B decays, reviewed by Karl By — atn~.

Berkelman in his lectures at this conference.? ARGUS collected about 0.9 - 10°
BB events, and CLEO collected 2.5 -10% in its 1987 run. The goal of CESR. and
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CLEO 11 is to raise this number to 10° in the near future and 107 by 1994 or so.
In the modes which have large branching ratios and are relatively easy to see,
such as D*t7~ and D**xtxr~xt, CLEO saw 10’s of events. This corresponds
to efficiencies of about 30% for the low multiplicity modes, not including D
branching ratios, and efficiencies of about 3% for high multiplicity modes in

which more cuts are required.

In the benchmark mode B — Kj, the branching ratio is .03% based on
two events. This is consistent with the ratio of .08% for B~ — K™, which
comes from a sample of 20 events. To be able to do a definitive CP-violation
experiment on the ¥K; mode, one would need about 3000 events with the time
dependence measured and tagging of the opposite sign B. With no improvements
in efficiencies, this would take almost 10% BB events, but produced not at rest.

This comparison gives some feeling for how far we need to go.

There is one existing proposal for a storage ring to improve on existing
machines in the 10 GeV region. The PSI proposal is based on two rings, each
carrying 0.5 A of current at full luminosity. With parameters AQ = 0.04,
B* = 2 cm, and 1 MW of R.F. power, the luminosity is designed to be about
1.2-10% ¢cm~25~! at 5 GeV per beam. The detector design in this proposal
is a prototype of the next generation for such detectors. It includes a ring
imaging Cherenkov counter (RICH) with liquid radiator to provide improved
particle identification. In addition, there is a silicon vertex detector (SVD)
which includes strips in both the z and r—¢ directions. The beam pipe has a
radius of 1.5 cm, which is crucial to the performance of the vertex detector. The
vertex detector will be used to separate the tracks from the D decay vertices
and improve background suppression for many modes. If the radius of the first
silicon planes is significantly increased, the resolution is degraded by multiple

scattering.

The existing experiments designed to study B physics, both at the T{4s)
and at higher energy, will have a great deal of physics to do in the coming years.

A partial list of important topics are:
1) lifetimes of the B*, By, and Bs.
2) measurement of B® — nT¢ v, and BY — nFx™ (Vy,).

3) measurement of x, (mixing parameter for Bg).
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4) measurement of B — 7.
5) measurement of £¥£t /€€ ratio.
6) measurement of By —» K™ n%/By — K+r~.

All of these will sharpen our picture of B decays along with the measurement
of the top quark mass. The last two would be early searches for anomalous
CP violation. Clearly there is new, important physics at each new order of
magnitude. Finally, the goal will be to look for CP violation at the level it is

expected in the standard model.

MEASURING CP VIOLATION IN B DECAYS AT ete” MACHINES

The strategy of studying CP violation depends on the decay time information
that is available. In this discussion, I will assume that we are looking at CP
violation in CP eigenstate modes such as $K; and n1tr~. There are three

situations, each with its own time dependence.

1) T(4s) — BYBJ. Most of our information on B physics comes from ete™
machines operating at the Y(4s). Since the relative angular momentum (L) of
the two B mesons is odd, they will always be a particle-antiparticle pair at the
time of the first decay. Although there is mixing, the mixing is coherent to
maintain this condition. Assume that one B decays into X¢tv at time t, and
the other into a hadronic final state at time {. Then the two-dimensional time
dependence will be

e'F(HD[l + a sinxT(t — £)]
where x is the mixing parameter. If the decay time is not measured, the asym-

metry integrates to 0. The only relevant time for the asymmetry is t — £, the

difference in proper decay times.

2) Y(4s+) -» BB*. This is the case of running above the threshold for BB*
production. If the BB* mode dominates then the two B mesonsareina L = +1
state, and Bose symmetry has an opposite effect. Using the same notation as

above, the time dependence is
c—F(HD[l + a sinxI'(t + ).

In this case the CP asymmetry integrates to a nonzero value even with no time

measurement,




3) Incoherent BBO. This is the case that pertains for production at the 20, in
the continuum, or at hadron machines. It assumes an incoherent sum of L = 41

and L = —1 states, giving a time dependence
e_r(t+0[1 + a cos(xT't) sin (XTE)].

In addition, the B is a mix of B*, By, Bs and A,. The distribution in £, the time
of the decay to the CP eigenstate, exhibits the usual time dependence of the
asymmetry. The asymmetry is simply diluted by the average value of cos(xI't),

where t is the decay time of the semileptonic (tagging) mode.

To compare the luminosity required to study CP violation at various ma-
chines, the group at Snowmass looked at six cases of B production at ete”
machines. The main advantages and disadvantages are listed here:

Case 0: Symmetric Y(4s)

Case 0 is the special case of the T(4s) at rest. The advantages are well known,
and have led to the great success in studying B decay physics at CESR and
DORIS. The beam-energy constraint improves the mass resolution and thereby
reduces the background for exclusive decay modes, as long as it is used carefully.
There is a factor of three increase in the B cross section at the Y(4s). The total
final state is BO§6, with no additional particles, which is useful for completely
reconstructed final states. Finally, if one observes a neutral B, the other side

must be neutral as well.

The disadvantage for the symmetric T(4s) is a large one, however. Because
the B’s are almost at rest, the time development cannot be measured. For
CP-conserving B physics this is a hindrance, because it is impossible to reduce
combinatoric backgrounds by using vertex information. For the study of CP
violation, this is a catastrophic problem. I pointed out above, the asymmetry
integrates to 0 with no time information. It is still possible to look for CP
violation in dileptons, but the asymmetry should be small. It is also a good
place to study CP violation in decays such as B~ — K~p0, which have no
mixing and therefore no time dependence in the asymmetry. Because of the
uncertainty in calculating penguin diagrams, however, the branching ratios and

asymmetries are difficult to calculate.

=247~

Case 1: Asymmetric T(4s)

It is an attractive possibility to combine the advantages of the Y(4s) with
the ability to measure time development with good resolution. This can be done
using an asymmetric collider operating at the resonance. The monochromatic
B’s then travel down the beam line, a distance of 0.4 mm or so, which can be
resolved by a SVD. This information can be used to separate decay products
and reduce backgrounds. It also affords a measurement of ¢t — Z, the difference

in decay times, which is the proper time variable for mixing studies.

Possibly the main disadvantage of this approach is the difficulty of building
the detector. There are two new and crucial design criteria. Because of the small
transverse momenta of the charged particles, the beam pipe must be very small
(~ 1 cm) to obtain the required position resolution. In addition, the particles
are folded forward, so that good measurements must be made to very small
angles. An additional difficulty lies in the fact that such a machine has not been
built, and the performance is still not known. Designs have been made using
the PETRA and PEP rings, and will be discussed later.

There has been a Monte Carlo study at SLAC!3 to look at the ability to do
the desired physics at an asymmetric collider. The results are quite encouraging,
assuming that the beam pipe can be made with 1 cm radius and the silicon can
be kept thin. Figure 4 shows a drawing of the detector design for an asymmetric
B-factory that resulted from the Snowmass study.

Case 2: Symmetric T(4s+)

For this case, the Snowmass group assumed running a symmetric collider
above BB* threshold. The advantage is that the asymmetry survives integrating
over time. The disadvantages are that there is no cross section peak, and that
the asymmetry is reduced in the integration.

Case 3: Continuum

At a center-of-mass energy in the range 20-30 GeV, the B’s have sufficiently
high velocity to allow precise measurement of their decay times. The decay
products of the two B’s are well separated. Since the exact energy is not impor-
tant, there is no need of a narrow spread in beam energy. This is important for
the case of linear colliders. The disadvantages are loss of the beam constraint,

more particles in the event, and, most importantly, small cross section.
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Fig. 4. Detector design for an asymmetric collider.
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Cases 4 and 5: Z9 Factory (unpolarized and polarized)

The large value of R at the ZY peak more than cancels the drop in dimuon
cross section. The bb cross section is 5.3 times as large as at the T(4s), and
no continuum subtraction is necessary. There is a significant advantage for
the use of vertex detectors at the Z. The high pT of the B-mesons means that
the beam pipe can be larger and the vertex detector thicker before resolution
is degraded by multiple scattering. The disadvantage is the high multiplicity
of the event, although this may be completely overcome by three-dimensional

vertex information.

For CP violation studies, it is important to tag the flavor of the B. Usually
this is done by detecting the opposite sign lepton. With polarized 20°s, however,
there is a large asymmetry in the bb decay. This removes the need to detect the
other B.

The Snowmass group calculated the needed integrated luminosity to observe
CP violation for case 1-5. Many assumptions were made about predicted asym-
metries, tagging efficiency, etc. Many of these cancel out when comparing two
techniques, however. Thus it should give a fairly good indication of the rel-
ative strengths of the various machines, if they could be built with the same

luminosity.

The goal is to detect the mode BY - 9K, ¢ — £€¥£~, and tagging the
opposite B by various techniques. The needed luminosity can be calculated

using the formula
~1
/Ldt = o(ete™ — bb)f02Bee (1 - 2w)?d%6%(a).

Here f° is the fraction of b quarks which are bound in B%’s, and B is the branching
ratio, assumed to be 5 - 10% for B — K, and 0.14 for ¢ — £127. The ¢K;
reconstruction efficiency is e, and the tagging efficiency is €;. There are different
techniques assumed for tagging: lepton (£), kaon (K), D-meson (D), or forward-
backward asymmetry (Apg). A wrong fraction of tags w is assumed, and d is
the dilution factor of the asymmetry to take into account such factors as mixing
of the tagging B. The required accuracy on the CP asymmetry parameter is
6(a), which was set to be 1/3 of the expected asymmetry, for a 30 effect. The

assumed value of a is in the range 0.1-0.6.




The results of this comparison are shown in Table 2. There is probably
some amount of overoptimism in the tag efficiency, but it applies to all of the
first four columns. The resulting [ Ldt needed to see such an effect is in the
last column. Symmetric T(4s+) requires a factor of 6 more luminosity, and
continuum running a factor of 40, than the asymmetric case. The 20 factory

requires comparable luminosity, and less if it has high polarization.

Table 2. Comparison of B-Factory Techniques

Case Asym. Sym. Vi = Z 7
T{4s} T{4s+) 16 GeV P=0 P =09
Factor (P =0.45)
bb cross section 1.2 0.3 0.11 6.3 6.3
o (nb)
actiol 0.43 0.34 0.35 0.35 0.35
gf), 5 n of
K5 reconstruction 0.61 0.61 0.61 0.46 0.46
efficiency, e
Tag efficiency, 0.48 0.48 0.30 0.18 061
¢ {& method) (LK) (1,K) (1,DY {1,D) (Agp) ]
Wrong tag 0.08 0.08 0.08 0.08 0.125 !
fraction, w (0.27)
Asymmetry 0.71 0.63 0.52 0.52 0.71
L dilution, d
L dt needed for 30 0.3-12. 22-178. 14, — 490, 0.5 -19. 0.1-—-3.6
effect (1040 cm~?) * (0.3 -9.6)
Relative [L dt 1.0 6.4 40. 1.5 0.3
needed (0.8}

* = the peak luminosity needed in units of 103% cm~%sec™! for 107 seconds of fully efficient

running at peak luminosity.

A number of conclusions are evident from the results of this study. For the
same luminosity, an asymmetric T(4s) and unpolarized 29 factory are about
equally powerful for CP-violation studies in the B system. Polarized 29 do
somewhat better. More luminosity is required if symmetric T(4s+) operation is
used, and substantially more at the continuum. If one wanted to reach the level
of probably seeing CP violation, one would design for a 40 peak at a = 0.2.
Then one needs a luminosity of about 5 - 10%® cm~2, or 10! if the efficiency
estimates are somewhat optimistic. Using a “Snowmass year” of running 107
seconds at peak luminosity, this would take a machine with peak luminosity of
1034 ¢cm~25~! in the most favorable cases. It should be understood that it would
normally take many years of running the new machine to obtain a Snowmass

year.
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I also looked quickly at the self-tagging modes (e.g. class 6 in Table 1). These
are decays such as BY — K¥x~ or B* — K*p0 which reveal the sign of the
parent B, but still have large asymmetries. The expected branching ratios are
about 10~%, and they have not yet been seen. The integrated luminosity needed
for a 30 effect is about 210! em~2, which is roughly comparable to running a
symmetric machine at the T(4s+) to look for B — ¥Ks. If the branching ratios

are larger than the assumed values, we will know soon from CLEO II.
ete” COLLIDERS AS INTENSE B SOURCES

The accelerator physics group working on intense et e~ machines in the 10~
100 GeV region worked with the physics group looking at B physics at these
machines. There were six cases looked at, roughly matched to the cases men-
tioned in the last section, with the extra choice of linear or circular colliders. 1
will give a brief summary of the results and refer the reader to the Snowmass
summary of Bob Siemann.}?

1. B-Factories

The first type of B-factories includes equal energy rings at /s = 10 GeV. The
existing record is held by CESR with £ = 102 cm™2%s~!. There are proposals
and ideas to upgrade to a luminosity of 5 1032 in three years or so. The
limits are beam currents and r.f. power. In addition, there is the PSI proposal
discussed earlier, with a design luminosity of over 1033 cm~2s~1, In five years
these machines will be able to run -at the T(4s+) with luminosity just below or

at 103, This is not in the range where CP violation is accessible.

There was extensive discussion of asymmetric rings at /s = 10 GeV, based
on a design of A. Garren. He assumes a 2 GeV ring with 0.54 A in six bunches
colliding with a 12 GeV ring with 0.27 A in 85 bunches, which is PEP. The
design luminosity is 5 - 1052 cm™2s~1. Such colliders have been studied at the
level of scaling arguments and lattice designs. They are promising and there will
be detailed design work in the coming year. The main topics are the stability
of high current, low energy beams, the beam-beam effect for unequal energies,
and the interaction region design. Since a beam pipe with radius 1-1.5 cm is
necessary, the last topic is crucial. This design reaches the lower end of the range
specified for CP violation studies. It is using the most optimistic estimates for

asymmetry and experimental efficiency, however.




Another possibility is a linear collider, operating either at the Y (4s) or in the
continuum. One of the most developed projects is ARES at Frascati. According
to its design, the luminosity at the Y(4s) is 1.3 - 1073 ¢cm~2s~!, which grows to
1.1-10% ¢m~2s~! at an energy of 15 GeV, but with a spread in energy of 90
MeV. This correlation of increased luminosity with increased spread in energy
is a fundamental feature of such designs. The luminosities are large, and reach
the lower end of the range specified for CP studies. There must be a great deal
of research and development before it is known whether they are realistic. The
areas for R & D are positron production and damping, effects of large disruption
parameters, and the power source. The proposed R & D program for ARES is
to cost $80 million over five years.

2. Z-Factories

The existing storage ring at the zY is LEP, which is supposed to operate at
£ =1.6-10% cm2s~!, with 4 bunches per beam. The RF upgrade for LEP

032 cm~?%s~L. There are

IT will be enough for 80 bunches, corresponding to 3 -1
questions of how to separate the orbits, and whether this can be done in one
ring. Other improvements might raise this luminosity to 5- 1032 cm~2s~1. With
this luminosity at the Z0, LEP would be at the lower end of the range specified

for CP violation.

There are also many papers describing linear Z-factories. One was presented
by R. Palmer at Snowmass giving a luminosity of 2.3 - 103 cm_25_1, which he
derated to 6 - 10%3 ¢cm~?s~!. This is the only machine, even on paper, which
reaches the upper end of the range needed for CP violation in the B system.
The R & D issues are similar but not identical to those for the B-factory linear
collider. An R & D project of similar scale would be needed to pursue this

option.
B PHYSICS IN HADRON COLLISIONS

The main advantage of using hadron collisions as a source of B mesons is
the high rate of B production. The main disadvantage is the low fraction of
all interactions containing a bb pair. New calculations of the bb cross sections
to terms of order (ag + ag) show that this is not as low as previously thought,
however. The cross sections are predicted to be 45 ub at \/3 = 2 TeV and
o = 500 pb at /s = 40 TeV, which is about 0.5% of the total cross section. For
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comparison, charm hadroproduction at fixed target energies has a cross section
about 0.1% of the total cross section. Similar calculations are correct for charm
photoproduction and hadroproduction. They are expected to be even more

reliable for bottom production.

The rates of bb production are shown in Table 3. The present Tevatron with
expected upgrades for the next few years produces 2-10% bb per Snowmass year.
This would go to 8-10'0 with a proposed pp machine at £ = 2-10°2 ¢m™%~1, or
slightly less at RHIC. The SSC would produce a whopping 10!2 bb events in this
time, even assuming a “low” luminosity region with 2 - 1032 cm™2s~!. In this
case one would need a factor greater than 10~ for geometrical acceptance, and

efficiencies for trigger, tracking, vertex separation, and particle identification.

Table 3. Rates for bb production

Rate
Source Vs (TeV) oF L sec™! (107 sec)~!
TeV 1.8 40 5-10% 200 2109
TeV' (pp) 1.8 40 2-10% 8000 8. 1010
RHIC 0.6 13 2-10%2 2600 2.6 100
ssC 40 500 2-10%2 100,000 1012

A possible configuration for a B spectrometer at the SSC is shown in Fig. 5.
It stretches to 40 m in one direction, allowing acceptance in pseudorapidity to
n = 5, or an angle of 13.5 mr. The coverage extends down in to the central region
to n = —3. This version draws on the forward B detector from the Berkeley
SSC Workshop!? and the design of the Bottom Collider Detector for TeV 1,13

which operates in the central region.

The important features of a B spectrometer for the SSC are: large accep-
tance, excellent momentum resolution, good electron and muon identification
wherever possible, hadronic particle identification by Cherenkov counters, and
a very powerful trigger. To study CP violation, it would be necessary to use
decay modes with low multiplicity and no neutrals, such as ¥K;s or mtx~. The
opposite side B would be tagged by a semileptonic decay, and the mixing of the
B gives the wrong sign tag about 15% of the time.
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Fig. 5. Detector design for the 1988 Snowmass version of the SSC B spec-
trometer.
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The most difficult problems for designing and building such an experiment
are the lepton trigger, the high-rate capability, and the vertex detector. If the
two leptons from the ¢ decay are used in the trigger, one can probably make
an acceptable trigger either with muons or electrons. To completely study the
B-decay physics however one wants to trigger on the single lepton from the
opposite side B, and be able to study decay modes such as 7t 7. To trigger on
leptons with P 2 2 GeV/c is extremely difficult, and a fast-tracking capability

is necessary.

There is not the time here to go into the detailed design considerations for
such an experiment at the 88C.16 Tt is obvious, however, that the requirements
go beyond existing hadron collider experiments in many respects. There needs

to be a large, continuing R & D effort to work on the problems identified by the

Snowmass group.

This group also worked on the design of a B physics experiment for the
Tevatron collider. There the bb rate is .01-.1 as large, and the signal-to-noise
ratio is significantly smaller. Such an experiment needs large acceptance and the
full luminosity of a proposed pp upgrade. The length over which the interactions
are distributed is much smaller for the pp upgrade as well, and that is crucial
for operation of the vertex detector. Of course the time scale of the Tevatron
upgrade could be closer than the other experiments considered. A large group
is now carrying out the first serious study of the design problems for such an
experiment. They are planning on proposing such an experiment in the near

future.

There is also a future for B physics in fixed target hadron experiments. Ser-
gio Conettil7 is talking at this conference about Fermilab E-771, an experiment
designed to look for B — X in pp interactions at v/ = 40 GeV. This will
provide a test of many aspects of the collider experiment; operation of a vertex
detector at high rates, and the muon trigger are two examples. Other experi-
ments are proposed to look for two-body modes of B mesons and B production
in photon and hadron beams. After the first round of these experiments, it will

be possible to see with what sensitivity one can study B physics at fixed target.
SUMMARY

The effort to study CP violation in B decays will be a central focus for




particle physics for some time to come. In addition there are new levels of
physics available in B physics at every new order of magnitude leading up to
the level needed for CP violation. We are in an unusual situation. At ete™
machines, we know how to build the experiments, but the accelerator that can
provide sufficient intensity is not yet designed. At hadron machines, accelerators

can produce enough B’s, but a new type of experiment is needed.

My own guess is that it will take a 10-year program to reach definitive
experimental results on CP violation in B decay. It is also one of the problems

in physics important enough to deserve such an effort.
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RECENT RESULTS ON 5=-3 BARYON SPECTROSCOPY
FROM THE LASS SPECTROMETER”

Brian T. I\/IEADOWSf

University of Cincinnati

ABSTRACT

Data demonstrating the existence of two Q*~ resonances produced in K 7p inter-
actions at 11 GeV/c in the LASS spectrometer are presented. The first state is seen
in the =*° K~ decay channel with mass 2233 £ 13 MeV/c? and width 81 + 38 MeV/c?
and the second in the =77~ system with mass 2474 £ 12 and width 72 £33 MeV/c2.
Inclusive cross sections corresponding to these decays corrected for unseen charge modes
are estimated to be respectively 630 £ 180 and 290 + 90 nb.

Presented at the SLAC Summer Institute on Particle Physics,
Stanford, California, July 17-28, 1988.

1. Introduction

Even though the 0~ hyperon was discovered more than two decades ago, data show-
ing the existence of any of its excited states have become available ouly very recently
[2-1]. Such data have required the usc of K~ or hyperon beams in fixed target exper-
iments. They also require detectors with the acceptance and resolution necessary to
deal efficiently with the complex topologies that events involving such particles entail,
the capability to perform good particle identification necessary in the recognition of the
relevant final states, and the ability to acquire and process huge data samples. These
qualities have been admirably matched by the Large Aperture Superconducting Solenoid

(LASS) spectrometer at SLAC. In this talk, I shall present the data of the LASS E135

+ Work supported in part by the Departiment of Energy under contract No. DE-AC03-76SF00515;
the National Science Foundation under grant Nos. PIIY82-09144, PIHY85-13808, and the Japan
U.S. Cooperative Research Project on High Energy Physics.

i Representing the LASS E135 collaboration [1].
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collaboration [1] which were accumulated in a large exposure to a heam of 11 GeV/c K.

These data clearly demonstrate the existence of {2*~ resonances in two channels:

K~p— Z"x"K~ 4 anything

L» Ar~ M

K~p— Q7 r%tr~ + anything

| e 2
— AK

2. The Experiment

The LASS spectrometer is shown in Fig. 1. Full descriptions of the hardware,
triggering and data processing algorithms and other experimental details are given in
Reference [5]. Details associated with extraction of the =7 and Q7 samples discussed

here are also given in Reference [6].

The spectrometer was situaled in an RF-separated beam of 11 GeV/c K~ with a
K/ ratio of 70/1, tagged by beam Cherenkov counters. Important features of LASS
were its uniform acceptance over almost the full 47 solid angle, cxcellent momentum and
angular resolution, azimuthal symmetry, and good particle identification. Momentum
measurement was accomplished with the superconducting solenoid with 22.4 kG field in
the beam direction, and with the 30 kG-m dipole with vertical field. Low momentum
particles were well measured by the solenoid vertex detector which was instrumented
with proportional wire chambers (PWC’s) having 200um spatial resolution. High mo-
mentum particles travelling close to the beam axis were accurately measured in the

dipole spectrometer.

Particle identification was accomplished by two threshold Cherenkov counters (C;
and Cz) and a time-of-flight (TOF) hoduscope placed behind Cy at a distance of five
meters downstream from the target. The pulse heights measured in the cylindrical
PWC’s surrounding the target provided d£/dz information for low momentum particles

having wide recoil angles. This was useful in distinguishing n /I /p hypotheses in the

1/4* region.
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Fig. 1 The LASS Spectrometer.




A very loose trigger required two or more charged particles to emerge {rom the
hydrogen target. For the channels of interest here this represented a completely negligible

bias.

The raw data sample contained ~ 113 million triggers, and the resulting useful I~
beam flux corresponded to a sensitivity of 4.1 events/nb. After track reconstruction,
a sample of events consistent with the == — A7~ or Q7 — AK™ decay topologies,
illustrated in Fig. 2, was identified. A pair of oppositely charged tracks which met
within a few mm in space was required to yield a pr~ effective mass consistent with the
nominal A mass. The A momentum vector was further required to point back within
a few mm of a negative track candidate which was chosen such that the effective mass

formed with the A was compatible with either of the above decay modes.

Finally, the composite track formed {rom this negative with the A was, in turn,
required to extrapolate back to within 1 c¢m of a primary vertex whose position was
determined by a fit to the incoming beam and the primary charged track candidates. A

sample of ~ 1.5 million events satistying these requirements was defined.

3. The =~ K~ n* Channel

A clean sample of £~ events was readily extracted. Particle identification was used

to reject events inconsistent with a =7 interpretation and also events with identified
protons at the primary vertex. Kinematic overlap between -y and A often occurred. Such
misidentified 4’s were removed from the remaining A sample by eliminating events with
A decay helicity cosine greater than 0.98. Finally, only events with a =7 track length
greater than 3 cm were retained. The resulting An~ effective mass distribution shown in
Fig. 3 exhibited a strong =~ signal. Approximately 82,000 =~ events with a background
of approximately 10% in the mass range 1310 < Mp,- < 1332 MeV/c? were selected
for further study.

These events were then tested for existence of a K~. Clearly, a negative track
produced in K ~p induced =7 reactions was more likely to be a 7™ than a K7, since the
latter required production of an additional unit of strangeness. Clear identification of the
K~ was therefore necessary, and to this end negative tracks entering the geometrically

efficient regions of C; or Cz at momenta above 2.9 GeV/c were required to give no light.
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6215A2 1288 \

Fig. 2 Basic V™ event topology. Solid lines indicate tracks required in the
primary selection process described in the text.
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Fig. 3 Distribution of the Az~ effective mass for events selected as =7 can-
didates as described in the text. The arrows indicate the selected mass range.
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To reduce background from poorly measured 7~’s below threshold, '~ candidates were

also required to have momenta at least two standard deviations above threshold.

Since /(™ identification required a negative signature (no light) from the Cherenkov
counters, it was essential to obtain an accurate estimate of the “punch through” con-
tamination in the K~ sample produced by 77’s {or e™’'s) failing to produce light due
to Cherenkov inefficiency. This estimate was derived from the particles which did give
Cherenkov light. The momentum distributions for negative particles {rom primary ver-
tices of events in the =~ sample were examined, and are shown in Fig. 4. These distri-
butions were weighted, on a particle by particle basis, by factors depending upon the
Cherenkov efficiencies {€), which in turn depended upon the particle momentum and hit
position. The points on the dotted curve corresponded to particles which produced light
in at least one C, and were weighted by the factor ¢!, This distribution was taken to
represent the 7~ (and e~ ) sample. The threshold near 2.6 GeV/c was clearly seen, and
events below this were presumed to be due to e™. Also in Fig. 4 {points on the solid
line) was the distribution representing those particles which gave no light in either C;
or Cs. This was corrected for efficiency by taking the difference between the momentum
distribution for all negative particles (whether giving light or not}) and the distribution
described above. The sharp fall with increasing momentum near threshold arose because
the efficiency increased in this region. Above threshold, this could be taken to represent
the K~ momentum distribution. The points on the dashed curve resulted from plotting
the momenta of the negative particles giving light, weighted by the factor eIl - e).
This curve represented, therefore, the punch-through contamination. Comparing this
with the K~ distribution, it was clear that above the 2.9 GeV/c cut, a rather clean i~

sample was separated.

In this way, a sample of §l4 events was extracted, yielding 1,259 =7 K~ x* mass
combinations shown in the distribution in Fig. 5. No clear resonant structure was seen
in this § = —3 baryon system. However, the mass distribution for the =~ %7 subsystems
(Fig. 6) showed a strong =*°(1530) signal. Selection of an enriched Z*°(1530) sample
(1510 < M=_,+ < 1555 MeV/c?) resulted in the E-K~n" mass histogram of Fig. 7.
A clear signal {~ 4 standard deviations) at a mass of approximately 2250 MeV/c? was

apparent, and could be interpreted Lo correspond to the decay of an 0*7 to =*(1530) K.

An estimate of the behaviour of the non-resonant background beneath the =*° peak
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Fig. 4 Momentum distributions for three classes of negative charged particles
produced in conjunction with Z7’s. The curves are drawn to aid in distin-
guishing the three classes. The solid line indicates those tracks which gave no
Cherenkov light; the dotted curve connects data points for the tracks which
did give light. The latter data are weighted by a factor ¢! where ¢ is the mo-
mentum dependent Cherenkov efficiency. The dashed line shows the same data
plotted instead with a weight e~1(1 — €).

2-89

Events / (50 MeV/c?)

3.25

225 25 2.75
ME'n+K' (GeV/cz)

3.0

12-88 6215A86

Fig. 5 Distribution of =-K~xt effective masses for all 1,259 combinations.
The dashed histogram contains events outside the =*°(1530).
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Fig. 6 Distribution of Z~n* effective masses for 814 events with both a =~
and a K~. The limits used to define both =*°(1530) and the control regions on
either side are marked by arrows.
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Fig. 7 Distribution of Z-K~n* effective masses for events having both a
K~ and =7+ mass in the range 1510 < Mz—,+ < 1555MeV/c? (outer his-
togram); or in the control bands defined by Mz-z+ < 1510 or 1555 < Mz—,+ <
1600MeV/c? (solid dots). The open circle distribution is for events with Ont
mass in the former range and a negative track giving light in either Cy or Cy.
In this distribution, each event is weighted by the factor (1 —€)/e, in which € is
the Cherenkov efficiency.




in Fig. 6 was made using the events in the sideband regions defined by (Afz-,+ < 1510
or 1555 < Mz-,+ < 1600 McV/c?). The =7 K ~r* mass distribution for these events,
normalised to the number of events under the Z*°(1530) signal was plotted in Fig. 7 with
solid dots. The striking absence of any peak near 2250 MeV/c? was a clear indication

that the observed structure was associated purely with =*°(1530).

In order to investigate the possibility that the effect arose from 77’s heing misiden-
tified as a result of Cherenkov inefficiency, a study was made using events which were
selected exactly as above, except that the “/'™” tracks were required to give light in
either C; or Cs. All momentum requirements were as before, and the tracks were still

s—

assigned a '~ mass. The =*°(1530)“X ~” mass distribution that resulted (Fig. 8), con-
trasted with the true /™ distribution, showing no structure suggestive of a peak in the
2250 MeV/c? region. In addition to demonstrating that the peak was not due to misiden-
tified pions, this also showed that it was not a kinematic effect due to the acceptance
limitations placed upon the negative track by the Cherenkov identification requirement.
An estimate of the mass distribution corresponding to punch-through was also obtained
from these “K~" events by plotting them, each weighted by a factor (1 —~ ¢)/¢ (where ¢

was the 7~ Cherenkov efficiency). This distribution, indicated by open dots in Fig. 7,

showed that such punch-through contributed negligibly to the signal.

The significance of the 2"~ signal was estimated from the background subtracted
=*°(1530) K ~ spectrum in Fig. 9. This was obtained from the data of Fig. 7 by subtrac-
tion of the =*° sideband distribution (black dots) representing the non-Z*° background

from the data in the histogram.

The solid curve of Fig. 9 was the result of a fit to the data using the expression:

N [ il foataM

N
dM (M2 = M2)" 4 MET?

with T = ro<f—1) (%)

where Mg and T’y were the ¥~ mass and width respectively; ¢ (g,) was the X~ momen-

{um in the rest frame of a Z* K~ system ol mass M(Mp), and the ¢; were fit parameters.
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Fig. 8 Distribution of =~ K~ n™* effective masses for events with a =~ 7+ mass
. in the range 1510 < Mz-,+ < 1555 MeV/c? and a negative track giving light in
either Cy or Cy with a a K~ mass assignment. This sample contains no events
contributing to the outer histogram in Fig. 7, but when each event is weighted
by the factor (1 — €)/e, yields the distribution with open circles in that figure.
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Fig. 9 Background subtracted Z*°(1530)K~ mass distribution.
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The fit, which resulted in a y? of 8.5 for ¢ degrees of freedom, vielded Q*~ parameter
values:

Mo =2253+ 13 MeV/c

Py =81 +£38 MeV/c?

and a corresponding signal of 41.2410.2 events (~ 4.1 standard deviations). The dotted
curve represented the non-resonant background, and appeared to agree well in magnitude

and shape with the corresponding =~ punch-through distribution.

4, The Q~r*7~ Channel

The inclusive production cross section of ™ was only ~ 3% of that for =7 [7] and the
decay length was approximately three times smaller. These facts made the separation
of the 2~ events in reaction (2} somewhat less straightforward than the selection of
the =~ sample discussed above. All events considered as 2~ candidates were therefore
processed through a fitting procedure which was designed to achieve the improvement
in resolution of vertex positions neccssary Lo distinguish between those relatively rare
events with genuine 0~ topologies and the more plentiful ones in which the A originated
directly from the nearby primary vertex. In this procedure, measured coordinates for
an event were matched to an §1~ topological template in which constraints in three-
momentum conservation at each decay vertex and in A mass were built in. The x?
quality of this fit and the information it provided on both the Q7 track length and its
uncertainty were required to match criteria which, when added to a set of requirements

similar to those used to define the =~ sample, made it possible to identify a clean Q~
signal which was seen in the AKX~ mass plot of Fig. 10. A total of about 600 2~ were in
the peak. In all, approximately 350 2~ events, each with at least one % charged track
combination, were seen above ~ 9% background within £ 10 MeV/c2 of the 0~ mass,

and were constdered as candidates for reaction (2).

The Q- 7+r~ effective mass distribution, shown in Fig. 11(a), showed evidence for
a strong signal at ~ 2470 MeV/c?. In making this plot, all combinations of + track pairs
were included, as long as they were not inconsistent with a pion identity with respect
to the various particle identification devices. An estimate of the background under this

peak was obtained from the wrong sign combinations Q- 7*x%. These were plotted in
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Fig. 10 The AK~ mass distribution for the inclusive {27 events; the solid
histogram corresponds to those events having at least one pair of oppositely-
charged primary vertex tracks consistent with a 777~ interpretation; the dashed
curve is for all events. The curve is a fit to the resolution function, determined
from a Monte Carlo sample, with a linear background.
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Fig. 11 (a) The inclusive Q=+ r~ mass distribution for those events within
+10 MeV/c? of the nominal {1~ mass in the solid histogram of Fig. 10; for the
7% tracks, any available patticle identification information was required to be
consistent with the pion mass assignment. The dotted histogram corresponds
to Cherenkov-identified 7+’s. The dashed histogram represents the Q-rErd
distribution weighted as described in the text. (b) The mass distribution ob-
tained from the solid histogram of Fig. 1la when the x* track is given the K+
mass.




Fig. 11(a) normalised to the sample outside the peak region by a linear mass factor and

indicate that the peak was more than five standard deviations above this background.

An obvious problem in these events was that, because of strangeness conservation,
the existence of the 0~ implied that the positive track was likely to be a K+. The
strong possibility existed, therefore, that the peak could be due to production of a Z*~
decaying to @~ K*7~. To investigate this possibility, the combinations in Fig. 11(a)
were also plotted with a K+ mass assigned to the positive track. This @~ K*7~ mass
distribution, shown in Fig. 11(b) had no evidence for a peak, indicating that the =*~
interpretation was not correct. Other mass hypotheses such as Q~ete™ , Q" K+ K~ were
also studied, and failed to show any significant peak structure, further suggesting that

the signal was due to @~ 77~ combinations.

In order to establish that the peak at 2470 MeV/c? corresponded to an § = —3
baryon system, it was essential to associate it with those events in which some evidence
of the identity of the 7+ existed. The dotted distribution in Fig. 11(a) contained events
for which Cherenkov identification of #+ was possible and showed clearly that such
information was of rather limited use. This contrasted with the 2*~(2250) situation in
which the Cherenkov counters gave important information on an event by event basis
of K~ identification. It was found, however, that for a significant number of positive
particles in reaction (2), information from either the dE/dz or time-of-flight (TOF)
devices was available, and some K /7 separation was possible. The momentum spectra
of these particles was such that though discrimination between K and m interpretations
for individual events was possible in only a few cases, a statistical analysis did provide

effective distinction.

Clean samples of K'F and 7t were selected with which to study the behaviour of both
dE/dz and TOF devices at various momenta. In Fig. 12, the AKX~ mass distribution

from the tightly constrained reaction
K~p— AK KT (3)

observed in the present experiment showed a strong signal demonstrating that baryon

exchange production of =Z*~(1830) was present. These events were chosen to provide
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a-small, but very clean, sample of K~’s with TOF measurement (Fig. 13(a)), and a

somewhat larger, high purity sample of K ¥’s having dE/dz information (Fig. 13(d)).

In Fig. 13(a), the difference (in standard deviations) between the TOF calculated
under the kaon mass assumption, tg;lc’ and the measured value, tmeas, was plotted as
abscissa, with K~ momentum as ordinate. The plot showed a vertical band of points
localised within ~ +2¢ of the origin, as would be expected for a pure K~ sample.
In Fig. 13(d), the abscissa was the natural logarithm of the kaon to pion probability
ratio, P /Px, as derived from the induced cathode pulse height signals in the cylindrical
PWC’s {5]. In this plot, for momenta less than ~0.4 GeV/c, the kaon interpretation was
clearly preferred; at higher momenta, the distribution was a vertical band centered at

the origin.

Figures 13(b) and 13(e) were similar TOF and dE/dz plots, respectively, for negative
primaries from our 2~ sample. These particles were almost certain to be 7~ with a
very small contamination from e”. There was virtually no chance they were either
K~ or §. The distribution of Fig. 13(b) was confined almost entirely to the region
of positive abscissa, in contrast to that observed in Fig. 13(a). Furthermore, when
the expected TOF was re-calculated using the pion mass, the distribution became a
narrow, vertical band centered at the origin, demonstrating that these negative tracks
were almost entirely 7', as expected. The dE/dz data in Fig. 13(e) for these particles
also contrasted with the K+ population of Fig. 13(b), and showed a clear bias towards

negative abscissa at all momenta, as expected for 7~.

The plots for the positive primary particles from the Q= sample, shown for TOF
and dE/dz data respectively in Figs. 13(c) and (f), could clearly be described by a
superposition of the two sets of plots discussed above. This agreed exactly with what
would be expected for an admixture of both K+ and =+, The required separation of

the 7+ population could, however, be accomplished in each case.

It was clear from Figs. 13(a) and (b) that the sample having positive abscissa in Fig.
13(c) should contain almost all of the 7 1’s together with approximately half the Kts,
whereas that with negative abscissa should also contain approximately half the K+s
but only a small fraction of the 7*+’s. In Fig. 14 (a), the @~ n+r~ masses were plotted

separately for combinations containing n*’s from the above two samples. The solid
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Fig. 13 (a)-(c) The momentum dependence of the difference between time-of-
flight calculated on the assumption of the kaon mass (tX,.) and the meassnjed
value: (a) for K~'s from reaction (2); (b) for negative, and (c) for positive
primary tracks produced in association with an (7. (d)-(f) The momentum
dependence of the natural logarithm of the kaon to pion probability ratio for
tracks having dE/dz information from the cylindrical PWC package surround-
ing the target: (d) for K™*'s from reaction (2); (e) for negative, and (f) for
positive primary tracks produced in association with an 7.
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Fig. 14 (a) The Q~x*7~ mass distribution corresponding to those ¥ tracks

having TOF information such that "fﬂc > tmeas; the dashed histogram is for
those having tX,. < tmeas. (b) The Q-+~ mass distribution for the “net

identified 7+ " sample described in the text.
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histogram corresponded to those Q- x*tx~ combinations for which the positive track
was predominantly 77, and indicated a signal similar in position, shape and significance
to that of Fig. 11(a). The dashed histogram, constructed from positive tracks from the
left side of Fig. 13(c) showed no evidence of a signal. This showed that the signal was
associated with genuine x*x~ pairs. Furthermore, in the difference between the solid
and dashed histograms of Fig. 14(a), the contribution from misidentified K *’s should
cancel, within statistics, thereby yielding a “net TOF-identified 7" distribution. This

distribution also constituted one contribution to the histogram of Fig. 14{b).

A second contribution to Fig. 14(b) was obtained by following a similar procedure
with regard to the dF/dz distributions. It was clear from Figs. 13(d) and (e) that the
positive particles in Fig. 13(f) could be split into a sample which was predominantly K+
in the region with momenta below 0.4 GeV/c and positive abscissae, and the remaining
sample which was predominantly made up from xt. In the latter sample, the K+
contamination would be distributed approximately symmetrically about the ordinate
axis. Subtraction of the distribution of 2~ 717~ mass combinations formed witli positive
tracks in this sample with positive abscissae from the corresponding distribution with
negative abscissae could, therefore be taken to represent the “net 7+ distribution. This
was found to contain a signal with 10 more events in the 2470 MeV/c? region, and was
added into Fig. 14(b) giving an aggregate signal which contained approximately 60% of
that in Fig. 11(a). The remaining 40% of the signal came from combinations in which
the positive track missed both the TOF and dE/dz systems. No combinations were

found in which both TOF and dE/dz identification of the 7% was made.

In addition to establishing the identity of the n+, the 0*~ hypothesis for the peak in
Fig. 11(a) also required that the system had isospin (I =0). This, in turn, required that
the 7+7~ also be in an J = 0 state. The effective mass distributions e+~ in Fig. 15
indicated a broad, structureless form concentrated at low mass values for events in the
Q- ntx~ peak region [Fig. 15(b)] as well as in the low and high side bands (Figs. 15(a)

and 15(c), respectively). In particular, no clear evidence for % (I = 1) was seen.

A large Monte Carlo sample of events corresponding to production of an QO ntr~
system i this mass range was generated, with the simulated dipion system in an s—wave.
Recoil mass and transverse momentum distributions of the Q- xTr~ sysiems were pro-

duced to simulate the data as closely as possible. These events were then subjected to
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Fig. 15 Distributions of #*7~ effective mass in three @~ n¥x~ mass ranges:
(a) below; (b} in; (c) above the peak at ~ 2470 MeV/c®. The curves are from
Monte Carlo data with purely s—wave dipion systems.
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the identical analysis to the data, and curves indicating the dipion mass shapes were
drawn, suitably normalised upon the distributions in Fig. 15. This s—wave behaviour
clearly described the data well, indicating therefore a predominance of I = 0 in the

-7t~ peak region, and providing further evidence of *~ production.

A fit to the Q™7+ 7~ mass distribution in Fig. 11(a), similar to that for the Z*° K~
plot, led to a mass of 2474412 MeV/c? and a width of 72433 MeV/c? for this *~. This
is shown in Fig. 16. The acceptance of LASS was computed using the Monte Carlo event
sample discussed above, and the cross section for inclusive production of Q*~(2470) from
11 GeV/c K~p interactions with decay to Q™ w*t#~ corrected for unseen charge modes
was determined to be 290 + 90 nb. A similar computation was made to determine the
cross section for production of the *~(2250) with decay to Z*°(1530) K ~, also corrected

for unseen charge modes. The result was 630 & 180 nb.

5. Discussion

Evidence for Q*~ production has been reported in only one other experiment. Using
a charged hyperon beam from the CERN SPS, WA42 observed a significant signal at
2251 MeV/c? and a further, less compelling signal at 2384 MeV/c?, both in =~ ) "=+
systems {from 116 GeV/c Z~Be collisions [3]. In the same experiment no clear evidence
for structure in the Q~7¥r~ system was seen [8]. A comparison of data between the

two experiments is given in Table I below.

In making comparisons between tlie two experiments, we note that in addition to
considerable differences in acceptance, the very different nature of X ~p and =~ Be pro-
duction mechanisms forces us to conclude that no conflict exists with respect to signals
observed. In particular, the Q*~(2470) observed as a five standard deviation effect in
LASS and not in WA42 could be explained as a difference in observable cross section. A
similar conclusion might be made for the signal in Z~I(*°(890) seen by WA42 and not

LASS.

Evidence for at least one state near 2250 MeV/c? appears fo be very solid. Both
E135 and WA42 observed signals with similar mass and width values, and in both cases
a significant Z*°(1530) X~ decay mode was evident. However, it is somewhat speculative

to equate the states seen, since:
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o The two experiments differ somewhat in estimated three-body =K~ 7t decay
Fig. 16 The histogram is the solid histogram of Fig.11a; the curveis obtained '
from a fit using an S-wave Breit-Wigner line-shape plus a polynomial back-
ground (dashed curve); the resulting mass and width values are as indicated.

rates.

o Neither experiment was able to identify the JP of states observed since both were
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subject to acceptance and statistical limitations imposed by K™ identification

criteria.
and finally
o Several states near this mass are expected in the Z*°(1530) K~ decay mode.

Predictions for excited £}~ states exist. Most obviously, the known A and ¥ baryon
spectra have led to the expectation of several such states. For example, pairing up
the six best established A’s with ¥ states having the same spin-parities and using the
Gell-Mann-Okubo equal spacing rule, leads to 27 baryons, at:

~ 2000 £ 100(MeV/c?)  (1/27)
~ 2200 + 50(MeV/c?) (7/2%,1/27)
~ 2400 £ 100(MeV/c?)  (1/2+,5/2%,3/27)

A calculation using a ¢ — ¢ interquark potential A + Br%! with A and B derived
from the meson spectrum has been made by J.M. Richard [9]). By including spin-spin
forces, he computed, in addition to the ground state (3/2+) Q7 at 1672 MeV/c? the

expectation of radially excited Q™ states at:

2244(MeV/c?) (3/2%)
2358(MeV/c?) (1/2%,3/2%,5/2%)

The most detailed prediction of the £~ spectrum, and of the expected decay rates
was made by Chao, Isgur and Karl (CIK) [10]. This model included elements of QCD
and confinement in describing flavour independent ¢ — ¢ forces in a simple harmonic
oscillator potential. Parameters in the model were determined from other sectors of
the baryon spectrum and decay rates. Orbitally excited states with masses above 2100

MeV/c? were predicted at:

2020(MeV/c?) (1/273/27)
2225(MeV/c?) (5/2%)
2265(MeV/c?) (3/2%,5/2%)

However, no radial excitations were calculated.
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It is interesting to observe that the two states at 2265 MeV/c? were predicted to
have predominant decay to =*°(1530)K~. Obviously, without measuring JP, however,
spectroscopic assignment of the signals seen in this system in both the LASS and WA42

experiments is not possible.

The (2*~(2470) has a mass above the range computed in Reference {10}. This fact
alone suggests it is a radial excitation. Further evidence supporting such interpretation
might be found in the large =77~ decay mode observed, and the lack of any evidence
for a two-body decay, for instance, to Z*°K~ or =~K*. The decay branching ratio to
Q~nr appears to be at least 7.5 %. The cross section we observed, corrected for the
unseen O~ 7°7°® was 290nb while the inclusive cross section for @~ production at this
energy was 3.9 % 0.6ub [7). A large decay to dipion states has been a recognised charac-
teristic of radially excited states in both I{* and quarkonium systems. The suppression
of two-body decays relative to such modes is expected, under certain circumstances, on

the basis of the dynamics of radially excited quark systems [11].

The lowest 0~ excitations expected have masses below 1900 MeV/c?, and have yet
to be observed. Within the framework of the CIK model, they are expected to decay
mostly to Z~K° or Z°K ~. For states below 1808 MeV/c?, decay to 17 would be most
likely. None of these modes is easily accessible to either LASS or to WA42.

6. Summary

Excited 2*~ states at 2250 and 2470 MeV/c? have been seen in LASS. The former
state may also have been seen in experiment WA42 in an entirely different production
reaction. Some evidence exists that Q*~(2470) is a radial excitation. This state was not
seen in WA42. No evidence for 2*~(2380) reported by the WA42 collaboration has been
seen in LASS data. The experimental situation is not yet completely satisfactory. In
particular, the lowest {2~ excitations have not yet been observed since statistically sig-
nificant samples of events containing ZK and Q1”7 systems (the expected decay modes)
have been too difficult to accumulate. Also, more data are siill required to corroborate
evidence for *(2470) and Q7(2380), and to make JP measurements necessary in

making spectroscopic assignments. Nonetheless, almost 30 years after the discovery of
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CALCULATIONS OF HADRONIC WEAK MATRIX ELEMENTS:
A STATUS REPORT"

STEPHEN R. SHARPE
Physics Department, FM-15, University of Washington
Seattle, WA 98195

ABSTRACT
I review the calculations of hadronic matrix elements of the weak Hamil-
tonian. My major emphasis is on lattice calculations. I discuss the application
to weak decay constants (fx, fp, f5), K® — KO and B® — B0 mixing, K — n7
decays, and the CP violation parameters € and €. I close with speculations on
future progress.

1. Introduction

This is a talk about calculations in QCD. You might wonder, therefore.
what is it doing in an Institute devoted to “Probing the Weak Interaction.” The
fact is that, while we understand the weak interactions in terms of forces acting
between quarks, we cannot make direct measurements with quarks. The quarks
are bound into mesons and baryons, and it is the decay rates of these bound
states that we measure. Thus we have to be able to disentangle the effects of
QCD, which cause the binding, from those of the weak interactions, which cause
the decays. This is why it is crucial that we develop the ability to calculate, if
not fully understand, the non-perturbative effects of QCD.

The parameters we really want to get our hands on are those of the
Kobayashi-Maskawa (KM) matrix, and the top quark mass. I will use the
Harari-Leurer notation! for the Maiani parameterization of the KM matrix:

PR
€12¢13 €13512 513¢€
)
—512¢23 — €12822513€"°  €1o023 — s1p523813¢"  s;acia | {1.1)
512523 — €12€23513€" —C€12823 — S12€23513€"  £2313
To very good approximation, one can use the form
i6
€12 Sz Size’
5
—812 — S23813¢'° €12 S23 . (1.2)
S12823 — s13¢'®  —sa3 1

* Work supported in part by DOE contracts DE-AC03-76SF00515 and DE-
AT06-88ER 40423.
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For a summary of thre present determinations of the parameters see the lectures
of Harari.? The poorly known parameters are s;3 and ss. The former determines
the b — u decay rate. It is sometimes more convenient to use ¢ = sy3/s23. The
angle 6 is the sole CP violating parameter.T

To illustrate the importance of non-perturbative QCD calculations, I will
use two examples. Both will be discussed in more detail in following sections.
The first is a very old problem in kaon and hyperon non-leptonic decays: the
AT = 1/2 rule.® In kaon decays, this rule summarizes the fact that the decay
K* — 7%7x% is roughly 600 times slower than K$ — 7%7~ + n%#% Only in the
latter decay can the pions be in an / = O state, so only in this decay can the
weak Hamiltonian transform as an J = 1/2 operator. For the K* decay the
Hamiltonian must transform as I = 3/2 or 5/2. Combining all three decay
widths one finds, in fact, that the the AJ] = 5/2 amplitude can be neglected.
The usual way of summarizing the results is that the amplitude Ag = A(Hg —
an(I = 0)) is 22 times larger than 4; = A (Ko — an (] = 2)).

This enormous difference has remained largely a mystery for 34 years. At
the level of non-interacting quarks, the decay is caused by simple W-exchange
djagrams. These contain both A] = 1/2 and 3/2 parts, with no significant
enhancement of one over the other. Indeed, if one uses vacuumn saturation
approximation one finds Ag/A2 ~ 1. To do better, one must include QCD
corrections. The short-distance, perturbative part was calculated long ago.? One
finds an enhancement of Ay, and a suppression of A2. If one uses perturbation
theory to bring one down from the W scale to u ~ m., and uses Agcp =
100 MeV and m; = 70 GeV, the enhancement is by 1.55, and the suppression by
0.8. The remainder of the enhancement in Ag/A2. i.e. roughly a factor of 10,
must come from long distance, non-perturbative QCD. Thus. if the AT = 1/2
rule is any guide, non-perturbative effects can be the source of large factors.

My second example of the importance of non-perturbative effects is CP
violation in kaon decays. This is parameterized by €’. and it is the ratio €’/e
that is actually measured. Over the years a series of experiments has pushed
down the limits on |e'/e], but now we finally have a measurement from the
NA31 collaboration.® They find €’/e = .0033{11). There is also the prospect of
the errors being reduced by a factor of two or more.® The measurement of ¢//¢
is particularly important because it promises a stringent test of the standard
model. This is because there is a single source of CP violation, i.e. 6. In

1 Strong CP violation, though possible in principle, is constrained by the limit
g s g
on the neutron electric dipole moment to have a negligible effect in hadronic
decays.
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principle, once one CP violating quantity, say €, has been measured, one can fix
6. All other CP violating quantities, e.g. &, can then, in principle, be predicted.

Unhappily, this is not yet possible. Let me focus for the moment on the dif-
ficulties with using the experimental measurement of &’/e. A schematic formula
for €'/ is

~ (known factors) s;3 ss ¢e(p) (K°|Qsin*m ™). (1.3)

oo

This takes the form that will occur repeatedly in the following: a product of
poorly known KM angles. a coefficient which is calculable in QCD perturbation
theory, but which depends on m,, and a non-perturbative matrix element of a
known operator between hadronic states. Here the dependence on the top quark
mass is hidden in ¢g, which depends logarithmically on m,. The operator Og is
the penguin operator.” The scale 4 divides the momentum range into that which
can be calculated perturbatively (p > g), and that which is non-perturbative
(p < p). One must use p > m,.

Even if one knew the KM angles and m;, one needs to know the hadronic
matrix element of the penguin operaior in order to predict £/e. A non-
perturbative QCD calculation is required for this. Indeed, one might expect
non-perturbative enhancements, since the penguin operator Og has I = 1/2. Be
that as it may, we need to learn how to calculate the matrix element to a level
of accuracy comparable to that of the experimental measurements.

As Haim Harari has stressed in his lectures here,? pinning down the param-
eters of the standard model (including the top quark mass m,) will not be the
simple procedure I outlined above. One measures as many relevant experimental
quantities as possible. The examples discussed below are ¢, ¢/, the B — B mix-
ing parameter z4. and the b — u amplitude. Each depends upon the unknown
KM matrix elements , upon my, and upon some non-perturbative QCD factors.
There will always be some error in the both the experimental measurement, and
in determination of the QCD factors. One has to gradually reduce the errors
in both. and perform ever more refined global fits to determine the unknown
parameters.

The situation now is that the uncertainty in the non-perturbative QCD
calculations is larger than that in the experimental measurements for almost
all quantities of interest. This is why it is so important to learn how to do
non-perturbative QCD calculations.

Having provided the motivation for the calculations, the remainder of this
talk is devoted to details. The next section discusses the break-up of the calcu-
lation into perturbative and non-perturbative pieces. It sets up a non-technical




explanation of how lattice QCD provides a non-perturbative method for calcu-
lating matrix elements. This is followed by a discussion of the status of lattice
calculation. These sections can be skipped by someone interested only in the
present status of the results of the calculations. The bulk of the talk deals with
the various hadronic matrix elements that are being calculated on the lattice.
Each matrix element merits its own section, and these are relatively self con-
tained. Those interested only in results from a complete calculation in QCD
will be disappointed. Such hard-liners should skip straight to the conclusions,
where I give my view of the future progress of the fleld.

2. Ingredients for a calculation of matrix elements

In this section I spell out how one breaks up the calculation of a hadronic
matrix element. As alluded to above, there are three ingredients: the weak
interaction operators, short-distance QCD, and long-distance QCD.

The electroweak interactions can be treated reliably using perturbation the-
ory. Radiative corrections involving higher order electroweak diagrams are small,
at least as long as the top quark and the Higgs boson are not too heavy. In fact,
these radiative corrections are bounded by experiment in such a way as to limit
the top quark mass to be less than ~ 200 GeV. Thus we know the fundamental
quark interactions occurring in all weak processes. For example. in the decay
K+ — 7P one of the diagrams has the 3u pair, which make up the K,
annihilating into a virtual W, which then produces a du pair. The vertices are

T

slu W] and W, unld, (2.1)

where the superseript L indicates that only left-handed quarks take part in the
interaction: v1 = ~,(1 + vs).

The electroweak vertices are the most fundamental of the ingredients needed
to calculate 2 weak amplitude. From the point of view of a weak interaction
physicist, things go downhill from here on. We must introduce the interactions
between the quarks caused by QCD. Fortunately. we can do this in two stages.
This is because QCD has the remarkable property of asymptotic freedom. If one
measures the strong coupling constant using momentum transfers 4, then one
finds a scale dependent result, a,(u). which decreases as py increases. At large
momenta, i.e. short distances, the quarks and gluons are weakly interacting,
and one can use perturbation theory. A beautiful demonstration of this is the
emergence of jets in high energy e e~ and pp collisions. These jets are the
physical manifestation of the underlying quark and gluon jets, as is shown by the
fact that their angular distributions agree with perturbative QCD predictions.
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The second ingredient in a matrix element calculation is the effects of quark
and gluon loops with momenta large enough that perturbation theory is valid.*
The diagrams that one actually calculates are the standard vertex corrections
and wave function renormalizations of the textbooks. I will not discuss these
calculations here, and I refer you to the literature.® The net effect of these
calculations is to replace the few diagrams involving the W boson by a number of
four-fermion operators involving only light quarks. “Light” means those lighter
than the scale, x, above which perturbation theory is being used. Thus if 4 ~
2 GeV, the value taken for most of the following, then the u, d, s and ¢ quarks
are kept. The light quark operators are multiplied by coefficients which are
calculable in perturbation theory. These coefficients depend on u, and upon the
heavy quark masses my and mp,.

The final ingredient in the calculation of matrix elements is QCD interac-
tions at scales below u. For these scales a, grows quickly large, and perturba-
tion theory cannot be used. Non-perturbative effects cause the strong binding
of quarks into mesons and baryons, and of gluons into glueballs. In fact, quarks
and gluons are thought to be absolutely confined. It is perhaps peculiar that it
is simple to write down the theory which we think explains these complicated
effects:

1 ar
L= - G Gap+ Y TGP~ mge
q

D¢ = 0% - igT, 4" (2.2)
GEY = GMAY - VAL gluncAfAY.

Here A¥ is the gluon field strength, a. b, ¢ are color indices, T, are the funda-
mental representation matrices of SU(3), and fap are the structure constants.
The coupling ¢ is more familiar as a, = g?/4#. To fully define the theory we
must include a cut-off g, momenta above which are not allowed. The cut-off

* The reliability of QCD perturbation theory has recently been thrown into
guestion by a calculation of the O(a?) term in R(e™ e~ }.8 This term is larger by
2-3 than the a? term. One way of interpreting this result is that the reliability of
the asymptotic series has ended. If so, one should only keep the a, term. With
one exception, all the calculations relating to weak amplitudes have only been
done to O(a,). I shall take the view that these calculations are reliable down
to scales u ~ 2GeV. Of course. a leading correction term is not sufficient to
determine the scale at which to evaluate o,. so there are remaining uncertainties.
For the moment, though, these are smaller than the other errors which I discuss

below.




theory is that which results when all physics above u is integrated out. Because
QCD is renormalizable, the theory retains the form given in Eq. (2.2) as p is
lowered, as long as one uses a running coupling constant ¢ = g(u). However, u
has to be large enough so that perturbation theory applies. If not, we cannot
calculate the form of the cut-off theory.

So the problem boils down to calculating the matrix elements of certain
operators in a cut-off version of QCD. There have been various attempts to do
this, which I would divide into three classes. First, there are the models, e.g.
the non-relativistic quark model and the bag model. These are set up so as to
reproduce hadron masses. They have confinement built in. They do remarkably
well at fitting much data with few parameters. However, their ultimate drawback
is that they are not connected to QCD in any rigorous way. Thus it is hard to
know how to improve upon them. Similarly, it is hard to know what error to
assign to any result. Nevertheless, such models are useful if one wants a rough
estimate of a matrix element.

The second class of methods are more closely related to QCD. I have in mind
the QCD sum rules, and the large N. (number of colors) approximation. The
former represents low momenturn physics by a few phenomenological parameters:
(G¥*Gapy}, (W), .... Various technical approximations must be made to get
an answer, and it is not clear what errors these introduce. For a discussion
which highlights the strengths and weakness of the method see the recent talk
by Pich.!® The large N, approximation has been studied in a series of papers by
Bardeen. Buras and Gerard, and I recommend reading the review of Buras.!! It
has been applied with success to D meson decays. and to the properties of kaons
and pions. Here one does have a systermatic way of improving the method: one
can keep higher order terms in N,. In practice. though, this is very complicated.
Futhermore. in the application to kaon properties. one has to assume that one
can use perturbative QCD down to 0.6 — 0.8 GeV, which is highly questionable.
Nevertheless. this method has had some significant successes, in particular in
the explanation of the AT = 1/2 rule.

These are the methods I will not talk about much in the following. I will
concentrate on the final class of methods. This has one member only: lattice
calculations. These have the advantage that they are derived directly from
QCD. They have the disadvantage of being numerical, so that there is always
a statistical error. Lattice calculations have matured to the point of being
competitive with the other methods. Unless there are some new developments,

I expect that lattice calculations will, in a few years, be the method of choice.
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3. Basics of Lattice QCD

Lattice QCD was first invented by Wilson in 1974.!2 The idea is very simple:
replace space with a grid of points, typically a cubic lattice. It turns out that
one must put the quarks on the sites of the lattice, while the giuon fields live
on the links between the sites. In the numerical applications I will discuss, one
works in Euclidean space (imaginary time), and discretizes the time as well as
space directions. One also has to restrict the theory to a finite box in space and
time.

The approximations of finite lattice spacing and finite box size reduce the
problem to something that can be put on a computer. Using Euclidean space
allows one to use Feynman's path integral to do quantum mechanics. Since there
are only a finite number of variables, one ends up doing a very large numerical
integral. To be sure, this is done using various tricks. But it should not be
forgotten that, at base, this is a brute force numerical method of calculation.

Ishould mention that the term “lattice QCD” includes not only the method
just outlined, but also various analytical approaches.!® In particular, one can
keep time continuous, and use Hamiltonian methods. These all turn out to be
strong coupling expansions - expansions about g = oc. For certain quantities
(e.g. the masses of exotic glueballs) these methods are competitive, or perhaps
superior, to the Euclidean numerical calculations. But they suffer from the
difficulty of estimating reliable errors. In any case, for the matrix elements to
be discussed below, the numerical approach is the only one being used.

I have mentioned two major approximations that are made in numerical
lattice calculations: finite lattice spacing (a), and finite box size (L). I think we
are at the point where these approximations are not too serious. First let me
discuss the lattice spacing. This cut-off in position space corresponds roughly
to a momentum space cut-off of u ~ 7/a — no higher momenta than this are
allowed on the lattice. One’s first thought might be to set @ = 1/myu and
directly put the weak interactions on the lattice. including the W and the Z.
This is not only hopelessly impractical given the available computer time, but it
also runs into serious theoretical difficulties. These are caused by the handedness
of the weak interaction couplings. It turns out to be very hard to just put a left-
handed fermion on the lattice; this is called the fermion doubling problem. There
appear to be schemes which get around this,’? but they are too complicated to
use. Thus one is forced to integrate out the weak bosons, and work in terms
of effective operators in QCD. Then handedness is not an issue, since QCD is
parity invariant. An operator and its parity transform have the same matrix
elements, so one can form the average and obtain an operator which can be
put on the lattice. There still remain problems of principle when putting the




fermions on the lattice, but these can be overcome. There are two methods that
are simple to use numerically, Wilson fermions and staggered fermions. Both
have been used in the matrix elements discussed below. They should yield the
same results for small enough a.

Present computer power allows us to work with lattice spacings no smaller
than a~! ~ 2.0 — 2.5GeV. In physical units this is a ~ 0.1 fm. However,
this is probably small enough. All that matters is that perturbation theory
is reliable down to this scale. For then the standard remormalization group
machinery can be used to calculate the effective operators and coefficients. One
then performs a separate perturbative calculation to match the continuum and
lattice regularizations. Although 2GeV doesn’t seem like a very large scale,
one might argue that the equivalent momentum scale is not 1/e but more like
m/a. In any case, one can test the assumption that a given a is small enough.
This is done by calculating for a few values of a, using the appropriate values
for the coefficients of the various operators, and checking that the total result
is independent of a. For the most part, this has not been done for the matrix
elements themselves. Calculations of other quantities, however, lend support to
the conjecture that the presently accessible lattice spacings are small enough, if
one wants an accuracy of 10-20%.1%

Given 1/a ~ 2 GeV one cannot simulate the b quark directly. This is because
there are always lattice artifacts which are suppressed by powers of mga. For
example, a free fermion propagator on a cubic lattice differs from the continuum
result by terms of size (mqa)Z. For a b quark, one has mya ~ 2.5, a value so
large that lattice artifacts will dominate. This means that results for B mesons
have to be obtained by extrapolation. The ¢ quark. however, is a borderline
case, and one has to perform tests to determine the size of lattice artifacts.

The second major approximation is the use of a finite size box. The number
of sites in the spatial directions is limited to about 20 by the available computer
power. Thus, given 1:a ~ 2GeV, the spatial size is 2 fm or less.* There are four
ways in which this is a limitation. First, it puts a lower limit on the masses of the
hadrons that can be simulated. For example, if the spatial boundary conditions
are periodic, each particle is surrounded by images in adjacent boxes. The
interaction with these images changes the mass {M) of the particie by an amount
o« exp{—ML). (For pions the fall off is power law rather than exponential.'®)
In practice, one finds that finite size effects are reduced to a tolerable level
if ML > 3 - 5, with the effects being worse for baryons than for mesons. For

* Of course, for a given computer power, one has to reach a compromise

between lattice spacing and physical box size. The quoted values are the result

of such a compromise.
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L ~ 2 fm this means a lower limit of about 300 MeV, about twice the physical
pion mass. In fact most calculations only go down to masses of ~ 400 MeV,
since the computer time grows inversely with the pion mass squared.

The second limitation is on the number of particles which can be accommo-
dated in the finite box. For example, if one puts two pions in the box, then there
will be an interaction energy which falls as 1/L3. This means that in processes
such as K — mr decay, there can be corrections due to the finite volume. In
the case of pions, soft pion theorems imply that the interaction is small if the
pions are light, and have small relative momentum. But, as described in the
last paragraph, the lattice pions are heavier than their continuum counterparts,
and large final state interactions are possible. Detailed studies of these effects
are only just beginning.}7+18

The third limitation is on the momenta of the particles. With periodic
boundary conditions the allowed particle momenta are [p] = 0,2m/L,... ~
0,0.6 GeV,.... This makes it hard to do studies of momentum dependence
since the step size is so large.

The final limitation is due to the finiteness of the time direction. In Eu-
clidean space, the mass of a particle is determined by examining the fall-off of a
correlation function in which the particle is created at say ¢ = 0 and destroyed a
time T later. The correlator falls off as exp(— E|T"), where E is the energy of the
state. For zero spatial momentum states £ = M. However, the operators can
also create and destroy excited states with the same quantum numbers. These
give an additive positive contribution to the correlator o« exp(—M'|T1), where
M’ is the mass of the excited state. If the time distance is not long enough then
there can be contamination from the excited states, and the mass M can be
overestimated. This is why all lattices have more points in the time direction
than in the spatial directions.

The main effect of all these linitations on the calculations discussed below
is that one cannot use quark masses as small as those of the physical up and
down quarks. One has to extrapolate to reach the physical pion mass. One also
has to extrapolate to get the properties of the physical kaon, since it contains
one light quark. These extrapolations may be problematical.

The approximations of finite a and L are. in my view, either under control,
or close to being so. Furthermore, it is straightforward to improve upon them.
The remaining approximation which is employed by current calculations is much
more serious. This is the so-called “quenched” approximation, in which the
internal quark loops are left out. The creation of gg pairs is simply switched off.
This is an uncontrolled approximation, which cannot be systematically improved
except by removing it altogether.




The reason for this approximation is lack of computer time. To include
fermions in any simulation one must deal with the fact that they are represented
by anticommuting variables. This is a notorious problem, and much effort has
gone into designing algorithms suitable for QCD.!? Although much progress has
been made, the cost of including dynamical fermions is a factor of 100-1000, and
gets worse for smaller quark masses. Thus only studies on small lattices have
been done.

The quenched approximation does not actually represent a unitary theory
when rotated back to Minkowski space. For example, one can calculate the
p — w7 decay amplitude (from a three point function), but the p propagator
does not contain the absorptive part due to the 77 cut: Physically this means
that the p is not a resonance, but a pole. This neglect of the decay can have
an effect on the mass of order the width, i.e. 100 MeV. Other effects of the
quenched approximation are that baryons will have a much reduced pion cloud,
and will not contain any strange quarks in the sea. The strange quark content of
the proton is known to be significant, however, both from the value of the pion-
nucleon sigma term. and from the recent EMC measurements of the polarized
structure functions. Pion physics will also be affected, because the chiral loops
which are responsible for the non-analytic corrections to the leading current
algebra formulae are mostly absent in the quenched approximation.

Thus we should not expect the quenched results to agree with those of the
full theory. Nevertheless, on the positive side, certain essential elements of QCD
are included. In particular, quark confinement and chiral symmetry breaking
have been convincingly established in numerical simulations of the quenched
theory (see below). Furthermore, one might hope that ratios, such as the kaon
B parameter, might be less sensitive to the approximation. I think, however, it
is best to view the quenched calculations as semi-quantitative. In many cases,
it is a significant achievement that they can be done at all.

Before describing how well lattice calculations fare. I should explain a point
which will repeatedly come up. To fix the lattice spacing in a lattice calculation
one has to choose the coupling constant g. Recall that in cut-off QCD the
coupling constant is evaluated at a scale 4 ~ 1: 4. For small enough a, we know
from perturbation theory how g(1/a) depends on a. Thus we can invert, and find
the dependence of a on g. The smaller we choose g. the smaller a. In practice,
we do not know exactly what a we get when we choose a certain g. This is partly
because we do not know exactly which scale to use as the argument of ¢ (1/a
versus 7/a). Also, experiments still have not pinned down the value of Agcp.
i.e. the value of a, at some particular scale. And finally, if we use the quenched
approximation, we are not allowed to compare with the real world anyway. So
there is an overall ambiguity in the scale of lattice results. One measures a mass
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in lattice units, i.e. Ma, with a definite statistical precision, but there is a much
larger systematic error involved in converting this to a value for M in physical
units.

4. Tests of lattice calculations

I will give a brief overview of the present status. For more details see the
reviews by myself (least technical),?® Gupta (more details),?! or Marinari (most
technical).??

First, I should say that the theory without fermion loops is a perfectly
sensible theory as long as one considers only gluonic quantities. This is the
pure SU(3) gauge theory, which has a spectrum of glueballs alone. One can
also add infinitely heavy quarks, and the theory still is consistent, since there
is no amplitude to create gq pairs. Since it is the gluonic sector that causes
confinement, one can learn a lot by calculations in this theory.

Confinement is, perhaps, the most esoteric of the phenomena attributed
to QCD. Though we have learnt to live with it, there is still no derivation of
confinement from first principles. The best “proof” available is the numerical
evidence from quenched lattice calculations. Here one measures the potential
between an infinitely heavy quark and antiquark, as a function of the distance
between them. If quarks are confined, the potential should grow linearly with
separation, and grow without bound. The coefficient of the linear term is called
the string tension. V' = or + 0{1). The physical picture associated with this is a
tube of color-clectric flux running between the quark and antiquark. If the flux
is confined 10 a tube of constant cross section then the energy density stored in
the flux tube will grow proportional to its length.

For calculations of the potential the use of the quenched approximation
is actually an advantage. In the full theory, when the heavy §q pair are far
enough apart, it would become energetically favorable to create a light gg pair,
and form a pair of heavy-light mesons. Thus confinement would be masked,
and the potential would flatten out beyond a certain distance. A compilation
123 The plot shows
the result in dimensionless units, the dimensions being carried by the string

of results for the quenched potential?? is shown in Fig. 1.
tension. As discussed below, one uses /o ~ 420MeV to convert to physical
units. Thus the potential is being measured over the range 0.1 — 1.0 fm. The
plot also shows the Cornell potential,?® which consists of a linear and 1/r terms,
and which is tuned to fit the charmonium data. The long distance behavior of
the lattice potential is consistent with linear growth. The large errors at the
largest separations are indicative of the fact that it is very hard to measure

the string tension accurately.?! Nevertheless, the qualitative result is clear. The
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Fig. 1

Comparison of Monte-Carlo results for the heavy quark potential with the Cor-
nell potential.?® The results are put into dimensionless units using the string
tension. The normalization is chosen to make the two curves agree at ro = 1.
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disagreement between the data and the phenomenological potential at small
distances may be an effect of the quenched approximation.

Another calculation that can be done in the pure gauge theory is that of
the glueball spectrum. These calculations have proved much more difficult than
first expected. The major difficulty has been inventing operators with a large
enough overlap with the glueball states. One has to use large operators, say 0.5
fin across, involving a tangled web of gauge links. One should think about this
as a complicated mess of flux. These new techniques have made it possible to
calculate masses for the scalar and tensor glueball on lattices with the spacings
I discussed in the previous section, i.e. 1/a ~ 2GeV. Furthermore, there are
results from a variety of lattice spacings, and for a variety of box sizes. Thus a
systematic study of the error due to the approximations is underway.

It turns out that there are very large finite size effects in glueball masses.
For very small volumes (one glueball Compton wavelength across or less) the
tensor glueball is slightly lighter than the scalar glueball. For volurnes up to five
glueball Compton wavelengths the tensor representation (five states) splits up
into two parts, one lighter than the scalar, the other heavier. For larger volumes,
the two components of the tensor representation come together, as they must if
full rotational invariance is to be restored, and they lie significantly higher than
the scalar glueball. This provides a salutary lesson in the possibility of finite
size effects.

I quote the numbers from the review talk of Andreas Kronfeld at the
Lattice-88 symposium.?® He has kept only results for small lattice spacings
(6/¢g° > 5.9), and for large volumes (m(0”*)L > 8). The tensor to scalar
ratio is m(2* 7} /m(0* ") = 1.56(7), the error being statistical only. To quote a
number for the scalar glueball one must know what value of the lattice spacing
to choose. Since this is not the real theory of the world, there is no obvious
choice. The standard procedure is to use the string tension to set the scale.
The result is m(0~*)/\/o = 3.24(16). To convert this into a rough estimate in
physical units one uses the estimate of o from the Regge slope: the slope of the
linear relationship between the meson mass-squared and angular momentum.
This gives /o = 420MeV, and thus m(0+™) ~ 1.36 GeV.

I stress that this physical value is only a very rough estimate. To obtain
it one has to assume that the string picture of high angular momentum states
works in detail, and that the inclusion of fermion loops will not change the ratio
m{0"*)/{/o. In fact, a scalar glueball will decay copiously into two pions in
an S-wave, and is likely to have a very large width, which in turn will effect
its mass. There is no reason to expect an exactly similar effect in the string
tension. Thus I take the pure gauge result as indicative that the scalar glueball
will probably be more massive than 1 GeV, and that the tensor glueba]lb might




well be heavier than 2 GeV. However, for the glueball hunters amongst you, it is
far too early to rule out that the f2(1720) (a.k.a. 8(1720)) is a tensor glueball.

The importance of these results is not so much the numbers themselves, but
rather that reliable calculations in pure gauge theory are now possible. These
calculations appear to have the systematic errors from the finite size of the
lattice, and the finite lattice spacing, down at the 10% level.

A similar level of accuracy has also been attained in the calculations includ-
ing quenched fermions. This was not so when I gave the talk, but the very recent
results from the APE collaboration26 have drastically improved the situation.
The APE machines are home-built parallel computers, designed with QCD in
mind. They are dedicated to lattice QCD and statistical mechanics calculations.

Figure 2 shows their results for proton, tho and pion masses on a modified
Edinburgh plot: mp/m, versus {ma/m,)?. Since only dimensionless ratios are
plotted, one can directly compare to experiment. Two points on this plot are
known: the physical values, and the infinite quark mass limit. (For mg = oo
the particle mass is just proportional to the number of quarks and antiquarks.)
Also shown are a sample of the “old” results from the Tsukuba group.?” The
improvement in the errors is dramatic.

The two sets of results from the APE group are from calculations at 6/¢% =
5.7 and 6/g2 = 6.0. The lattice spacings are respectively ~ 1.2 GeV and ~ 2 GeV
(using the string tension to set the scale). The smaller spacing is too small for
perturbation theory to apply, so, following the discussion of the previous section,
one would expect differences between the two sets of results. This is clearly
confirmed by the data. The merit of the 6/g% = 5.7 data is that it extends
to smaller quark masses, and shows that there is no dramatic curvature in the
data. Thus it seems fairly certain that the 6/g% = 6.0 data will extrapolate to a
prediction for mp/m, which is greater than 1.4.

The finite size effects in this calculation appear to be small.2” T also think it
unlikely that going to smaller lattice spacing will change the result significantly.
Thus it seems to me that we are fairly certain of the value of mp/m, in the
quenched approximation, and that it differs significantly from the physical value.
As discussed above, this is not unexpected. What is important is whether the
difference should be considered large or small. This is important because the
matrix element calculations will be using the quenched approximation for the
next two or three years, and we want to have some idea of the errors this implies.

1 do not know whether one should treat the deviations as large or small.
One can either say that there is a 10-20% effect (comparing the actual values
of my/m,), or one could compare the difference of the ratio from the m = oo
value 1.5. In the latter case the effect of the quenched approximation is very
large. This is not a facetious comparison, because some quantities vanish in the
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Fig. 2

Quenched QCD results for the mass spectrum. The ratio mp/m, (mp is the
proton mass) is plotted against (m./m,)?. The diamonds are the APE data?®
at coupling 6/¢> = 5.7, the squares are APE data at 6/g% = 6.0, and the
plusses are the TSUKUBA results®” at 6/¢g* = 5.85. The errors shown have
been reconstructed from the papers, and while not exactly correct, are nearly
so. The “X”s mark the known points for full QCD: the physical values and the
infinite quark mass limit.




infinite mass limit, and yet are expected to be large for physical quark masses.
An example is the “eye diagram” contribution to the AJ = 1/2 rule. What would
be very helpful is a crude model of the effect of the quenched approximation.

The final test of lattice QCD I want to mention concerns chiral symmetry
breaking. Aside from confinement, this is the most striking feature of the low
lying spectrum of QCD. The Lagrangian of QCD almost has a chiral symmetry
in which the left-handed and right-handed light quarks (u, d and s} are mul-
tiplied by independent phases. This symmetry would be exact if the quarks
were massless. This symmetry of the Lagrangian is broken by the vacuum of
the theory. The broken vacuum can freely convert a left-handed quark into a
right-handed quark, and visa versa. Thus the quarks propagating through the
vacuum have an effective mass — the constituent mass of ~ 300MeV. A second
consequence of the breaking of the symmetry is the appearance of Goldstone
bosons. These are the pions, kaons and 7, which would be massless were it not
for the current quark masses. The Gell-Mann-Oakes- Renner?® formula states,
in fact, that m? « mg. The interactions of the pseudo-Goldstone bosons with
one another, and with other particles, are constrained by chiral symmetry.

Chiral symmetry breaking is a non-perturbative property of full QCD, for
which there is considerable evidence in the real world. A simple picture of
how it happens was given by Nambu and Jona-Lasinio many years ago.2® The
attractive interaction between a quark and antiquark increases as the momentum
scale decreases. and eventually becomes strong enough that it is energetically
favorable for the vacuum to fill with gg pairs. This picture suggests that internal
quark loops are not essential to the phenomenon. On the contrary, they would
partially screen the attraction between quark and antiquark. Thus the quenched
approximation is a good place to search for chiral symmetry breaking.

There is now considerable evidence that chiral symmetry breaking does
occur in quenched QCD. Here the fact that lattice calculations can vary the
quark mass allows one to map out the functional form of quantities in much
more detail than in the real world. The condensate (v is found to be non-zero.
The mass formula m2 « mg works extremely well. More detailed predictions of
the broken chiral symmetry picture are now beginning to be tested, and work
within guite large errors.!®3¢

So the qualitative features which we observe in nature are indeed repro-
duced by quenched QCD. The differences are at the quantitative level. Given
this situation. the only reasomable way to proceed is to use a three pronged
attack. (1) Continue trying to improve algorithms for including fermion loops.
(2) Develop methods to calculate measured, non-perturbative quantities, that
can then give an indication of the accuracy of the quenched approximation. (3)

-279-

Learn how to calculate matrix elements which will allow one to test the stan-
dard model, and use the wisdom obtained from (2) to give reasonable estimates
of the errors. It has proved quite hard to figure out how to calculate certain
matrix elements, such as the kaon decay amplitudes. Once the methods are in
place, however, they can be used directly on the full theory, when computer time
allows.

I now turn to the various weak hadronic matrix elements for which lattice
calculations are underway. I should also mention various other matrix elements
on which considerable progress has been made, but which I will not discuss.
These are the low moments of meson and nucleon structure functions, quark
distribution amplitudes, proton decay rates, and the form factors of the pion
and nucleon. The status of these calculations has been recently reviewed by
Martinelli.®!

There are a relatively small number of people working on this partic-
ular branch of lattice gauge theory. In order to have convenient labels to
use below, 1 will list the groups now. The choice of identifying geographi-
cal institution has become standard, and I cannot be blamed for it. In al-
phabetical order, there is the BOULDER group consisting of Tom DeGrand
and Richard Loft: the FNAL (/IBM) group of Estia Eichten, Paul Mackenzie
and Jim Sexton; the LANL (/BROWN/CERN/UW) group of Gerry Gural-
nik, Rajan Gupta, Greg Kilcup, Apoorva Patel, and yours truly; the ROME
{(/CERN,/MADRID/ORSAY/SOUTHAMPTON) group of Belen Gavela, Lu-
ciano Maiani. Guido Martinelli, O. Pene, S. Petrarca, F. Rapuano and Chris
Sachrajda: the TRIUMF (/BAYLOR/KENTUCKY) group of Terry Draper,
K.F. Liu. Walter Wilcox and R.M. Woloshyn; and finally the UCLA (/TRI-
UMF) contingent of Claude Bernard, Terry Draper, George Hockney, Aida El-
Khadra, and Amarjit Soni. It appears that, much as with experimental high
energy physics, the collaborations span countries. continents and even oceans!

5. Decay constants

The meson decay constants are determined by the simplest of all matrix
elements. For example,

(0\5’7;;’755”(0(7’)) = ipru ) (5'1)

is the normalization in which fx = 135MeV. It is simplest to do the calculations
with =0, and use g = 0.

The present interest is in decay constants of heavy-light mesons. This inter-
est is for two main reasons. The first is the possibility that fr (F = Sc¢) might




be measured directly, from the rate of the decay F — p%v. The second is the
measurement of B — B0 mixing, the amplitude for which is proportional to f2.

The range of quark masses at our disposal is roughly from %ms up to 2 GeV.
We can calculate with both quarks equal in mass, or with unequal masses. To
calculate decay constants for mesons containing up or down quarks we must
extrapolate. However, this extrapolation seems quite smooth. For example, one
can fit fx to the form b + ¢(mq + m,), with b and ¢ constants. Thus one can
extract quite reliable values for f, and fx. The ratio fx/fx should be free
from dependence on the overall scale, and might have reduced sensitivity to
the quenched approximation. This ratio is ~ 1.22 experimentally. The lattice
results are consistent with this, though with quite large errors. For example, a
staggered fermion calculation®? finds fx, fr = 1.20(6), while Wilson fermions3
give 1.22 + AOSf}; (the second error is an estimate of systematics). This gives
some confidence in the predictions for heavy-light systems.

Table 1 contains a compilation of the available data on the heavy-light
decays constants. The second column shows the coupling constant used (8 =
6/9?), and the type of fermions used. I have only included results with 3 > 6.0,
i.e. with small lattice spacing. Roughly speaking for 3 = 6.0, 6.1, 6.2, the
inverse lattice spacings are a~! = 2.0, 2.3, 2.6 GeV. The errors quoted are
only statistical. The decay constants in the first four rows have been converted
into physical units by first calculating the ratio f/fr and then multiplying by
the physical value of f,. This is probably the most reliable method. For the
BOULDER data3® I have done this conversion by hand, using the results in the
paper. In the last three rows conversion is made to physical units using a value
for the lattice spacing 1/a(g = 1) = 1.9GeV. This is the method that has to be
used if light quark extrapolations are not available.

Table 1. Decay constants

Reference | A" Method| Jfea | Jes | Joa | Js
ROME? 6.2(W) | f/f- | 181(27) | 218(27) | ~ 120 ~ 150
UCLAZ® 6.1(W) | [//- | 174(26) | 234{46) | 105(17) | 155(31)
ROME?** 6.0(W) | f//x |197(14) | 214(19) - -

BOULDER® | 6.0(W) | f/f.*| 232 | 272 - -

W)
)

1
o' 1100(33) | 222(16) - -

BOULDER?® | 6.0(W) | {
TRIUMF*® | 6.0(W) | a’ | - 225(25)t | - -
TRIUMF* | 6.0(S) | a’ | - | 2000207 | - -

* S=staggered fermions. W=Wilson fermions
* Calculated indirectly from information in paper

T Results read off figure, error unreliable

Let me first discuss the results for the decay constants of the mesons con-
taining charm quarks. Comparison of these numbers indicates that there is
relatively good agreement between the Wilson fermion results. The exception
is the BOULDER data using the f//, method. These are the results that I
have estimated, and they have very large errors because of the error in fr. Thus
the numbers are probably not inconsistent, although this needs to be checked.
There is a substantial difference, however, between the results for the two types
of fermion. In principle, as a — 0, these two types of fermion should give the
same answers. In fact, the TRIUMF group find that the divergence between the
two types of fermion increases as the mass of the meson increases. This suggests
that there are large 0 (Ma) (M is the meson mass) corrections. This is what one
might naively expect since, for the charmed mesons, Ma ~ 1. Nevertheless, for
the Wilson fermion calculations, the UCLA group has found that various ways of
estimating the effect of O(Ma) corrections indicates that they are small. Thus
it is possible that the difference between the two types of fermion is mainly a
problem for staggered fermions. However, the evidence for this is not convincing,
and more work remains to be done.

The most detailed study of systematic errors has been done by the UCLA
group. They find that the dominant systematic is the uncertainty in the over-
all scale. They estimate that the error in fp and fr is ~ 50MeV. Given the
differences between Wilson and staggered fermions, this may be a slight underes-
timate, but is probably not off by too much. A very rough estimate of the effect
of the quenched approximation can be obtained from the size of the contribution
of pion. kaon and 7 loops to fr and fg. In the large N, approximation,'! this
turns out to be a 10-20% effect. Thus the quenched approximation is probably
not the dominant source of error, at present.

One can avoid the large error due to the uncertainty in the scale by consid-
ering the ratios feq/ fr, fes/fx> and fes/fea. It is a firm result of the quenched
approximation that these are greater than 1.

To make an estimate of the decay constants for B mesons one must extrap-
olate well beyond the reach of the lattice. For heavy-light mesons, it has be
shown?®7 that, if the mesons are heavy enough, f o 1/v/M. There are actually
small multiplicative corrections to this of the form a;(m)?, where 7 is a known
anomalous dimension. Given the size of the errors in present lattice estimates,
however, these corrections can be ignored. Thus to estimate f one has to know
when the asymptotic form begins to apply.

The UCLA group has addressed this question by calculating the decay con-
stant, for fixed light quark mass, for a large number of heavy quark masses. 1
show in Fig. 3 their data for light quarks of masses ~ .4m,, .Tm; and 1.4m,.
The heavy quark masses range up to values greater than m.. I have taken the
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Fig. 3

Quenched QCD results for heavy-light meson decay constants. The data is from
the UCLA group.3® The plot shows frv/M, versus M., where all quantities
are in lattice units. Three sets of data points are shown. each corresponding
to a fixed light quark mass. The crosses, diamonds and squares are for light
quark masses ~ .4my,, .7my, and 1.4m,. For the technically minded the actual
parameters are £ = 0.154, 0.153 and 0.151 respectively. The data are from
123 x 33 lattices at 8 = 6.1. The errors are statistical.
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data (for 6/¢g% = 6.1) quoted in their paper, and multiplied the decay constant
(in lattice units) by vMa, and plotted against Ma. The errors are statistical
only. The curves clearly show a tendency to flatten as M increases. This is what
one expects if the asymptotic formula applies. Nevertheless, this flattening is
occurring for Ma>1, at which mass lattice artifacts may be significant. Further-
more, one knows®? that, for Ma >> 1, the lattice fa drops exponentially with
the meson mass, and so eventually the curves must turn over. Thus, without
independent confirmation I find this is a tantalizing, but not convincing, result.

To proceed, the UCLA group assume that the asymptotic behavior has set
in by the last two points, and extrapolate to obtain fy, and fu,. These are
the results shown in Table 1. The ROME group have not done such a detailed
study, but if they extrapolate from their heaviest mass, assuming the asymptotic
formula, then they obtain the estimates in the table. If the asymptotic behavior
does not set in until higher masses, these will be underestimates of fg. Clearly,
in addition to the error in the scale, and the possible Ma corrections, there is
a significant extrapolation error in these results. Thus I think it is too early to
say whether fp is less than f,, though it begins to seem likely that fp/fp < 1.

Although the results for fp will improve, it is less clear that those for [p
will get better. This is because it would take a considerably smaller lattice
spacing to test if the glimpse of asymptotia shown in Fig. 3 is a real effect. But
the size of the heavy-light mesons does not decrease as the heavy quark mass
increases, since the size is determined by the light quark mass. Thus one cannot
decrease the physical size of the lattice by much, without running into finite size
effects. So one is forced to use lattices with more points in all directions, and
this is beyond the powers of present computers.

To do better for fg an alternative approach is needed. This is provided by a
method suggested by Estia Eichten.3? The idea is to expand about a heavy-light
meson in which the heavy quark has infinite mass. In this limit the heavy quark
does not move in space, and is easy to deal with. The light quark is allowed
to propagate around the fixed heavy quark. It turns out that the calculation
of the decay constant in this limit automatically has the 1//M behavior as
an overall kinematic factor. It is also possible to calculate non-leading terms
suppressed by O(1/M). Unfortunately, the calculations have proved difficult so
far in practice.?® But, in the future this may be the best way of determining fg.
Related ideas have been discussed by Lepage and Thacker.®?

It is interesting to compare the lattice results with those of the QCD sum
rules. Narisoni® finds 172(15), ~ 220, and 187(17) MeV for f.q, fes and foq
respectively, while Dominguez and Paver?! quote 224(26), 277(13) and 150-210
MeV respectively. The spread in the sum rule values is similar to the estimate of
the systematic error in the lattice estimates. The sum rule values are, however,
systematically higher, particularly for fy4. Thus it is all the more important to
press ahead with the lattice calculations of this quantity.




6. B° — BY mixing

From the point of view of probing the weak interactions, the most pressing
need for fg is in order to predict B — B mixing. This has been measured for
bd mesons both by ARGUS and CLEQ. The result is z4 = |AM|/T ~ 0.7.
The dominant contribution to AM comes from the box diagram in which both
internal lines are top quarks. Because of this, the dominant momenta in the
loop are p ~ my, and one can use perturbation theory to do the loop integral.
The classic renormalization group analysis of Gilman and Wise!? for K — K
mixing can be carried over. This replaces the box diagram by a calculable
QCD coefficient multiplying the four fermion operator 0 = E'y[;d by#Ld. The
coefficient is to evaluated at a scale at which perturbation theory applies, and
the matrix element (B|0|B) is to be evaluated in QCD cut-off at the same scale.
Schematically one has

14 = (known factors) f(m:) s35 (53, + ¢° — 2s12gc08(6)) (B|O|B) . (6.1)

Although 323 is measured from the B semileptonic width, and thus should be
part of the “known factors”, the error is still quite large. Thus I have displayed
the factor of s, explicitly. The function of m, is known, and is proportional to
m? for most of the range of interest (40-200 GeV). The more-or-less completely
unknown factor is the combination of angles in parentheses. The lack of observed
b — u semileptonic decays limits ¢ < 0.17. The ARGUS observation of b — u
decays would provide a lower limit of ¢ > 0.08, but this observation has not
been confirmed by CLEO. Knowledge of the last factor in Eq. (6.1}, i.e. the
hadronic matrix element, would enable us to determine some combination of the
parameters my, ¢ and 6.
An oft-used parameterization of the matrix element is

— 8
(BlO|B) = gfngéBbd- (6.2)

This introduces a fudge factor Bpg. In vacuum saturation approximation, this
factor is 1, by construction. This approximation is not sufficient to provide an
answer, because of the uncertainty in fp. Ishould also mention that in the large
N. approach, the leading order result is the same as vacuum saturation, except
that 8/3 — 2.

The fudge factor Bpq is the ratio of the full matrix element to that in
vacuum saturation approximation. Such a ratio can be measured directly on
the lattice. Since it is dimensionless, there is no systematic error due to the
uncertainty in the scale. Also, one might hope that there is less sensitivity to
the quenched approximation. The measurement has been performed by both
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ROME®* and UCLA®? groups. As with the decay constants the results have
to be extrapolated to the B mesons. However, this extrapolation seems very
straightforward as B is close to 1 for all meson masses greater than ~ 1GeV.
One finds Byg ~ By, ~ 1.0(2). The error here is not from the extrapolation,
nor from the statistics. but from the variation of the result as a is varied, and
the uncertainty in the matching between continuum and lattice scales.®® Similar
values have been obtained by the FNAL group.?” Thus the major uncertainty
in the theoretical estimation of z4 comes from the factor of f2;.

7. The kaon B parameter and ¢

At the other end of the mass range it is also very important that we measure
a mixing matrix element. The fudge factor for K — K mixing is defined as for
the B system

. 8
(K|svid sy*Ld|R) = gff(m%‘,BK . (7.1)

The uncertainties here are just the reverse of those in the B system. We know
fk from experiment, but there are considerable uncertainties in By.

We need to know Bk because it is a crucial ingredient in the standard model
prediction of CP violation in K — K mixing. This is parameterized by ¢, which is
measured to have a value 0.00228. The theoretical analysis of ¢ is similar to that
for B— B mixing. The box diagrams with internal top quarks dominate, although
charm quark contributions cannot be neglected in a complete analysis. The box
can be replaced by the matrix element displayed in Eq. (7.1), multiplied by a
QCD coefficient which can be calculated perturbatively. Both matrix element
and coeflicient are to be evaluated at a scale u at which perturbation theory
is still valid. For the internal charm quark contributions to be replaced by an
effective operator tlis scale must be comparable to me.

The detailed analysis has been done by Gilman and Wise,*? with the result

e = (known factors) s2, ¢ s5 g(m;) By . (7.2)

Only the top quark contribution has been displayed. The function g(m.) is
proportional to m? for most values of m,. Clearly it is essential to know Bx to
a level comparable to the experimental accuracy if we are to make full use of
the data.

The various approximate methods have given values for Bg. To compare
these values I will use scale u ~ 2GeV; By is defined so as to be 1 in vacuum
saturation approximation, but this corresponds to a cutoff 4 < 1GeV. When
one uses the renormalization group to run from this scale up to 2 GeV, one finds




Bk (2GeV) ~ 1.3.* Using SU(3), x SU(3)g chiral symmetry one can relate
Bk to the K+ — 7n+7% amplitude.*® One finds Bk (2 GeV) ~ 0.5. QCD sum
rules give values!! in the range 0.33-1.2. Finally, the large N. approximation®}
gives B {2 GeV) ~ 0.8.

There is clearly a great need for improvement. Superficially it might seem
that lattice calculations should be as simple for Bg as for Bg. This is not
so. The difficulty is that the behavior of the matrix element as a function
of g is determined by chiral symmetry as mg — 0. One should find that
Bk = b+ ¢cmk, with b and ¢ constants. To put it another way, the actual
matrix element {(x m’;’( By) should vanish when mg = 0.

For this result to hold in a lattice calculation, chiral symmetry must be
respected. But with the Wilson formulation of lattice fermions, this symmetry
is explicitly broken, and only recovered in the limit that @ — 0. This means, in
practice, that one cannot simply measure the matrix element displayed in Eq.
(7.1). One must perform subtractions on the operator, and, since these sub-
tractions are calculated in lowest order perturbation theory, they are not exact.
For a discussion see the review of Bernard.?? The end result is that one doesn’t
expect that Bxm% will extrapolate to the origin. Indeed, the results from the
ROME and UCLA groups show this.¥#4% Since this indicates contamination
in the data, one has to assume something about the behavior of this contam-
ination in order to extract an answer. Making a reasonable assumption, the
ROME group quotes Bg(2.5GeV) = 0.65(15). The conversion from u = 2GeV
to 4 = 2.5GeV is a small effect.

The other lattice calculation has been done by the LANL group, using
staggered fermions. We calculate a different matrix element from that in Eq.
(7.1). but one which is simply related to it. The advantage is that enough
chiral symmetry is retained to guarantee, directly on the lattice. that the matrix
element will vanish when mg = 0. Actually. this derivation only holds in the
infinite volume limit, as stressed to me by Claude Bernard. It is not clear how
finite volume corrections will alter the prediction. I show our latest results in
Fig. 4 (from 15 configurations of an 18° x 42 lattice at 6/¢* = 6.2 using the wall
source method*® ). We measure By directly. but it is better to display mef(.
This is the middle set of points. The linear fit extrapolates quite ciose to the
origin, and if one allows a little curvature, one can easily make the curve pass
through the origin. The linear fit shown in the figure gives the value Bx = .86.

*  Perturbation theory is not trustworthy below ¢ ~ 2GeV, so this estimate

is somewhat untrustworthy. A similar comment applies to the chiral symmetry

and large N, calculations.
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Fig. 4

Matrix elements of four-fermion operators in quenched QCD, obtained by
the LANL group using staggered fermions.® The data are from 15 lattices of
size 183 x 42, generated with 3 = 6.2. The squares show Bxm% plotted against
m%. All masses are in lattice units. The lines show linear fits to the data {i.e.
those points with m}( > 0.05). and the points at mg = O are the corresponding
extrapolated values. The upper and lower curves show other matrix elements.
(They are, respectively, the V and A curves of Ref. 46.)




This result by itself is very pleasing, However, the other two sets of points
in Fig. 4 are different matrix elements, each of which should also pass through
the origin! One can imagine adding enough curvature to make this happen, but
this looks very contrived. Such a large curvature corresponds to the breakdown
of the lowest order chiral symmetry predictions. But if it is not present, and the
intercepts are non-zero, then there is something amiss in the staggered fermion
calculation. Similar results are obtained on two other lattices (16°x40 at 3 = 6.0
and 122 = 30 at # ~ 5.9), using different codes, so I do not think there is a bug
in the programs. Clearly the problem requires further study. In particular, we
are adding another mass point at m2 ~ .0035.

For the moment, all one can say is that the lattice favors values towards
the high end of the range of previous estimates. But substantial progress has
been made in setting up the calculation theoretically, and in understanding the
systematics, and I expect improvernent in the next year.

Of course, it must not be forgotten that these are calculations in the
quenched approximation. This means that pion, kaon and n loop diagrams
are not properly included (one can actually still draw some such diagrams, but
not all}. Using the chiral Lagrangian one can actually calculate the effect of
these loops. Although some of the contribution simply renormalizes fj, there
is a significant effect on Bx. One has to make assumptions to actually evaluate
the size of the correction, and this is a controversial subject. Using the large N,
approach, one finds a 12% reduction in By due to these loops.}! This suggests
that the systematic errors due to quenching are not too large. There are also
finite size corrections due to pion loops, which are probably calculable. Since
the interactions of pions is weak, however, I do not expect these to be very large.

8. The A7 = 1,2 rule

Calculating the CP conserving parts of the kaon decay amplitudes is an im-
portant benchmark for lattice calculations. If the quenched approximation gives
values close to those observed experimentally, then we can have more confidence
in other results. To date, only the large N. approximation has come close to
explaining the large ratio of the K° decay amplitude to that for the K+, This
is a very nice piece of work,!! but it involves stretching various approximations
beyond their range of validity. In particular, perturbative calculations are used
down to a scale g = 0.6 — 0.8 GeV. Despite these caveats, it is a challenge to
the lattice calculations to do as well.

The lattice calculations are now closing in on an answer. The calcula-
tion of the Al = 3/2 amplitude turns out to be relatively straightforward,
plagued only by the perturbative subtractions similar to those for Bx. The
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AT = 1/2 amplitude, however, i5s much more difficult to calculate. The problem
is non-perturbative mixing with lower dimension operators. The solution to this
theoretical problem has now been found, both for Wilson*” and for staggered
fermions.#® I will not go into the details here.

The general method for the calculation of the amplitudes is the same as
in the calculations described above. One starts with the W exchange diagram
in terms of quarks, and then uses QCD perturbation theory to calculate the
effect of loop momenta greater than some scale u. The full analysis involves
six operators, and has been described in the papers of Gilman and Wise. 4249
As discussed in the introduction, QCD corrections enhance the operators with
A = 1/2 and suppress those with AT = 3/2. There is only a factor of two
enhancement in Ap/ A, if one stops using perturbation theory at u ~ 2 GeV.*

The non-perturbative part of the problem is the calculation of matrix el-
ements of the operators between the kaon and the two pion final state. Of
course, one has to extrapolate from the heavier lattice quarks to the physical
quark masses. Chiral symmetry dictates how the amplitudes should vary as the
meson masses approach zero. It is very important that the expected behaviors
are observed, so that the extrapolation can be done reliably.

In fact, things are not so simple. It turns out that one has to do an off-
shell calculation. There are three reliable ways of doing this. The first®? is to
calculate

K(p=0)—> =x(p=0)n(F=0); My = Mg = My . (8.1)
The use of equal quark masses (so that the kaon is degenerate with the pion)
is essential. Having calculated this amplitude one uses chiral symmetry to ex-
trapolate, both in mass and momentum, to the physical, on-shell point. The
particular problem facing this method is the possible final state interactions
between the two pions.

The second method?*” uses chiral symmetry to relate the A — n7 matrix
element to the K — x transition amplitude. It turns out that, with Wilson
fermions, one has to calculate this transition amplitude for both 7 = 0 and
p # 0. One is not forced, however, to use degenerate quarks.

With staggered fermions one has the possibility of using a third method.
Here one need only measure the K -- 7 transition amplitude at § = 0, as long
as one also measures the A to vacuum amplitude. d!-48

* In such a calculation, charm quarks are not integrated out. This means
that the penguin operators do not appear. Thus the question of whether these
operators are the source of the Al = 1’2 rule is meaningless.




All methods must eventually agree. To date, only Wilson fermion calcula-
tions have reported results, using the first two methods. Only the third method
has been attemnpted with staggered fermions, and the calculation is in progress.
1 would summarize the present situation as hopeful, but a lot more work needs
to be done. Most calculations have been done with quite heavy quark masses
{not much lighter than m,), and many have used large lattice spacings (3 = 5.7).
The final state interaction effects appear to be large in the AI = 1,2 amplitudes.
There are simply many more checks to be done.

To give an idea of the quantitative situation I will simply quote the latest
results from the two groups. The numbers are given in Table 2, as well as the
experimental values. (More data exists than is shown in the table, but it has not
been fully analyzed.*) The AI = 3/2 amplitude seems to come out too large,
while the AT = 1/2 amplitude has very large statistical errors. It is very likely
that the statistical precision of the results will improve dramatically in the next
vear, and that the staggered fermion results will appear, since all three groups
have access to considerably more computer time than previously available.

The final matrix elements that I will discuss pertain to ¢'/e. As discussed
in the introduction, €'/e allows us to test the understanding of CP violation
in the standard model. For &’ to be non-zero, there must be CP violation in
kaon decay amplitudes. In a phase convention in which all amplitudes are real
if 6 = 0, it is necessary that the decay amplitudes develop an imaginary part.
This can occur in so-called penguin diagrams in which the top quark is in the
loop. This is a short distance loop. and can thus be replaced by a set of light
quark operators, multiplied by known coeflicients.*® The dominant operator is
Op = Sa",'bdb Sq:udﬁébﬂ;fq“ {(a and b are color indices). The final equation

for €'/e is given schematically in Eq. (1.3}, The challenge for the lattice is to

Table 2. Kaon decay amplitudes
o ‘ [ T AKs—rn ) | AK=n70) | A(Ks—m n )
Reference | Method | i) E ]S_E;lr LS 0y | A(Ks* — 775
UCLA®? TK —nm |57 1.0(6) g 9(2) Fo1(e)
53 | N 1.2(1.3) | 8(24)
ROME | K=" 60 25(18) ! 16(6) 16(40)
ROME® "K —ar 162 2.1(1.3) | 5.9(14) 35(31)
Experiment K — 77 i oo 0.78 | 38 | 21.2

* Two different methods of extrapolation were used for K — 7 amplitudes
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calculate the matrix element of O¢. This is of similar difficulty to the calculation
of the AJ = 1/2 decay amplitude.

It turns out that ¢ is sensitive to isospin breaking. This enters through the
difference m, — mg, and from electromagnetic interactions. Naively one would
expect these to give small contributions, but they are magnified by the AT = 1/2
rule, and by the constraints of chiral symmetry. For more details see the original
papers on the subject.?4 One of the electromagnetic contributions is obtained
by replacing the gluon in the penguin diagram by a photon. Because of this,
the electromagnetic terms have become known as being due to electromagnetic
penguins (EMP).

For the full calculation of /¢ one needs the matrix elements of O¢ for the
strong penguins, and of two new operators C1 and Og for the EMP. All three
matrix elements can be estimated using the vacuum saturation approximation.

Let me illustrate this for Og

(K% 0em™n™) = 71'4\."'5f,r(m3\' - m,zr)—TPL (f—K - l) B . (9.1)
my(p)? \ Jx

As always, the fudge factor (Bg) is defined so as to be 1 in vacuum saturation

approximation. Similar equations define By and Bs.5% Notice the appearance of

the strange quark mass. a parameter which is not very well known.

Lattice calculations in the quenched approximation can attempt to calcu-
late these three B parameters. They cannot. however, expect to calculate the
full matrix elernent. This is because the value of m, in the quenched approxima-
tion is two to three times smaller than the physical value. Any matrix element
that depends sensitively on m, will be poorly measured in the quenched approx-
imation. The matrix element of O¢ is indeed sensitive to m,. as shown by Eq.
(9.1). It makes much more sense to measure the ratio Bg. so that the dominant
dependence on m, cancels. Of course, this problern will not be present in the
full theory. But until we can simulate this theory on large lattices. we must live
with the factors of m,. and the uncertainty that they introduce.

When all the factors are put in. one finds that

: L idei[125MeV” .
= .028(10)iq!iss 0231 (“"‘* el ) Ball ~ Qo+ NEMP). (©2)

o

™y

All quantities are to be evaluated at a common scale. which will be about 2 GeV
for the lattice calculations; 0, is the correction due 10 isospin breaking mass

differences. It is proportional to the strong penguin contribution. and is fairly



well known. The range of reasonable values is 0.27 — 0.4. The electromagnetic
contribution is parameterized by Qgasp. This is defined to be

387 Br + ¢
37T 8 ‘8>. (9.3)

Bg
=023 — —
Qemp B < %

6
Notice that if gasp is positive, which turns out to be so, then the two isospin
breaking effects partly cancel.

The coefficients € 7 5(1) are evaluated in perturbation theory. All depend
logarithmically on m,. Typical values®® (u = 2GeV, Agcp = 0.1GeV, my =
70 GeV) are ¢ ~ —0.1, &7 ~ —0.21 and g ~ —0.03. With these values, if one
assumed vacuum saturation (Bg = By = Bg = 1), then Oppp ~ 0.23, and there
is a large cancellation with 0, .

Lattice calculations of B; and Bg have been done by all three groups, and
there is good agreement. All find that both B parameters are within 20% of
unity.** These are relatively easy calculations that do not involve large subtrac-
tions.

The calculation of Bg is much harder. The only result is that from the
LANL group. using the third method discussed in the previous section. and using
staggered fermions.2° This result has some encouraging features, e.g. the depen-
dence of the matrix element on the meson masses is consistent with expectations
from chiral symmetry. But there are significant problems with the calculation.
Certain terms are simply assumed to be small, and are not calculated.** Fur-
thermore, the statistical errors are large. The actual number found is Bs ~ 0.5,
but, given the errors, I would only take this to indicate that B¢ may deviate
substantially from unity.

It was at first thought to be very hard to calculate B with Wilson fermions,
but recently the UCLA group has pointed out that the X' — 77 method can be
used.5? They are in the process of doing the calculation. I expect much improved
results from both types of fermion in the next year.

The situation for £'/¢ is thus quite unclear.’® I should mention that the
large N. approximation, in leading order. has Bs = Bg = 1 and B; = 0. The
suppression of By is shown in Eq. (9.3) by the factor of 1/3 multiplying Bo.
However. since g turns out to be very small. one must keep the non-leading
terms in the approximation. and one would expect that By ~ 1. The non-leading
calculation has not been done. I hope that it will be attempted, because the
size of the pion. kaon and 7 loop diagrams, which are a part of the calculation,
will give an indication of the corrections to the quenched approximation.

Since the NA31 group has now a 3 standard deviation measurement of
€'/, I should make some comment on the theoretical expectations. Let me run
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through the uncertainties in Eq. (9.2). Moving from right to left, I begin with
(Ygmp. A reasonable range seems to be 0.2 — 0.5. Thus the last parenthesis will
probably not differ from 1 by more than 20%. As just discussed Bg ~ O(1);
m,(2GeV) is unlikely to be smaller than 125 MeV, but may be larger; C¢ always
lies close to —0.1. The only solid result on ¢ is the CLEO bound ¢ < 0.17.
Putting the factors together, if ¢ ~ 0.1 (i.e. the observation of b — u decays by
ARGUS is correct), and if Bg ~ 1, and if m, ~ 125MeV, then the NA31 value
is compatible with theory. But if ¢ < 0.1, and the lattice finds Bg < 1, and if
m, > 125MeV, then theory cannot get as large a value as 0.003.

Thus there is a strong incentive to push hard on the lattice calculation of
Bg. The Fermilab group is hoping to make a measurement within an error of
0.0005. If the NA31L result (¢//e = .0033(11)) is confirmed, this would be an
accuracy of 20%. An interesting question for the future is whether it is worth
reducing the experimental errors beyond this level. It is hard for me to judge
how well g can eventually be measured. but over a time scale of 5-10 years, |
expect that a calculation of Bg and m, to 10% accuracy is not unlikely.

10. Future progress

1 hope to have given the impression of guarded optimism for the future.
The machinery for the calculations is now in place. Either we need a major
analytical breakthrough, or we need more Gigaflops.

Let me set out a possible progression. Present calculations (such as the
3 = 6.0, 1,a ~ 2GeV. 16% x 40 lattice that the LANL and UCLA groups
are collaborating on) use, say, a CRAY-2 processor (of which there are four per
machine) for one sixth of a real year (i.e. 1500 hours), and run at 100 Mflops. Let
me define a unit calculation to be one requiring 10® floating point operations.
Present calculations, i.e. those leading to the results quoted above, take ~ .5
units.

The next step up is to have an entire year (nearly 9000 hours) of a CRAY-2
processor, i.e. 3 units of computation. This would allow one to increase the
lattice volume to say 20% x 40, and to reduce the smallest quark mass accessible
to ~ m,/4. One has to do both at once, because smaller quark masses imply
smaller meson masses, which require large volumes to avoid finite size effects.
The lattice spacing would be unchanged, and the quenched approximation would
still be used. Given the importance of testing the small meson mass behavior, it
is better to use any increase in resources to decrease the quark mass rather than
the lattice spacing. This amount of computer time has been granted for the
next year to a merger of the LANL and UCLA groups, under the Department of




Energy’s “Grand Challenge” program. The ROME group hopes to get at least
as much time on the APE computers.

With present technology it is possible to do better. The fastest commercial
supercomputer is the Connection Machine-2 (CM-2). A full CM-2 can probably
run lattice QCD programs at 2 Gflops. The home-built machines at Columbia
University, at Fermilab and the APE machine3” will to soon be as fast or faster.
Given a dedicated 1Gflop machine for an entire year, one has 30 units of compu-
tation. The extra factor of 10 allows one to increase the lattice size to 30% x 50
and to decrease the quark mass by roughly a factor of 2 to m,/8. This assumes
that the computer time scales as V//m, where V is the space time volume. Such
a small quark mass would correspond to a pion of mass ~ 250 MeV. This should
be small enough to definitively test the chiral behavior of amplitudes. Such a
calculation is only a year or so away.

The next step may follow quickly afterwards. Don Weingarten at IBM is
building a 10Gflop machine that will be dedicated to QCD. Parts of this machine
are working. There are also other proposals with similar computer power.3” This
gives another factor of 10, assuming it can be used efficiently. Thus one could
do a 300 unit computation each year. At this point one has gained enough to
be able to try an unquenched calculation on a lattice comparable to those now
used for quenched calculations (i.e. 16% x 40 with 1/a ~ 2GeV).

This takes us a few years hence, and I hope that the progression will con-
tinue. The APE collaboration are discussing a machine which would gain an-
other factor of 10. There is the yet to be unveiled Connection Machine-3. It
seems to me not too rash to expect that 5-10 years from now we will be able to
do calculations in full QCD with 10-20% reliability.

Thus I foresee monotonic, though not fast. progress. In addition to im-
proving the calculations that I have discussed in this talk, there are many other
quantities that can be calculated which are important for probing the elec-
troweak interactions. One project that is already underway is the calculation of
the vector form factors relevant in exclusive semileptonic deca,ys.52 The idea is
to calculate the form factors for D — HKev, and. by extrapolation, for decays
such as B - pev. Eventually, when experimental and theoretical uncertainties
have become small enough, this will allow a direct determination of KM angles.
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Abstract

Revised numbers are presented for the neutrino burst from SN1987A observed by the
IMB detector. The new values do not differ significantly from those already published.
We also use the revised values and a study of systematic effects caused by a malfunc-
tioning power supply to present and discuss the angular distribution of the observed
events. Our present knowledge of systematic errors makes it unlikely that these produce
much distortion in the angular distribution,

The angular distribution and energetics support the hypothesis that both neutrinos
and antineutrinos were observed in the burst. The Kamioka and IMB experiments have
good agreement with each other and with the hypothesis of a 25% forward scattering
component of the form expected from ve -— ve. The nature of the forward scattering
component can be inferred from known cross sections and experimental expectations.

T'his result has implications for models of supernova and for neutrino physics itself.

©J. LoSecco 1988
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Introduction

The IMB collaboration has made detailed reports on our neutrino abservations' of
SN1987A. Over the past year we have made extensive studies and simulations of the

detector and now have a better understanding of the events recorded in the supernova

burst. The purpose of this note is to update the values of the observations to reflect our NORTH
current best estimates and to explore the implications of the partial detector malfunction IO\ 7 2

2|
on the observed scattering angular distribution of the events.

At the time of the supernova neutrino burst one of the four high voltage power 23 3 N

supplies in the detector had tripped off. This supply provided power to 25% of the

photosensitive detectors. The detectors are arranged in blocks of 8 by 8 phototubes.

These blocks are called patches. The east and west faces have four patches on them. The

WEST EAST w E
top, bottom, north and south faces have six patches each. The eight patches affected 17 19 16 15 8

by the high voltage failure are illustrated in Figure 1. We had presumed that this

BOTTOM
malfunction reduced detection efficiency and produced a substantial angular distortion. s

An analysis of the effect of this malfunction is presented here and elsewherc.? %0 8 TOP

Updated Data 18

SOUTH
Table 1 lists the former best estimate of the parameters for the eight observed inter-

actions. Table 2 lists the current revised values for these observations. There are
no major differences to be noted. Most of differences are within measurement errors.
A comparison of Table 1 with Table 2 should give the reader a better feeling for the Figure 1: Malfunctioning Trigger Patches
inaccuracies of the measurements.
We have also established a new fiducial volume to have a mass of 6800 metric tons.
This represents the entire sensitive volume of the IMB detector in front of the light
detecting tube planes, Our published SN1987A results used a fiducial mass of 5000

metric tons. All previous physics results® with this device had been done with a 3300 Table 1: Old Distribution of IMB Events (April 1987 PRL)

. ) ) . ) Event Time Vertex (cm) Direction Angle  Azimuthal
metric ton fiducial volume (or less) obtained from the full sensitive volume by removing Number 7:35:40+ X Y 7 X cos Y cos Zcos fromSN Angle
the outer 2 meters (or more) of water. 1 1.37 -168. -42, 86. -0.712 0.697 0.086 75. 82,

These different fiducial volumes do not yield significantly different physics results 2 L.79 717.  -529. 73. -0.129 0.992 0.008 53. 47.
since the efﬁcien‘cy drops sharply, at Fhese .low energies, in the .extended fiducial vol\jlme. i ;g; _6774?) :83% -12?576 —?)TB?) 8(2)2: ggsg zg iES?)
The total sensitive volume has the dimensions of 22.9 meters in the east-west (x) direc- 5 2.04 _1017. 298. -869. -0.300 0.482 0.823 40 130
tion, 16.8 meters in the north-south (y) direction and 17.8 meters in the up-down (z) 6 4.06 -670.  207. -288. -0.420 0.260 0.869 52. 141.
direction. A table of efficiencies for the full volume and the standard fiducial volume 7 6.38 -581.  76. 284, -0.327 0.632 0.702 39. 113.

8 6.96 652. 324. -85 0.384 0.349 -0.855 102, -11.

are given in Table 3. The table has an additional 3% systematic error added on to the

efficiency error. This reflects Monte Carlo differences between the measured detector

response and amongst different Monte Carlo calculations. The reader is warned that
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the efficiencies are calculated for an isotropic event distribution at the specified electron
energy. The effect of the 25% missing light collectors is included. If the parent angular
distribution is not isotropic these efficiencies will not accurately reflect the true detector

response. These efficiencies are plotted in Figure 2.

Table 2: New Distribution of IMB Events Table 4 lists the revised event energies and compares the efficiency corrected event
Event Time Vertex (cm) Direction Angle  Azimuthal rate for both regions. They agree quite well. On the basis of the seven events actually
Number 7:35:40+ X Y Z Xcos Ycos Zcos fromSN Angle observed in the 3300 ton fiducial volume we would expect to see an efficiency corrected
1 1.374 -20. 62 59.  -0.810 0.576 0.115 80. 90. number of 36+13 events in the full volume. We see 26.4 efficiency corrected events.
g ;gzi SS; 'jgg igi 8322 gggi -(())(?62:? ;2 ‘%5% The error s)n the expected va.lue is Purely statistical and does not reflect any additional

4 2515 630, -446. -302. -0.562 0.083 0823 66, 144, errors coming from systematic efficiency errors.
5 2.936 -082, 235, -871. -0.200 0.594 0.779 33. 122. The time distribution of the events is illustrated in Figure 3. The figure represents
6 4.058  -628. 81. -325. -0419 0.260 0.870 52. 141. the cumulative number of events after a specified time. The negative slope of the curve
7 6.384  -513. 172, 247. -0344 0485 0.804 42. 128. represents the event rate. A major portion of the signal is found in the first two seconds.

8 6.956 702. 224, -185. 0.376 0.320 -0.870 104. -11.

In Figure 4 we illustrate the distribution of event vertices in the y-z plane. A similar
figure could be constructed for the other two projections using the data from Table 2.
In Figure 5 we present the projection of the direction cosines from Table 2 projected
onto the y-z plane. Since the direction cosine vectors are normalized to one, this figure
contains all of the direction information for these events. Note that four of the events
point upward; three of them point horizontally and one points downward.

Angular Distribution

Table 3: 75% IMB Monte Carlo Trigger Efficiencies

A major concern has been to understand the scattering angular distribution. This is

Energy 6800 T 3300 T . N . .
(MeV) efficiency + illustrated in Figure 6. If the interactions are dominated by charged current reactions
T : B N T S of electron antineutrinos on protons (.P — e*n) one would expect the distribution to
18 10.4£5.0 be nearly isotropic. The plot of Figure 6 should be flat. In fact we find that all but one
;(5) ;ggi;‘;’ zlljgi:gg event is found in the forward hemisphere and the distribution shows a peak near 60°.
30 41.645.2 57.846.3 We can assign a statistical significance to the distribution that we find. The Smirnov-
35 58.1+5.2 74.3+5.8 Cramer-Von Mises test allows us to compare the observed cumulative distribution func-
40 65.1+5.1 83.0+5.3 tion (CDF) for the scattering angle to a theoretically predicted one. Figure 7 illustrates
;g gg?igi gg;ii; the measured CDF and two predictions. The dotted curve is the CDF for a flat distri-

Tinclades 3% systematic error bution. The data has a probability of about 1.5% to have come from a flat distribution.

Due to 2 small energy dependence the actual distribution at our energy (< E >= 30
MeV) is expected to be slightly peaked forward with a distribution of (I + .13 cosf).
In addition to this small forward bias the inoperative photomultipliers may have pro-
duced some additional distortion. Monte Carlo studies indicate that this distortion is

small. It is at most a 10% effect. Conservatively we have compared the measured CDF
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Event Energy Inverse 6800 T Inverse 3300 T 2 0 1 _
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Figure 4: Projected Spatial Distribution of Supernova Events in the IMB Detector
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Figure 5: Projected Angular Distribution of Supernova Events. The malfunctioning

patches would tend to populate the left side of the plot.
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with the dot dashed curve® which is the distribution (1 + .23cos®). This includes a
reasonable estimate of all systematic biases and physics effects. The probability of our
distribution coming from such an initial distribution is about 4.5%. We consider this
poor agreement.

The distribution of events in time, energy and scattering angle carries a good deal
of information about the nature of the gravitational stellar collapse and the nature
of the neutrino itself. The angular distribution is expected to be very different for
events induced by electron neutrinos and by electron antineutrinos. The distribution
we observe is not representative of either of these.

Beyond the scattering angle discussed above we measure the azimuthal angle of
the events. No known physics effects can modulate the azimuthal distribution so any
distortion observed here must be attributable to systematic effects. In Figure 8 we show
the distribution of events in both scattering angle and azimuthal angle. There is a
notable clumping of events within a cone of 20° opening angle. These events 4,5,6,7
occur in sequence. Even with the expected two dimensional distortion coming from

missing phototubes such clumping has a probability of less than .7%.

Interpretation of the Observed Angular Distribution

Our detailed understandings of neutrino physics can be used to extract much useful
astrophysical information from these data. Many details are revealed in subtleties of
the observations. To avoid being led astray, comparison of data from the Kamioka and
IMB experiments can be used to reduce systematic errors or the probability of statistical
fluctuations. These experiments differ in sensitivity and possible systematic errors.

Tables 5 and 6 contain most of the information reported by IMB and Kamioka.
The relative times, observed energy and scattering angles can be used to understand
the burst.

Information regarding the types of interactions is limited. Neutrinos of all six types:
Vy, Vg, Ve, Uy, Uy and 7, are the only known particles that can penetrate the 5000 to 8000
km of earth between the source and detectors, or can escape the interior of the stellar
collapse itself. There are only a limited number of reaction channels available to neu-
trinos on a water target at these energies. Some of these reactions can be distinguished
by the angular distribution of the recoiling ]cpton.4

The three possible scatterers of the various types of neutrinos and antineutrinos
would produce three distinct angular distributions.

Kinematics dictates that scattering from electrons {ve — ve) will be strongly peaked

forward. Multiple scattering will smear the sharp forward peak over a region of the
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forward scattering angle. At the electron energies observed in these experiments multiple
scattering® is expected to be about ¢=18°-22°. It rises to 0=30° at 10 MeV. This
multiple scattering is added to the true scattering angle, which at these energies is as

Table 5: Summary of IMB Events - much as 12°-18°. Reconstruction errors will also tend to move the reconstructed track

Event Relative Cosine Angle Eneﬁ?

Time Time from SN from SN (MeV) direction away from forward simply due to the larger solid angle available away from
7:35:41.374  0.000 0.172 80+10 3847 the forward direction. The very sharp peak expected for this process by some authors®
7:35:41.786  0.412 0.720 44115 377 is unrealistic and will not be present. Electron scattering is the only process that can

7:35:42.024 0.650 0.563 56120 28+6
7:35:42.515 1.141 0.414 65420 3947
7:35:42.936  1.562 0.843 33+15 3649 Charged current scattering of electron antineutrinos by protons (v, P — e*n) is
7:35:44.058  2.684 0.610 52+10 3646 expected to be nearly isotropic with a very small (10%) backward asymmetry at low
7:35:46.384 5.010 0.738 42420 1945
7:35:46.956 5.582 -0.246 104420 2245

give a forward peak.

energies and forward at high energies. This includes the effects of all known form
factors.” The momentum transfer at these energies is negligible and so scattering is
insensitive to the ¢ dependence of the form factors. In this work the asymmetry
parameter (a as in 1 + acosf) has been calculated from all of the observed interactions
using the form factors and energy dependence of Bonetti et al.” The detectors do not

recognize the neutrons resulting from this reaction.

Charged current nuclear scattering from oxygen {v, 'O — e~ ¥F) or carbon is
expected to be predominantly in the backward ]\emisphere.8 The oxygen nucleus is

tightly bound and requires a large threshold (E > 15.4 MeV) to participate in charged
Table 6: Summary of Kamioka Events

_ . el e current neutrino or antineutrino reactions. There is no evidence in the data for any
Event Relative Cosine Angle Energy

Time Time {rom SN {from SN (MeV) backward excess.
7:35:35  0.000 0.951 18.£18. 20.0+2.9 Since each of these scattering processes give, in principle, distinguishable final states
7:35:35  0.107 0.766  40.£27. 13.543.2 there will be no interference among them. Experimentally the observed angular dis-
3 . N -
7:35:35  0.303 309 108.432. 7.542.0 tribution will be the sum of the contributions of each of them. Often more than one
7:35:35 0324 0.3d2  70.£30. 9.2+2.7 ' el en mor
7:35:36  0.507 _707 135.423. 12.842.9 process could account for a specific event so that it is difficult to distinguish types of
7:35:36  0.686 0.375 68.£77. 6.3%£1.7 interactions on an event by event basis. For example, a given forward event could result

7:35:37 1.541 0.848 32.£16.  35.4£8.0
7:35:37 1.728 0.866 30.+18.  21.044.2
7:35:37 1.915 0.788 38.+£22. 19.8%3.2

from either electron scattering or charged current antineutrino scattering on protons. A

study of the overall distribution can be nused to determine the fraction of events of the

7.35:44  9.219 530 122.430. B.64+2.7 several types mentioned. Since the expected distributions do have some srnall energy
7:35:45 10.433 0.656 49.426.  13.04+2.6 dependence it would be best to identify specific events with specific processes. Since
7:35:47 12439 -.017 91.439. 89+19

this can’t be done we will settle for an average expected distribution using the data as

a rough guide.

Figure 6 shows the angular distribution of the IMB observations. Only 1 of 8 events
are in the backward hemisphere. Figure 9 shows the angular distribution of the Kamioka
cbservations. The solid curve represents Kamioka events that have energies above the
IMB threshold of 19 Mev. Only 4 of 12 Kamioka events are in the backward hemisphere.

Figure 10 shows the angular distribution of the combined sample. Again, the solid
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Figure 9: Histogram of the angular distribution of the 12 Kamioka supernova neutrino
events. The dashed curve represents all events. The solid curve represents the 4 events
above the IMB 19 MeV detection threshold.

-296-

Figure 10: Histogram of the angular distribution of the 20 supernova neutrino events in
the combined IMB and Kamioka sample. The dashed curve represents all events. The
solid curve represents the 12 events above the IMB 19 MeV detection threshold.




curve represents events above the IMB threshold. Only one high threshold event (out
of twelve) is in the backward hemisphere.

The absence of a particularly strong signal in the backward hemisphere is indicative
of the absence of any contribution of charged current scattering on nucleii. The data
can be understood in terms of charged current reactions of electron antineutrinos on
protons and neutrino electron scattering.

A comparison of the raw Kamioka and IMB angular distributions indicates a (Kol-
mogorov) probability of 81% that they were drawn {rom the same distribution. This
is remarkably good since the different energy thresholds and systematic errors in IMB
should produce some differences that are not accounted for in a simple comparison of
the raw data.

A reasonable method for studying the angular distribution of a small event sample
of this type is to do a maximum likelihood fit to a minimum number of parameters.
This has been done with the scattering angles in Tables 5 and 6 using the distribution:

Clt)) 2 (1-=?
2 (1+az) + mexp(———w—g——),

where fis the fraction of forward scattering (in addition to that from the approximately
isotropic charged current scattering) present; z is the cosine of the scattering angle; a
is the charged current asymmetry (1+acosf =1+ az) and is zero at Kamioka energies;
a is taken to be .23 for IMB data. This includes the energy dependence of the asymmetry
(.13) plus a 10% systematic error resulting from the failed detector components.? For
the combined sample ¢ is taken as .092 and 0 is the appropriate multiple scattering and
other angular dispersion effects. At the energy in question g & .0875 which corresponds
to o = 22°. The angular distribution of a forward peak and the angular distribution
of charged current antineutrino scattering are not fit but are imposed on the solution.
The best value of f is the most probable fraction of forward scatters present. The fit
yields f = 0.23 for the 20 event combined sample of IMB and Kamioka data.

The maximum likelihood method permits an even more detailed study of the data.
The angles in the tables include an error estimate that accounts for the multiple scatter-
ing and reconstruction errors that have been put in by hand in using the value 6 &~ .0875
above. A maximum likelihood fit can be done using the PDF given above but with the
forward peak reduced to 8o = 0.025, that is o ~ 12°. This is the width appropriate for
just the kinematic spread from electron scattering at the highest energies observed. The
PDF was sampled at the central values given in Tables 5 and 6 but was averaged over a
+10 Gaussian. The width of the Gaussian was given by the error quoted for the specific
measured angle. The Gaussian was folded over at the poles when needed. This fit gives

the value [ = 0.25% 0.15. The result has been estimated two ways. The maximum
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likelihood value using all 20 events is f = 0.249. The variance has been estimated by
o*(f) = —(L]irg}ﬂ)'l which gives o = 0.147. A jackknife technique® has also been used.
In the jackknife technique the mean and variance are estimated by comparing the max-
imum likelihood fit for the total 20 event sample with the value obtained from the 20,
19 event subsamples produced by removing one event at a time. The jackknife technique
yields f = 0.253 £ 0.146.

The statistical significance of this result can be measured by comparing the cumu-
lative distribution function!® (also known as the integral distribution) of the scattering
angle with theoretical distributions containing various fractions of isotropic and forward
scattering. The most well known test is the Kolmogorov-Smirnov test!® which searches
for the maximum absolute difference between the experimental and theoretical curves.

The comparison is made to the integral of our fit function:

(1-2) T+ %41

LoDy e - RIS

£x (1= erf( ;

When this theoretical curve is compared with the data, no forward scattering (i.e.
f = 0) has a Kolmogorov-Smirnov probability of 13% for the Kamioka data and 14%
for the IMB data. The combined sample has a probability of only 1.5% of having come

from a distribution with no forward scattering component.

To quantify the significance of our fit for f the data has been compared with distri-
butions with f varying from f = 0 to f = .55. Figure 11 plots the Kolmogorov-Smirnov
probability for each of the two experiments as a function of the forward scattering frac-
tion. Both experiments have a peak probability at about f = .25. For Kamioka the
probability for / = .24 is 84%. For IMB the probability for f = .23 is 53%. For com-
parison, a x? of 8 for 8 degrees of freedom has a confidence level comparable to the IMB
value quoted here. It is noteworthy that the probability does not drop to as low a value
as it had for f = O until f = .41. To put it differently, the probability of having no
forward scattering in the sample is comparable to the probability of having 41% forward

scattering.

The combined sample (20 events) has a peak Kolmogorov-Smirnov probability at
f = .23. These tests indicate the most probable value is close to f = .25 for each
individual experiment as we have found for the combined sample.

This result is relatively robust. It is not very sensitive to a range of reasonable
values for the multiple scattering used (fo). 1t is not very sensitive to specific individual

events. Variations in the asymmetry, a, do not seriously effect the result.




Kolmogorov Probability

Probability

0 0.1 0.2 0.3 0.4 0.5
Forward Scattering Fraction

Figure 11: The Kolmogorov-Smirnov probability as a function of the forward scattering
fraction. The solid curve is for the Kamioka data. The dashed curve is for the IMB
data.
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Energy Considerations

The previous result has followed just from a consideration of the angular distribu-
tion. The energetics of the events make the rate obtained reasonable too.! Many au-
thors have calculated the energy output®!? in electron antineutrinos above the Kamioka
threshold of 8.1 MeV to be about 8-9 x10°? ergs. Because of its lower energy detection
threshold the Kamioka data gives a better estimate of the total neutrino energy out-
put since there is less need to extrapolate below the observed events. This section will
summarize considerations that are not hased on the IMB observations.

An energy output of 7 x10%2 ergs in electron neutrinos in any spectrum would
produce a single electron scattering of the form (v,e — v.e) in the Kamioka detector
{with ¢(E,)=0.9). Because the cross section rises linearly with energy this depends only
on the total energy output in the form of v,.’s but detection depends on the spectrum
being above the energy threshold of about 7 MeV. The forward events seem to satisfy
this requirement. The cross sections for electron scattering!® of other neutrino types are
smaller than for ve’s but the sum of the cross sections for the other five types of neutrinos
is comparable to that for v,’s. Il the luminosities are comparable the number of forward
scatterings should double. For a luminosity of 9 % 10°% ergs in each neutrino type one
would expect 2.6 forward scattering events in Kamioka based on energy considerations
alone. This 22% is very close to the 25% found from consideration of the angular

distribution alone.

Applications

It is highly probable that forward scattering events are present in the sample of events
collected from the February 23, 1987 supernova. The most reasonable interpretation is
that these events are produced by scattering of neutrinos on electrons.

This implies a total energy output in all forms of neutrinos in excess of § x 1033 ergs.
This result would follow from considerations based on the majority of events being
induced by electron antineutrinos and with equal luminosities in each of six neutrino
types. It is corroborated by the elastic scattering events. This energy is considerably
above the expected value of 3 x10%3 ergs.

The concurrent presence of several neutrino types in a short time period implies
a major reduction in limits on the muon and tau neutrino mass. The similarity in
flight times for neutrino and antineutrino implies that gravitation does not distinguish
between them. This is an accurate experimental test comparing freely falling matter
and antimatter.!* The neutrinos and antineutrinos arrive within a burst duration of

from 2 to 10 seconds. General Relativity predicts a delay of 2 to 5 months due to




gravitational effects of our Galaxy.!5 All neutrinos and antineutrinos are apparently

delayed by the same amount.

Conclusions

The revised IMB data has been presented. Effects of possible systematic errors asso-
ciated with a detector malfunction at the time of observation have been found to be
small. Good agreement is found between the IMB and the Kamioka data.

The facts do not support the hypothesis that the observed events are produced by
only the interactions of electron antineutrinos.These calculations have implications for
the nature of the neutrino pulse observed from SN1987A. These hypotheses do not

necessarily rule out many alternative possibilities.
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THE NEUTRINO ASTROPHYSICS: BIRTH AND FUTURE
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ABSTRACT

The birth of observational neutrino astronomy/astrophysics is de-
scribed and its future possibilities are discussed.

1. Introduction

A new born branch of basic science eagerly awaits the active
participation of young scientists and this lecture is meant to encourage
especially the young scientists to take part in the exploration of this NEU-
astrophysics by pointing out the fact that it was born in 1987. | think we
can make this statement despite the existence of the pioneering work of
R.Davis?) in the United States on the solar 8B neutrinos, which gave rise to
the so-called Solar Neutrino Problem SNP: ie. the observed neutrino flux
about one-third of the expected from the Standard Solar Model,2) SSM.
This is because one needs the arrival direction and time of the signal in
order to construct an astronomy in addition to the spectrum to construct
an astrophysics experiment. The Davis experiment using the inverse beta
decay ,37Cl to 37Ar, for detecting the solar neutrinos did not satisfy these
requirements. The observation of solar 88 neutrinos by KAMIOKANDE-3)
uses the elastic scattering of these neutrinos off electrons for their
detection and hence it is real-time, directional, and spectral observation.
The observation by the same experiment,® and by IMB,5) of the neutrino
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burst from the supernova SN1987a was based on the reaction{ ., on
proton) to become (positron plus neutron), and it is real-fime and
spectral, though not directional.

We have learned a lot about our Universe through the long history of
optical astrophysics; e.g. the universal expansion and/or the chemical
abundance. The post-war development of radio-astronomy has shown,
among others, the existence of the cosmic microwave background at 2.7°K
thereby making the Big Bang origin of our Universe quite plausible. The X-
ray astronomy has given some evidence for neutron stars and possibly for
black holes. The more recent infra-red astronomy is beginning to tell us
about the birth of stars. Come to think of it, however, all these signals
are electromagnetic waves and as such interact rather strongly with
matter. This means that only the information on the thin surface of stel-
lar objects and/or on the diffuse gaseous objects can be conveyed by these
signals.

if we were to probe deep inside the stellar objects, be it a star or a
galaxy, it is clear that we have to use a much more penetrating signal in-
teracting only through the weak force with matter. Such a signal exists
in nature and it is the neutrino. What, then, can we expect to learn with
this probe?

Before entering this main issue let me spend a few minutes to ex-
plain the basics to the non-experts either in elementary particle physics
or in astrophysics.

2. Preliminaries on Elementary Particles®)
At present we seem to have three families of elementary particles.

Each family consists of 15, (16 if the neutrinos had non-zero masses)
particles. In the first family they are:

(ulk, ugh, uyL,\
(d.t, dgt, dyL’}

()

el ) ; ek (ve?)?

(R, uR, uR) (GR, dgR, d,R,);

Here u and d are quarks of different flavors, electric charges 2/3 and -1/3
respectively.  They come in three different colors, r, g, and y, and in two

spin states, right-handed and left-handed denoted by R and L respectively.
Also e- and v, are electron of charge -1 and electron-neutrino of charge 0.
If neutrino had a non-zero mass, there would also be right-handed neu-
trino.

These particles interact with each other through the four known
forces; i.e., gravitational, weak, electromagnetic and strong, mediated by
graviton, Z° and W+, y, and eight differently colored gluons, respectively.
Notice that the above table contain horizontal triplets ( r, g, y ) as well as
vertical doublets ( (}) . The strong interaction has SU(3) symmetry and
three colored quarks fit in its basic representation, triplet, and the weak
interaction has SU(2) symmetry and work only on L's in doublet. Of course
all the electrically charged particles interact each other by exchanging v's.
In the second and third families, ( u, d, e-, and v, ) are replaced by ( ¢, s, p-
.and v, )and (t b, 1, and v; ), respectively, although the t-quark has not
been detected experimentally yet. The present-day tendency of theo-
retical particle physics is to convert the dynamics into the geometry.
Probably the first successful example of this approach is the general rel-
ativity theory of Einstein. At the end of the last century, magnetic and
electric forces were unified into the electromagnetic theory of Maxwell
which turned out to have the form of a local gauge field theory of U(1)
symmetry: a geometry. The fruitfulness of this approach was dramati-
cally demonstrated by the discovery of the Z° and W+ predicted by the so-
called Standard Theory which is a local gauge field theory of SU(2)xU(1)
unifying the weak and electromagnetic forces. So it was rather natural
to proceed unifying further the strong force, believed to be described by
another local gauge field theory of SU(3), into a local gauge field of a
large symmetry group containing SU(3)xSU(2)xU(1).  This was proposed in
the middle 1970's in the form of Grand Unified Theories”) which aimed at
unifying the three forces of nature,electro-magnetic,weak and strong, into
a local gauge field theory of some unifying symmetry group; SU(4), SU(5),
SO(10), and/or E(B8). These GUT's generally predicted a finite life of pro-
ton, some in the range of 102%ears,8) existence of magnetic monopole, and
possibility of non-zero mass for neutrinos. Later the Super Symmetry, the
fermion-boson symmetry, was introduced in order to remedy some of the
difficulties of GUT's. Perhaps the uitimate of this theoretical trend is the
Superstring theories which aim at the final unification of all the four
forces of nature in the form of a space-time geometry. They had some
theoretical successes but are not ready to give any experimentally verifi-
able predictions.




We now discuss the practical problem of detecting the neutrinos.
The detection of a neutrino, electrically neutral and with only weak
interactions, requires first its conversion into an electrically charged
particle by some weak interaction process.  For the purpose of obtaining
the astrophysical information from the detected neutrinos the conversion
process shoud preserve the direction and the energy of the incoming neu-
trino in those of the resulting electrically charged particle and the de-
tection shoud be real-time. We list some of the processes below. The
letters D, S, and/or T in the parentheses imply directional, spectral
and/or real-time observation, respectively. We first consider the v's of
energy less than say 50MeV which are typical of astrophysical origin.

(vx+ €) 1o (v,+ e°); the elastic scattering off electron. (D, §,and T ) (1)

This is a very nice process for detecting the astrophysical neutrinos
of energies larger than say 6MeV, greater than 10x(electron rest mass),
because of its kinematical forward emission of recoil electron, direc-
tional information, and because of the one-to-one correspondence between
the energy spectrum of incident neutrinos and that of recoil electrons,
spectral information, and furthermore because the detection can be made
real-time. The recoil electrons as observed by their Cerenkov emission
pattern would furnish these three types of information. The difficulty
here is in the small cross section® of the process. It is 2.6x10-44cm? for
10MeV v, to produce a recoil electron of greater than 8MeV and it is still
six or seven times smaller'®) for other types of neutrinos.

(ve + p) to (e* + n) ; the inverse of neutron B-decay. ( S and T ) (2a)

This process has a much larger cross section than (1), 5x10-42cm?
for 10MeV anti-v,, and it is good for the energy spectrum observation be-
cause the emitted positron energy plus the Q-value, 1.3MeV, gives the in-
cident neutrino energy. The angular distribution however is isotropic and
does not give any directional information.  The positrons can be observed
either by their Cerenkov pattern or by their scintillation light in some
scintillator.

(vo+d)to(p+p+e);(weakD,S,and T) (2b)

Similar to (2a), it has a cross section!!) of 2x10-42cm? for 10MeV
ve. There is a weak backward peaking, (1-(1/3)cos®), in the angular dis-
tribution of electrons. The p in d above can of course be used as target
for detecting anti-v, by the process (2a).
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(vy + d) to (p + n + v,) - the neutral current disassociation12) of deuteron.
(2c)

This can in principie be a powerful process to detect the total neu-
trinos flux of any flavor. It has the flavor independent cross section of
8x10-43cm2 for 10MeV neutrinos. The difficulty here is the detection of
the liberated neutron through its capture y-ray in the presence of very se-
vere background. The timing accuracy is limited by the neutron diffusion
time.

(Vo + (Z,A)) to (e + (Z+1,A)) - the radiochemical method. (3)

The use of 37Cl for (Z,A), extraction of the produced 37Ar, and then the
observation of 37Ar decay back to 37Cl was the method utilized by R. Davis
in his pioneering work on solar neutrinos.  The different choice of (Z,A)
gives different detection threshold. in view of the fact that these pro-
cesses give neither the directional nor the spectral information and that
the detection is not real-time, we shall not discuss them further here.

The detection of higher energy v's are considerably easier.
{(vg (v )+ Nucleus) to (I, L) + anything); (D, T) (4)

The directional and real-time observation of the produced leptons, (e-,u-
,t), and/or anti-leptons can be made by their Cerenkov light patterns and
the directional accuracy can reach 1degree.

There is one more thing | should mention here.  That is the possi-
bility of neutrino flavor oscillation in the case of non-zero mass neutri-
nos. The mass eigenstates are in general not identical to the flavor eigen-
states and then there arises, even in the absence of material media, the
quantum-mechanical evolution of an initially non-existent flavor state as
time goes on. This possibility was used by Pontecorvo'® to explain the
SNP; the initially produced vg's were converted into other flavor states, v,

and v,, which can not produce signals in the 37Cl experiment of R. Davis.

When the neutrinos are traversing matter there is a more efficient
way of flavor change. This was pointed out by Mikheyev and Smirnovi4)
following the formalism of Wolfenstein.15) It is quite similar in mecha-
nism to the Kg° regeneration by K © in matter. The problem of the neutrino




oscillation is also of vital importance and
a later part of this lecture.

| shall come back to it again in

3.  Preliminaries on Astrophysics!®)

The stars in their main sequence stage, our sun for instance, are
supposed to obtain their shining energy by burning four protons into a he-
lium nucleus. The process requires the conversion of two protons into two
neutrons by emitting two positrons and two vg 's. There are a variety of
intermediate channels to complete the process and the resuiting energy
spectrum of the emitted neutrinos will be a superposition of different
energy spectra corresponding to each of these intermediate channels as
shown in Fig. 1. Therefore, if we can measure accurately the energy
spectrum of the emitted v, 's, we can reconstruct the energy generating
processes deep inside the star. This, easily said, is indeed a very
difficult task and we are just beginning to observe the upper end of the
solar v, energy spectrum. The better understanding of the sun, our ulti-
mate energy source, is obviously of great importance and a number of so-
lar neutrino experiments are being prepared or projected in the world!7);
e.g. Ga-detectors for low energy part of the spectrum under construction
at Gran Sasso, ltaly, and at Baksan, USSR, and/or a heavy water Cerenkov
detector proposed in Canada.

When the star accumulates more and more helium in the core, the
helium ash contracts by its own gravitational force and the inner part be-
comes hot and dense enough to start the reaction 3x4He to '2C+y. The
outer H atmosphere is then expanded due to this internal energy source and
the star becomes a red supergiant of lower surface temperature. Depend-
ing mainly on the initial mass of the star, it may evaporate a considerable
amount of mass into space during this red supergiant stage.'® The accu-
mulated carbon will eventually react with themselves to produce more fu-
sion energy. The process goes on until the accumulated ash is 56Fe which
has the largest nuclear binding energy per nucleon so that no more energy
can be generated by further nuclear fusion. At this stage the star will
consist of a number of burning onion shells and there may be some nuclear
detonation due to instability which could be identified as supernova of
type | without neutrino burst. The exact evolutionary path of a star de-
pends on the initial mass, the metalicity, and the angular momentum, etc.

When the mass of the Fe core reaches the Chandrasekhar mass limit,
1.4 solar mass, the pressure of the degenerate electrons can no longer
support the gravitational weight of the Fe core and it collapses inward.
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Fig. 1 The calculated energy spectrum of solar neutrinos.




This inward fall of Fe matter raises the temperature and the density at
the central region. The photodisintegration of Fe nuclei and the electron
captured by the proton will result in a neutron core of about the nuclear
density, where the mean free path of neutrinos become small compared to
the size of the core and the neutrinos become degenerate with Fermi level
at about 10MeV.'9) The emission of vg's from this neutrino sphere consti-
tutes the first signal of the stellar collapse which perhaps lasts a few
tens of milliseconds. The still infalling Fe matter on the central core
are heated by the bouncing shock wave and the neutral current weak inter-
action produces the neutrinos in pairs irrespective of their flavors.20)
These neutrinos will suffer diffusion process before they come out of the
star and this subsequent signal lasts about 10 seconds. The shock wave
wili blast off the outer layers to show the optical supernova of type li but
the actual light curve will critically depend on the conditions of the outer
layers.

One of the most important problems in astrophysics is to understand
the very early stages of our Universe. Iimmediately after the Big-Bang the
temperature as well as the density must have been very high. We know
empirically that nature respects the symmetries of physical laws at
sufficiently high temperature. At temperatures of 1019 GeV or more all
the species of elementary particles, known and yet-unknown, must have
been produced and in equilibrium; particles and anti-particles in equal
number for example. Namely all the quarks and leptons with their anti's
must have been in equilibrium with the force mediating bosons, y, W, Z,
gluon and graviton, and also with their Super Symmetric partners, if they
exist at all. We, however, seem to observe a large disparity between
matter and anti-matter in our present day universe. If the matter were
absolutely stable this asymmetry could not have happened. Inspired by the
predictions of GUTs a number of experiments were launched over the
world to search for proton decays and our experiment KAMIOKANDE is one
of them (see Fig. 2). The unique feature of this experiment is its
sensitivity for low energy phenomena, down to several MeV electron,
which was accomplished by the very large photomultipliers specifically
developed for this experiment in collaboration with HAMAMATSU
PHOTONICS INC. This sensitivity not only allowed the best lower limits of
partial lifetimes of proton into most of the possible decay modes but also
enabled the experiment to observe the solar 8B neutrinos as well as the
neutrino burst from SN1987a.

Coming back to the Big-Bang era, the stable particles like monopole
and/or the fightest mass particle of Super Symmetry would survive to
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Fig. 2 The schematic drawing of KAMIOKANDE detector. By observing
intensity as well as arrival time, the Cerenkov light produced by
fast particles one can reconstruct the event vertex, direction of
motion and energy. Note that 20% of the entire inner surface of the inner
detector is covered by photocathode resulting in 3.4 photoelectrons per
iMeV electron.




this day, though deccelerated by the universal expansion to velocities of
the order of 10-3 ¢. Such heavy relic particles would have been captured
by the gravitational force of the sun during the last billions of years, and
monopoles will catalyze the nucleon decays, Rubakov effect?'), and the
lightest supersymmetric particles will annihilate with their anti's in the
sun. These processes will emit the neutrinos of the corresponding energy
spectrum and, thus, by searching for the neutrinos of appropriate energy
coming from the direction of the sun we can look for such Heavy Relic
Particles with a great sensitivity. For some years the astrophysicists
have been perplexed by the seeming existence of Dark Matter. The Heavy
Relic Particles or the finite mass neutrinos could be what is constituting
the Dark Matter.22)

Cosmic rays have been with us for more than half a century but
we still do not know where and how they were accelerated though there
exists some hint from their chemical abundances that the ion source may
be supernovae. Unfortunately we can not use them to point back to their
origin because they are electrically charged and, hence, suffered many
scatterings by magnetic clouds in the interstellar space. The acceleration
of protons and ions, be it due to the off-axis rotation of gigantic magnetic
moment of neutron star or due to shock wave Fermi acceleration, to such
high energies will result in the interaction of these high energy particles
with the nearby tenure gas particles to produce high energy n+- and n°.
The =°'s will immediately decay into two ¥'s and the =n+'s will decay into
L+ and vy /7ll or interact depending on the density of the media there.
These v's and y's are not electrically charged and their observation will
tell us where the acceleration is taking place. The comparison between
the two types of signals will further tell us whether the acceleration was
indeed of hadrons or not and what physical conditions exist in the media
there. Some air shower experiments claimed the observations of very high
energy, 10'5eV or more, y's from a point source like Cyg-X-3 and some
underground experiments reported high energy u signal from the same
source. However, the situation is far from clear and more sophisticated
air shower type experiments are being prepared. The difficulty here is the
rejection of the overwhelming background of cosmic ray hadron showers.
The observation of high energy neutrinos can be made by the u's they
produce in the earth and the usual practice is to look at only the upward-
going u's to avoid the background of the downward-going u's produced by
cosmic rays in the atmosphere. Even then there are the upward-going u's
produced by the high energy v's resulting from the cosmic ray interactions
in the atmosphere on the opposite side of the earth. The identification of
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the point source signal thus depends critically on the angular
measurement accuracy of the experiment. The angular deviation of the
observed p from the original v direction is due to two causes. One is the
multiple Coulomb scattering of the p's in traversing the rock and it is
inversely proportional to the square root of the threshold detection energy
of the pu's; about 1 degree for 5 GeV threshold. The other is the emission
angle of the pu in the v interaction and depends on the energy spectrum of
the primary v's; also about 1degree or plausible choices of energy spectra
and for 5 GeV threshold.  Therefore, the experiment aiming at high energy

neutrino astrecnomy has to have the angle measuremental accuracy of
about 1 degree.

4. Solar Neutrino Observation by KAMIOKANDE

The most difficult task in this observation is obviously that of
background rejection.  There are four main causes of background involved
here.  The first is the Rn dissolved in the water. The second is the low
energy delayed B-emitter among the fragments produced by high energy p
interactions in the water and the third is the y's and the neutrons from the

surrounding rocks. The fourth cause is the U and Th contamination in the
water.

The Rn has as one of its descendents 214Bi which gives 3.26MeV 8.
This low energy B triggers the 7.5MeV threshold with about 10-5 probabil-
ity because of the finite energy resolution. In the early days of operation
once in a while 10 tons of fresh water was added to compensate for the
loss due to evaporation. This addition of 0.3% water resulted in the jump
of trigger rate as can be seen in Fig. 3. The 3.8 days decay of the ancestor
nucleus 222Rn is clearly seen. This cause of background was taken care of
by making airtight the inner water circulating system and by providing the
airtight reservoir tank for replenishing the water.

The second cause, 2N and 2B etc. from the oxygen break-ups, had to
be deleted in the off-line analyses by using the time- and space-correla-
tions with the parent u. At this underground depth of 1000 meters the
cosmic ray muon rate is 0.37Hz. We can not just kill the detector after
every passage of muons; some of the possible radioactive fragments,
like'1Be, 15C, and/or 16N, of oxygen have half-lives in seconds. This
analysis of fitting the muon-induced low energy events with respect to
the time dependence and the energy spectrum gave us one of the absolute
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energy calibrations. The absolute energy calibration was supplemented by
the observation of p-e decay electrons and finally by the observation of
Compton electrons from the known monochromatic y-rays resulting from
the thermal neutron capture by Ni-foil. ~ The thermal neutrons were from
252Cf fission source immersed in the water. The resulting absolute energy
calibration is better than 3%.

The third cause, y's and n's from the surrounding rocks, has been
dealt with by installing Cerenkov anti-counters of water, >1.4m thick, all
around the main detector and also deleting the peripheral region, <3.14m
from the top and <2.0m from the other boundaries of the inner PMT arrays,
in the analysis of solar neutrino events; the resulting fiducial mass 680
tons. There still seem to remain some y-events even after the fiducial cut
and an additional cut was made for those excess events in the direction of
normal to and in the vicinity of the container walls.

For the last cause of background, U and Th contamination in the
water, we installed the columns of ion-exchange resins and the contami-
nation was reduced from the original 10-% to the present 1012 level and is
still improving gradually.

The effect of these background cuts are schematically shown in
Fig. 4. The remaining events are shown in Fig. 5 in the form of the angular
distribution with respect to the sun-earth direction, which were then
fitted by the maximum-likelihood method to estimate the number of solar
neutrino events in the sun-earth direction region.  Figure 6 shows the lat-
est result of the solar neutrino observation by KAMIOKANDE and one sees
that the observed flux is more than 3¢ away from the null flux and is defi-
nitely smaller than the SSM expectation.

5. Neutrino Burst from Supernova 1987a

The observation of the neutrino burst from this supernova has al-
ready been published and discussed in detail.23)  Therefore, | will just
show the raw data of the low energy events as printed out by a laser
printer.  See Fig. 7. Here | wish to point out that with this type of de-
tector the discovery of the supernova signal is quite easy and that if the
computer was on the site to analyze the data real-time it would have been
possible to give a warning of a supernova explosion to the opticai obser-
vatories in the world so that they can wait for the early phase flare-up in
UV. Note also that with a next generation detecter like Su-
perKAMIOKANDE24) the number of the direction indicating events, (vq + €
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elastic scattering, in the first 10 ms would be about 200 for a supernova
at the galactic center. This is enough to point the direction with 2de-
grees of accuracy that the subsequent observation of neutrino spectrum as
function of time does not depend on the optical visibility of the object
which can be very bad in the vicinity of the galactic center.

6. Search for Point Sources of High Energy Neutrinos25)

The search for high energy v,s from the direction of SN1987a was made
with negative results so far.  Also made was the search for point sources
of high energy v,s with again negative results. The 90% C.L. upper limit
fluxes obtained for the neutrino-produced upward-going p's from the di-
rection of possible sources are in units of 10-13cm-2s-'; 1.2 for SN1987a,
0.99 for Cyg.- X-3, 1.44 for Her.-X-1, 0.66 for Crab, 0.63 for Geminga, 0.56
for 88433, 0.70 for Gal.Cen., 0.34 for Vel.-X-1, and 0.26 for LMC-X-4.
These values are still preliminary and the final results will be published
shortly by the KAMIOKANDE collaboration. It is clear, however, that the
detectors of sensitive area orders of magnitude larger will be needed to
detect the high energy neutrinos from point sources.

7. Search for Heavy Relic Particles in the Sun

The search for possible neutrino signals from the direction of the
sun have been made in the contained events as well as in the upward-going
U events. The preliminary results so far obtained by KAMIOKANDE are the
90% C.L. excluded mass regions in GeV: for Majorana v, >76; for Dirac v, 10-
20 and >80; for scaler v,, 3-25; for scaler v,, >3, for scaler v, 4-25; and
for photino no constraint as yet.  The final results will appear shortly.22)

8. Hint of Positive Result on Neutrino Oscillation

Recently a careful analysis of the atmospheric neutrinos by
KAMIOKANDE revealed some interesting results.28) From the early days of
operation, both KAMIOKANDE and IMB, a large water Cerenkov detector in
the U.S., noticed something unexplicable at the level of two standard
deviations.  Although the overall flux of atmospheric neutrinos has the-
oretical uncertainty of about 20%, the number ratio R, at least its lower
limit, of (v,+ V) to (vg+ V,) can be rather weli estimated. Namely,

disregarding the difference in the energy, the ratio R is 2 because n-decay

gives 1v, and 1y, and this 1 when it decays gives v, and 1v, together
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with 1e. The energy consideration will raise R somewhat and so does the
existence of undecayed u's. On the other hand, the K-decay into electron
will increase the number of v, thus reducing R. However, the branching
ratio of this decay mode is small and even if one assumes the equall
production of n and K the reduction of R is less than 5%.

Among the totally contained events, the percentage of those
events with p-e decay electron signal is essentially determined by this
ratio R, though the inclusion of the inslastic events with n-p-e decay will
dilute the effect samewhat. The IMB experiment expected (34+1)% and
observed (26+3)}%, while KAMIOKANDE expected (77+2)% and observed
{61107)%. This seeming reduction of v, events was 2.6c effect in IMB and
was 2.2c in KAMIOKANDE. IMB quoted as the cause of this effect the fol-
lowing three possibilities:1) the assumed input v,/v, 100 large, 2) the
detection efficiency of p-e decay electrons overestimated, or 3) some as-
yet-unaccounted-for physics. The possibility 1) is very unlikely as
explained above and the possibility 2) is also unlikely especially in
KAMIOKANDE where the detection threshold has been 7.5MeV electron. The
effect will be more acutely visible in the pseudo-elastic charged current
events. We thus look at the sample of single-ring contained events, 0.2 to
2.0GeV/c, and analyze whether the secondary is an electron or a p. The p-
e identification was made with 98% efficiency. Now the result is:

(No. of Wpata /(No. of p)yc = (0.59+0.064), a 6c effect; while

(No. of e)paia /(No. of e}y c = (1.1240.18)  which is quite normal.

The comparisons are shown graphically in Fig. 8. In order to get rid of the
20% uncertainty in the overall flux of atmospheric neutrinos, we take the
ratio of the two types of events and obtain:

(No. of w/No. of e)pa,/(No. of u/No. of e)y ¢ =(0.56+0.09), a 5¢ effect.

One of the promising explanations of this observed anomally can be
sought in the neutrino oscillation, in vacua and/or in matter, and the full
analysis along this line will appear shortly.27) The consistency check
with the upward-going i data of the same experiment is being made but if
this were the correct explanation, the responsible parameter range of
neutrino oscillation would be: Am2 of 10-2 to 103 (eV)2 and sin228 of 0.3
or larger, with a hint of preference of v -v, oscillation over that of v -v,.
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T T 9. Future Outlook
L+

Various low temperature devices have been and are being studied
for possible detection of low energy neutrinos and/or axions by means of
low momentum transfer, with large cross sections, processes of neutral
current interaction. We shall, however, not go into detail because our
primary concern here is the directional, spectral and real-time observa-
tion of astrophysical neutrinos. The 71Ga(v,,e)’'Ge experiments with ra-
diochemical extraction of Ge, being constructed one in Gran Sasso of ltaly
and another in Baksan of USSR, have a low detection threshold of
0.233MeV capable of detecting the neutrinos from the reaction (p+p) to
(d+e++v,) which is supposed to produce more than 99% of the solar energy.
The LVD, large volume liquid scintillator, being installed also in Gran
Sasso of ltaly aims at the detection of Vv rather than v, through the
process (Vg + p) to (e+ + n) and is sensitive mainly to the future stellar

1000

500

(MeV/c)

collapse; non-directional but spectral and real-time observation. The
farge volume liquid Ar drift chamber experiment, ICARUS proposed for
Gran Sasso, was recently reduced in size from 200 to 300 ton level for its

i

Etectron-like Events

first phase operation.

The proposed SuperK AMIOKANDE is an upgrade of KAMIOKANDE in
the sense of 25 times the fiducial mass and 2 times the photon detection
efficiency. It is described elsewhere in detail and { will just mention
here again that with this detector one can expect 200 (v,+e) elastic
scattering events as well as about 4000 (v, + p) events for a supernova
occurring near the center of our galaxy so that the directional accuracy of
20 and the spectrum change as time would be obtained, not to mention the
accurate observation of solar neutrinos and the search for Dark Matter. it
is to be noted also that based on the solar neutrino result of KAMIOKANDE
the variation of the central temperature of the sun can be monitored with
an accuracy of better than 1% every week by this SuperKAMIOKANDE.

I000 O
MOMENTUM

The momentum spectra of e-events, (a) and of m-events, (b) as

500

A similar water Cerenkov detector but with 1000 tons 0f D,QO rather

than H,O is being proposed in Canada.28) This experiment not only affords

the possibility of observing the solar neutrinos by the (ve + "'n") to (e-+ p)

1 . o reaction of much larger cross section, though not guite directional, but
o} s PR At Lo,

observed by KAMIOKANDE.

Fig. 8

also has the potentiality of observing the neutrinos of all the flavors
O O O O through the neutral current reaction (ve + d) to (p+n+vy). The last reaction,
D) QJ _ however, would be very difficult to detect in the presence of tremendous

background.
SIN3A3Z
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Now we go on to the near future prospect for high energy neutrino
astronomy. The proposal of LENA, Lake Experiment on Neutrino Activity,
was made along these lines. In what follows, a version of LENA conceived
for installation near Gran Sasso is described in some detail. See Fig. 9.
The physics aims of the experiment are:

(1) Appearance experiments on v,/ve and v /v, oscillations at the
parameter range down to a Am2 of 103 (eV)2 and to a sin?26 of 0.1. The
CERN neutrino beams,either from SPS or PS, could be directed toward the
Gran Sasso. The distance is 730km to be compared with the oscillation Wafer !
length of 1240km for 0.5GeV neutrinos for Am2 of10-3(eV)2. The event LENA-GRAN - SASSO Surface
rate for one Megaton detector is 60 for 1019 protons on the target at CERN

even for the low energy focussed neutrino beam as used for BEBC experi- o o0 0o oo o o0 00 O OO 00 00 00 OO 00 OO0 O
ment and is orders of magnitude larger for the high energy focussed neu- N
trino beam.  The identification of electrons and muons are excellent even s b 000000000000000000000000000 0000000000000]
at the low energy of 200MeV. The identification of © could probably be b r§
made by measuring the invariant masses of n°, p, and A1 mesons in the v, E—é oooooooooooog‘
plus 3x decay mode of the produced «t leptons.
3emp—f 59 §
(2) Study of atmospheric neutrinos.  This type of study by X 8 0 0
KAMIOKANDE gave the first hint of neutrino oscillation in the parameter P '8 8 8|
range mentioned above. The detector here can expect around 14,000 up- 0 0 0 0
X . ; 000000000000000
ward-going muons per year to be compared with 40 in KAMIOKANDE. P goooooooooooooooooooooooooo 4’

- r=107m !

(3) One can initiate also the high energy neutrino astronomy with a
realistic sensitive area of 3.6 times 104 m2. The angular measurement
accuracy is better than 1 degree.

(4) Search for Heavy Relic Particles in the sun by taking advantage
of one Megaton fiducial mass together with the p-e discrimination capa-
bility.

Fig. 9 The schematic cut-out view of LENA-Gran-Sasso. The smali ovals
represent each 50cmf photomultipliers and s is the area to be
covered by a single 50cm¢ photomultiplier on the surface.

(5) Search for the point sources of high energy y-rays. The top
layer modules, which act as the anti-counters for other studies, are good
energy flow detectors and with the complete back-up by the inner detec-
tor as the muon detector can detect the high energy y-rays cleanly sepa-
rated from the otherwise overwhelming background of cosmic ray hadron
showers.  The accuracy in the angular measurement is better than 1 de-
gree. The threshold energy of y-rays will be 10'3eV at 2000m a.s.l.
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(6) Study of the primary cosmic ray compopsition at and above
1018eV.

(7) If we want to be a little bit more extravagant, we can equip the
innermost 10% volume with more PMT's to make it sensitive down to
20MeV electron.  This part of the detector is now capable of observing the
future supernova neutrinos with 16 times the IMB fiducial mass. This
will cost an additional 20% to the instrumentation cost. This fast item,
however, should be attempted only after all the backgrounds are fully un-
derstood.

The detector dimensions would be: Size of the water reservoir:
R=113m and D=46m. Size of the inner detector: R=107m and D=36m.
Fiducial volume: 3m inside of PMT array: 1.02 times 106m3.

The PMTs are installed over the inner surface of the inner detector,
as well as over the vertical membranes of concentric cylinders of radii 34
and 69m, at 1PMT per 9m2. The inner detector is surrounded on top and
side by anti-counter modules of 36m2 times10m height containing each 2
PMT's. In the extravagant version, the innermost volume of R=34m and
D=26m will be equipped with the additional PMT's to make the surface
density 1PMT per 3m2.

The threshold detection energy is 60MeV over the entire inner vol-
ume of 1.02 times 106 m3 and is 20MeV over the innermost volume of 83.5
times 103 m3. The approximate cost would be:
15000PMT's  with electronic @ SF2500.----------=------ 37.5MSF
Civil engineering cost (depends very much on the chosen terrain).
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ABSTRACT
We present data on opposite-sign dimuon production in Fermilab neutrino ex-

periment E744. Opposite-sign dimuons are a clean signature of charm produc-
tion and provide unique information on the strange component of the nucleon.

(©H.M. Schellman 1988
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I. Introduction

We present data on charm production in neutrino-nucleon scattering from Fer-
milab experiment E744. This experiment has high statistics and explores the
energy range from 30-600 GeV. Charm is produced from d and from s quarks.
However, as anti-neutrino charm production from d quarks is suppressed by the
Cabibbo angle, while production from 3 quarks is not, this is & unique probe of
the strange quark component of the nucleon.

II. Charm production

Figure 1 illustrates the basic Feynmann diagrams for charm production in neu-
trino scattering. In the standard quark parton model the cross section for vV
charm production is:

42 vN fel) 2
d—::i? = —2{‘_‘—{:' {sin2 fedy(e') + cos? BcsN(:')](l - %) (1.a)
d20.17N Gls . _ m2
o = [51!12 8cdn(z') + cos? BCEN(I')l(l o )

In the limit of massless quarks the momentum fraction carried by the struck
quark would be

Q2
T 2Mv
where M is the nucleon mass and v is the energy of the final state hadronic
system in the lab frame. In charm production z is replaced by

z

2
m
' =z(l+ 'Q—;),

where z' is now the momentum fraction carried by the quark with m. the mass
of the charm quark.This is the slow rescaling formelism.['] The additional factor
of (1 — m?/sz') assures that there is sufficient center-of-mass energy to produce
a heavy quark in the final state.

The variable y = v/ E, measures the energy transferred to the hadronic system
and is directly related to the center-of-mass angle, fcp, in the quark-v frame
by y = %(1 —cosfopm).

The functions dy(z), sn(z), dv(z) and In(z) are the probabilities that a given
quark type carries = fraction of the total nucleon momentum. The valence
distributions dy(z) and uy(z) are much larger than the sea distributions dn(z),
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Figure 1: Diagrams for charm production.




Zy(z), and sy{z) = sy(z) which are all of similar magnitude. For simplicity
the additional Q? dependence of the quark distributions is not shown explicitly.

By convention, quark distribution functions are quoted for the proton. The
notation gy (z) used above is for an isoscalar target such as our iron calorimeter.
In the following discussion the unsubscripted function g(z} will refer to the
proton distribution. Isospin conservation implies that dy = 1/2(dp + dn) =
1/2(d +u). A similar relation holds for vy and @y, dy. We assume that sy =
5§ = 8 = 5. In this analysis we make no correction for Fermi motion or other
nuclear effects.

Figure 2 shows the expected relative contributions of the various quark flavors
to the charm production rate. These curves are derived from previous mea-
surements of quark distributions.[?4! Note that, due to charge conservation,
charm cannot be produced from u or & quarks. The rate for anti-neutrinos is
almost directly proportional to 3y(z) since the Cabibbo angle suppresses the
dn(z) term. The rate for vN scattering is composed of approximately equal
contributions from dy(z) and sy(z).

We detect charm production via the semi-leptonic decay of the charm hadron
which produces a second muon. The signature for charm production in our de-
tector is thus an opposite-sign dimuon with possible additional hadronic energy.

The dimuon cross section is simply related to the totel charm cross section:

d2a _ d'o -
dady (VN - p ™ —f—X)_m(uN—vu +c+X)x B, (2)

where B, = B(c — p* + X) is the average charmed hadron branching fraction
into muons for the mixture of charmed hadrons produced in neutrino interac-
tions. A study of the shapes and levels of the neutrino and anti-neutrino dimuon
rates compared to the charged current rates will yield zdy(z) and zan(z) and
hence

(1) the ratio
28 [ 2z3(z)d=
TU+D 7 [(zu(z) + zd(z))dz

N
or equivalently, the strange sea suppression factor

K=

T

25 [ 2z3(z)d=
+D " [(zu(z) + zd(z))dz
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Figure 2: Contributions of partons to the charm production cross section. The
solid lines are zdy(z) and zdy(z) and the dashed lines are zsy(z) and z3n(z).




given the ratio @/Q = [(z% + zd + z3)dz/ [(zu + zd + zs)dz =
0.175+0.012 determined from the charged current neutrino differential
cross section.24] If the see is SU(3) symmetric (¥ = d = 3) then x = 1.

(2) a measure of the z dependence of s(z) and d(z).

(3) a measurement of the branching fraction B,.

II1. Experimental details

Fermilab experiment E744 was run by the CCFR collaboration in 1985, This
experiment explored dimuon production with both high statistics and at higher
energies than previous experiments. A new wide band quadrupole triplet neu-
trino beam used the 800 GeV proton energies available at Fermilab to produce
detectable neutrinos and anti-neutrinos with energies from 30— 600 GeV. Figure
3 shows the measured charged current interaction spectra from the 1985 run.

The Lab E detector is composed of an unmagnetized 3x3x16.5 m® target
calorimeter made up of 42 drift chambers and 84 liquid scintillation counters in-
terleaved between 168 5 cm iron plates, followed by a muon spectrometer made
up of 3 magnetized iron toroids with 5 drift chambers after each magnet and an
additional 10 drift chambers downstream of the last magnet for an additional
lever arm. The total mass of the target calorimeter is 690 tons. In order to
ensure shower containment, we use only those events which lie within a fiducial
volume which is at least 25 cm from the edges of the detector transversely, and
at least 2 m of iron upstream of the spectrometer longitudinally. These cuts
reduce the effective fiducial mass to approximately 400 tons. The r.m.s. hadron
energy resolution in the calorimeter is §E/E = 89%/+/E, GeV while the r.m.s.
muon momentum resolution is §p/p = 11%. Due to the long non-magnetized
calorimeter, a muon can experience an energy loss of 7— 15 GeV before momen-
tum analysis in the spectrometer. We therefore impose & lower limit of 9 GeV/c
on the momenta of sign anelyzed muons to assure reasonable acceptance. All
CCFR dimuon rates are quoted with this cut.

In addition to conventional momentum fitting, we perform straight line fits for
z and y views separately in each set of 5 drift chambers in the field free regions
between the spectrometer magnets. The muon time of passage is left as a free
parameter. The time for each muon track can be determined with an accuracy
of 5 ns. This allows us to completely eliminate the spurious dimuons from
‘accidentals’ in which two charged current events occur in the target within the
2 ps drift chamber gate.

In the 1985 run, 800,000 fully reconstructed charged current events passing all
cuts were collected in the fiducial volume of the Lab E detector, six times the
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Figure 3: Measured charged current neutrino energy spectra from the 1985
Fermilab run. No acceptance correction has been made. There are 800,000
total neutrino induced events of which 65,000 have energies in the previously
unstudied region above 300 GeV.



statistics of previous Fermilab experiments. All events with two calorimeter
tracks entering the spectrometer were scanned for dimuons. The measured
efficiency for finding dimuons with both momenta above 9 GeV/c is at least
99%. Figure 4 is a typical opposite sign dimuon event.

Crossovers Our beam is a 2:1 mix of v and U. We distinguish the two by
identifying the decay muon as the one with the smallest pr relative to the
hadron shower direction. The sign of the other muon then identifies the type of
the incoming neutrino. Monte Carlo studies indicate that this algorithm yields
a 2% U contamination in the neutrino sample but a 26% v contamination is
found in the ¥ sample. This is due to the different fluxes and kinematics for
v and 7 events. We also tried an alternative algorithm in which the muon of
lowest momentum was assumed to be the decay muon. This algorithm yielded
higher contaminations but caused no significant shift in our results. We find
1529 neutrino induced and 284 anti-neutrino induced dimuon events with the
pr classification scheme. Figure 5 shows the pr of the decay muon and the
current muon relative to the hadron shower.

IV. Model of opposite-sign dimuon production

Charm production model

We wish to study the relative shapes and magnitudes of s(z) = 5(z) and d(z).
We use as our model for the total charged current rate a Buras-Gaemers(3) QCD
parameterization of charged current datalt! taken with the Lab E detector in
Fermilab experiments E616 and E701 at beam energies from 30-250 GeV. This
parameterization yields the shapes and levels of u(z), d(z), @(z) and d(z).

We describe the strange sea with two parameters, 77, and a such that

3(z) = s(z) = Nod(z)(1 — =)*
where Ny is set by the requirement that the ratio of the integrals of 223 and
(zu + zd) is 7,.

We must also assume a mass for the charm quark since this determines the
degree of slow rescaling in the cross section. We use a central value of m. =
1.5 GeV/c? and study the range from 1.0 to 1.9 GeV/c?.

Decay muon kinematics

In order to describe dimuon production in our detector, we must also model
the kinematics of the decay muon. The initial charm quark fragments into
a D meson or charmed baryon which carries a fraction z of the total quark

1 e
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Figure 4: An opposite-sign dimuon event in the Lab E detector. The muon
momenta are 57 and 14 GeV/c.
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Figure 5: Solid line: pr of the decay muon relative to the hadron shower
direction. Dashed line: pr of the current muon relative to the hadron shower
direction. The squares are the data and the histogram is the Monte Carlo
calculation.
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momentum and acquires a pr relative to the quark direction. The D meson
then decays to produce the muon.

We use the Petersonl®! fragmentation model:
1

A1)

P(z) =

with € = .19 + .03 from ARGUS/®} measurements of D fragmentation in ete~
scattering. In our estimate of systematic errors we vary ¢ from 0.09 — 0.29 as
the mechanism in v N scattering may differ from that in ete™.

The pr distribution of the charmed hadrons is:

AN v
dp}

from a fitil to LEBC hadronic charm production data.! The Fermilab v-
emulsion experiment E531[8] finds that the charmed baryon component of charm
production is small for E, > 30 GeV. We therefore treat all charm particles as
D mesons in our acceptance calculation.

We use data from the Mark III collaboration!®! for the D meson decay kinemat-
ics. The branching fraction B, = B(c — g + X) is left as a free parameter as
the precise mix of DY and D% mesons is unknown. A calculation based on ete~
datall® and the D?/D* fractions measured in neutrino emulsion experimentsl®]
indicates that B, is (10.9 + 1.4)%.1%

Figure 6 shows a comparison of the fraction of the quark energy carried by

the decay muon z, = Ey,/(Ey, + Enaq) for E744 data and for our production
model.

Background

The only significant backgrounds to the charm signal are muon production via
# and K decay in flight within the hadron shower and trimuon production in
which the third muon is not detected. We have studied these intensively as they
contribute to the much rarer same-sign dimuon process.[“] We find that 6% of
the opposite sign dimuons can be attributed to decay in flight and trimuons.
All subsequent plots have this background subtracted.

Croys sections
Figures 7 and 8 show the energy dependence of the total opposite sign dimuon

rate after acceptance correction and background subtraction compared to the
total charged current rate. The rise with energy is due to the charm mass
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threshold. We have used a charm mass m, of 1.5 GeV/c?. This experiment is
compared to the CDHS measurement from CERN[!? and & previous measure-
ment with the Lab E detector!?] in Figure 7.

IV. Interpretation

As shown in Equations 1 and 2 the quark distribution functions can be directly

related to the dimuon differential cross section :—:

We fit the z distribution from the production model to the measured distribu-
tions and extract the parameters 7,, « and B,. Figure 9 shows such a fit while

Figure 10 shows the individual components of the calculated rate, including
crossovers from v — v.

The best fit parameters are:

1, = 0.068 £+ 0.011 £ 0.005
a=438
B, =102+ 1.0%
x? = 9.5 for 11 degrees of freedom.

This implies & x of 0.46119708 1 0.04 where the first error is statistical, the
second is the systematic error on 7, and the third error reflects the error on
@/Q = 0.175+0.012 in the conversion from 7, to x. The details of the system-
atic errors are discussed below.

A similar fit (Figure 11) with a constrained to zero yields x = 0.42 and does
not describe the data as well.

Systematic Errors The dominant systematic errors in our measurement of x
are the theoretical assumptions in the acceptance modeling. If we change the
charm mass from 1.0 to 1.9 GeV, « varies from 0.41 to 0.54. If we vary the
fragmentation parameter ¢ from 0.09 to 0.29 ( the quoted error is £.03 ), &
varies by +0.01 and By varies by +0.8%.

Comparison with other ezperiments The CDHS experiment!!?l has measured
&k = 0.52 & 0.09. Their errors are dominated by systematics and do not in-
clude charm mass variations.

We have measured « previously(?) in earlier runs with our detector to be & =
0.52*_’8:1; where the dominant error is statistical. As the statistics for this earlier
measurement were much less than those for the present measurement, B, was
fixed at 10.9 £1.4% determined from Mark III branching fractions and particle
fractions from v-emulsion data.
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dN/dx

Conclusion
We have studied the level and = dependence of the strange sea. We find that «,
which would be 1 for SU(3) symmetry is around 1/2. This value is consistent

with earlier measurements.
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Figure 11: Simultaneous fit to 5% for v and ¥ with a constrained to zero. The

curve is the model.
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TWENTY YEARS OF DRELL-YAN DILEPTONS

C. N. Brown, Fermilab

E605/772 Collaboration

Twenty years ago, Christenson et al. exposed a solid uranium target to the
highest energy, highest intensity beam available at the time, the AGS 30 GeV
external proton beam.! Hiding behind a thick steel and concrete absorber, they
recorded large angle, high energy muons with a spectrometer consisting of a scintil-
lator hodoscope to measure the production angle and a crude muon range absorber
to measure muon momentum. They were hoping to see single high Py muons possi-
bly from the decay of new particles such as the intermediate vector boson. Instead,
they recorded a copious flux of pairs of high P muons. The spectrum of appar-
ent dimuon mass for these muon pairs was monotonically decreasing but showed a
broad shoulder in the 2.5 to 4.5 GeV mass range. Many theoretical attempts were
made to understand this spectrum. The most promising was the paper by S. D.
Drell and T. M. Yan,? who pointed out that Feynman’s parton model implied the
existence of parton-antiparton pairs virtually present in the nucleon. These vir-
tual antipartons could annihilate electromagnetically with partons in the incoming

nucleon, and the virtual photon thus produced could then decay into a muon pair.

In August of 1974, J. J. Aubert et al® constructed at Brookhaven a similar
experiment with much better resolution, detecting electron pairs instead of muon
pairs in a precision magnetic spectrometer. They resolved the mass spectrum into a
sharp peak, the J/¢ at 3.1 GeV mass, on a smooth continuum. The time reversed

channel, J/% resonance production in electron-positron collisions, was also seen

_at SLAC.* This was of course the October revolution that completed the second

generation of quarks and set the stage for the Standard Model as we know it today.

©C. Brown 1988




Meanwhile, Lederman and his colleagues had moved to the new 400 GeV syn-
chrotron at Fermilab to investigate the dimuon spectrum at higher energies. From
1974 to 1977 they perfected techniques for studying dileptons at the higher ener-
gies, first studying dielectrons and mapping out the production of the J/¢ and
' resonances in hadron collisions.’ In 1977, they reported the observation of yet
another narrow resonance, at 9.45 GeV, the Upsilon.® The Upsilon, along with the
Tau lepton” discovered at SLAC, indicated the existence of a third generation of

quarks and leptons.

The 200 GeV, 300 GeV, and 400 GeV dimuon yields, Figure 1, also showed
clearly the broad continuum predicted by Drell and Yan. The first important test
of the Drell-Yan mechanism was the prediction that the cross section would show
a universal form if expressed in parton variables, due to the underlying simplicity
of the parton annihilation. The scaling curve, Figure 2, beautifully confirmed this

prediction.

The subsequent 10 years of dilepton yield measurements in hadron collisions,
in many different experiments, have confirmed in detail the many predictions of
the Drell-Yan mode}l. Table 1 and the review talks listed in Reference 8 indicate

the extent of this work.

Today, T would like to report on two recent contributions to this field carried
out by my collaborators at the Fermilab 800 GeV Tevatron. After completing
the series of measurements at 400 GeV, it was decided to build a bigger magnetic

spectrometer for measurements at 800 GeV.

The steel of the retired Columbia cyclotron was reconfigured into the E605
mass-focusing spectrometer, Figure 3. Both large analysis magnets, SM12 and
SM3, used the Columbia steel and were outfitted with new coils. A water cooled
copper beam dump in the first magnet defined an upper and lower aperture for an
opposite sign pair of high P, particles to be focussed on the downstream detector
planes. The spectrometer was first used in 1984 to measure single and dihadron
yiclds at 800 GeV.?
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Fig 1. Yield of dimuons at 200 GeV, 300 GeV and 400 GeV observed

in

proton-nucleus collisions.?




SCALING FORM OF THE CROSS—SECTION
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Fig 2. Yield of dimuons plotted in scaling variables.

Table 1. Experimenta! K-Factors, the Ratio of Experiment to Drei!-Yan

Group  Reference
CFS Ito et al.(1981)

MNTW Smith et al.(1981)
CHFMNP  Antreasyan et al.(1981)
AABCS  Kourkoumelis et al.(81)
NA3 Badier et al.(1985)
AFMMS  Annassontzis et al.(85)
NA3 Badier et al.(1980)

NA3 Badier et al.(1983)

cp Greenlee et al.(1985)
NA1O Betev et al.(1985)

Goliath Barate et al.(1979)
Omegus. Corden et al.(1980)

cIp McDonald et al.(1987)
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Beam/Target Energy K-Factor
p-Pt 400 “1.7
p-W 400 1.6+.3
p-p A/6=44,63 1.6+.2
p-p 5=44,63 "1.7
p-Pt 400 3.1+.5+.3
p-W 125 2.45+,12+.2
B,p-W 150 2.3+.4
i opg 150 2.49+.37
280 2.22+.33
W 225 2.70+.4
W 194 2.8+.1
"-Be 150,175 ~2.5
i | 39.5  2.6+.5
W 250 2.8+.1
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In 1985, a one meter absorber wall of lead was added at the downstream end of
the first analysis magnet. This allowed operation of the spectrometer with incident

proton intensities up to 2 x 10 11 protons per second while retaining the excellent

mass resolution of the spectrometer. Figure 4 shows the yield of dimuon pairs

measured with a copper target. No new resonances, besides the three upsilon

50 Meters

1

s-states, are evident up to 18 GeV.

ELECTRON

The scaling form of the cross section, Figure 5, shows good agreement with the

HADRON
CALORIMETERS

previous measurements. The yield is also compared with an absolute prediction

based on the quark structure functions as measured by BCDMS folded into a Drell-

STATION 3}

Yan yield calculation!® which includes corrections due to various gluon scattering

ABSORBER
L
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ELEVATION SECTION E-605

diagrams. The order a, gluon scattering corrections increase the predicted yield

by about 50%. This K-factor of 1.5 seems to be in agreement with the measured
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yield.

MULTISTEP
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In Figure 6 the measured yield is compared to the measurements of the NA3

group at CERN using their scaling form of the cross section and their binning. "The

agreement is very good and shows some hint of a scale-breaking decrease in the yield

at the higher energy, as predicted by the order s Drell-Yan calculation. In Figure

o
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PLAN VIEW E-605

7, the yield as a function of the rapidity of the muon pair is compared with the data
of E228. At the higher values of average fractional momentum of the annihilating

quarks, /7, the yield shows a distinct forward peaking. Although the Drell-Yan

STATION 1
)
NN

calculation has some forward peaking due to the asymmetry of the initial state
(more d-quarks in the target than in the beam), the data seems to have a larger

asymmetry than predicted. This might arise from a non-SU3 asymmetry of the

Fig 3. E605 spectrometer in the M-East beamline at Fermilab.

quark-antiquark sea, as first predicted many years ago by Feynman.!! The present

[7774 STEEL
SM i2 MAGNET

1

10

BEAM
DUMP

structure function analyses of deep-inelastic scattering data assume symmetry of

SM 12 MAGNET

g the sea. An alternate origin of the asymmetry might be a nuclear-target relaxation

of the quark momenta in the target nucleus.

In order to investigate nuclear effects on Drell-Yan yields, a new collabora-

(

tion was formed to carry out a precision A-dependence measurement using the
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E605 spectrometer. In 1987, a Los Alamos-Fermilab-UIC-NIU-Texas collabora-
tion, E772, measured dimuon yields from deuterium, carbon, calcium, iron and

tungsten targets. Figure 8 indicates the dimuon masses covered by the three mag- ET12 M- owepled avests v L of dats

net settings used. At each setting, targets were alternated every few minutes in 3 spcetrometer muyael se¥ings

order to minimize normalization systematics. The very preliminary ratio of the ""g _5 -
dimuon yields from calcium and deuterium is shown in Figure 9. Lk v )

There is a qualitative indication of a vector-meson yield reduction for calcium Z:: : Y
compared to an A-dependence near unity for the Drell-Yan continuum. Note that 04 |- »‘"’“"*‘Nl
the vector meson lifetime is much longer than the time to traverse the nucleus. 0z f ) Tﬁﬁ i o
Thus, it is possible that the absorption of the vector-mesons seen in the calcium é—N- > ¢ 6 s 1 v
nucleus is due to inelastic reactions after the initial production. A preliminary dm 200 I Lo e
estimate of the absorption needed is of the order of a few mbarns. :: r ﬂh'wil:l“

In conclusion, after 20 years, the Drell-Yan description of dilepton produc- 400 ‘f" #y
tion in hadron collisions remains one of the simple demonstrations of quark-lepton ;22 : .‘f M;’-’
connections in the Standard Model. The present understanding of dilepton yields ‘°z Mr'# . , L
is limited to about 25% by: systematic differences between experiments, higher 2 ‘ & s ° 2
order QCD effects, uncertainties in the data and structure function analyses of UIDDLE wAsS
deep-inelastic scattering, and possible nuclear effects. Hopefully, the ensemble of g L
new experimental results on both dilepton yields and deep-inelastic scattering will z " !
clarify some of these points and lead to a better understanding of the gluon and fz r v
quark-antiquark structure of nucleons and nuclei. ’: r fdad

°; . R
HIGH MASS
Mus (6eV)

Fig 8. Mass spectrum of dimuouns observed at three spectrometer settings in E772,
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In Fermilab photoproduction experiment E-691 a sample of about 10,000
charm decays has been observed with very little background. A crucial aspect
of the experiment was the high precision silicon microstrip vertex detector which
allowed the tracks from the downstream weak decay to be clearly identified. A
number of results on charm particle lifetimes,lﬂ’s'4 D¢ - DO mixing,5 and Dj’

decays® have already been published.

The results presented here have been chosen primarily to address three
physics issues. The measurements of the D™ and D} decays to the 7tn~n™+
final state provides crucial information on hadronic decay mechanisms. The
exclusive semileptonic D decays address the issue of extracting K-M matrix el-
ements. The third topic is the search for L= 1 charmed mesons. Finally, since
there is experimental disagreement on the mass of the ):9, we briefly present our

results for this state.

I. THREE PION DECAYS OF THE D} AND D*

If the D} decays are dominated by the spectator diagram, shown in Figure
la, the final state contains predominantly s5 final states such as KK, K*K,
¢, not, ete. If, on the other hand, the annihilation diagram of Figure 1b is

important, we expect large branching ratios to pionic final states, 7p, etc.

In order to cleanly detect the rare charm decays to three pions, in the enor-
mous combinatorial background, very stringent vertex cuts are required. These
cuts have the effect of requiring that only the three pions of interest emanate
from the decay vertex, and that none of the pions associated with the decay ver-
tex could have actually come from the production vertex. In addition we require
that the primary and secondary vertices be separated by at least 15 0. This cor-
responds roughly to a requirement that the proper decay time be greater than
1.3 lifetimes. The resulting #¥ 7« (and charge conjugate) mass plot is shown
in Figure 2. In addition to the large peak at low mass, due to misidentified K’s
in the DT — K~ nTnT decay, there are clear peaks for the Cabibbo-suppressed
D* — atx~xt and the D} — ata~xt.

The 77~ resonant substructure for the D} decay is seen in Figure 3b,
where there are two entries per event. The narrow peak is due to the fy(975)
(previously the §(975)). After correcting for background, no evidence for the p?

is seen. To extract the branching ratios, a fit to the Dalitz plot has been carried
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Quark diagrams for D} decay. (a) spectator diagram; (b) annihilation dia-
gram.
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out which takes into account interference between the various amplitudes, the
identical nature of the two pions, and the angular dependence of the decay
particles for the case where the resonance is a vector. The resulting branching

ratios, normalized to our most easily observable mode, are given in Table 1.

TABLE I. Relative branching ratios (B) for D and D* — non-

strange states. Errors are given in the form: + statistical + systematic.

Decay mode 1 Decay mode 2  B(decay mode 1)/B(decay mode 2)
D} - rntat D} — ¢nt 0.44 £ 0.10 % 0.04

D} — (ratrt)ng Df — ¢nt 0.29 £ 0.09 £ 0.03

Dt — pOnt D} — ¢gnt < 0.08 (90% C.L.)

D} — fort DF — ¢t 0.28 £ 0.10 £ 0.03

Dt — g atgt Dt — K= rtrgt 0.035 + 0.007 + 0.003

Dt — (z~xtat)ng DYt - K ntrt 0.027 + 0.007 + 0.002

DF — glnt Dt - K xtz™ 0.008 £ 0.005 + 0.001

D » a=atr—ntat Df — ¢nt < 0.29 (90% C.L.)

Dt s aatamatat Dt —» K~ntxt < 0.019 (90% C.L.)

The observation of the fy (975) in this decay is in fact an indication of the
non-dominance of the annthilation amplitude. The fy is an s3 state which is
prevented from decaying to the KK final state since it is below KK threshold.
Subtracting the fy contribution, we take the nonresonant 7t 7~ 77 as a measure
of the annihilation mechanism. This is only 0.14 & 0.04 of the total branching
ratio for D} — K+tK~ 71,5 indicating that the annihilation mechanism is unim-
portant. The five pion branching ratio is also observed to be very small.

The Cabibbo-suppressed D branching ratio to pr+ and to the nonresonant
ntx~nt, given in Table I, also illustrates basic features of hadronic charm decay
mechanisms. If the Cabibbo-suppression occurs at the upper vertex, as shown
in Figure 4a, there is an s5 final state with no identical quarks. If the Cabibbo-
suppression occurs at the charm vertex as seen in Figures 4b and 4c we get
pionic final states. In the latter case there are two identical d quarks in the
final state leading to the possibility of destructive interference. This type of
destructive interference in the Cabibbo favored Dt decays is believed to be the
dominant source of the long Dt lifetime. Using the results of Table I and the

previously measured Cabibbo-suppressed D — ¢x+ decay® we obtain the ratio
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of branching ratios for the two types of Cabibbo-suppressed pseudoscalar-vector
decays,

% =0.10%0.06 .
We can also make the comparison for the nonresonant case. Here there is a
factor of three more phase space for the three pion state as compared with the
KKn. For the ratio of squared amplitudes we have,

Amp(DF=(z* 7~ 7 )NR)

2
DT (R Ky | = 018£0.06 .

The comparison of the two types of Cabibbo-suppressed Dt decays clearly sup-

ports the notion of destructive interference between the two diagrams.

II. EXCLUSIVE SEMILEPTONIC DECAYS

The semileptonic decays of heavy quarks are more quantitatively tractable
theoretically than the hadronic decays since, as seen in Fig. 5, there are only
two quarks in the final state. As a consequence, the semileptonic decays are our

main source of information about the K-M matrix.

The Cabibbo-allowed semileptonic decays of charmed mesons are thought to
be dominated by the Kfv and K*£v final states. In the pseudoscalar case the
decay rate is proportional to ]Vc312 and the square of a single transition form
factor, which must be evaluated from theoretical models. The branching ratio
of DY — K~ et measured by E-6917 is 3.8 + 0.5 + 0.6% and is in very good
agreement with the Mark III value,8 3.9 + 0.6 + 0.6%. The transition rate, the
branching ratio divided by the lifetime, is,

T (DO — K—e+ue) =9.1+1.141.2 100 sec™? s

in agreement with theoretical expectations.

The main test of the theoretical models is the vector decay, which involves
three transition form factors. Experiment E-691 has studied the decay DT —
K~ntetr, which is expected to be dominated by the K*0 resonance. The
main experimental problem is the missing neutrino. Since the mass cannot
be reconstructed, there is a problem of signal to background and, in addition,

the kinematics is not completely determined.
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Fig. 5. Quark diagram for the Cabibbo-allowed semileptonic D1 decay.




To isolate the signal we require the correct decay vertex topology and de-
mand a well identified electron. This decay has the advantage that most back-
grounds are charge symmetric with equal numbers of events with the wrong sign
combination, K*7~e* (and charge conjugate), The K~ntet mass spectrum
shown in Figure 6 is obtained with moderately tight vertex cuts. In addition
to the 318 right sign events there are 66 of the incorrect combination. The K=
mass spectrum of these events is shown in Figure 7. To check that the wrong
sign data is a reasonable measure of the background, a data sample with tighter
vertex and particle identification cuts is shown in Figure 8, where there are
169 right sign and 14 wrong sign events. The number of K* events, corrected
for background and efficiency, is independent of the cuts. The branching ratio,
after correcting for the missing KOx0 decay, and using the Mark III° value for
B(D* —» K ntxt) is found to be,

B(D" — Kety,) = (45+0.4+0.8)%,
and the nonresonant branching ratio is,
D (D+ - (K'7r+)NRe+us> =(03+£02+02)%,
which is less than 0.7% at the 90% confidence level.

The transition rate for the K* part is,
(D — K0ety) = (41204 40.7) 100 sec™?

which is 0.45 £+ 0.09 £ 0.07 that of D— Kev.

While the transition rate for the decay D— Kev is in agreement with the-
oretical predictions, the small K* rate is substantially lower than expected.!?
The D— Ker and D— K*ev rates measured in E-691 are in agreement with
those of Mark III.8 On the other hand, E-691 finds substantially less Dt —
(K_TI’+)NRE+U.

Since the X* is a vector, we can measure its helicity. In the K* frame
we define the angle § between the direction of the D and the decay pion.
The angular distribution is W(8) = 1 + « cos? 8. The ratio of longitudinal to

transverse components, I'y /I'r, is given by,

Iy/Tp=4%.
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Fig. 6. The Kme mass spectra obtained with moderately tight vertex cuts. The solid
line corresponds to right sign data KFrtet. The dashed curve is for wrong
charge combinations K*xFet.
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Fig. 7.

The K~ x* mass spectrum of the right sign (solid) and wrong sign (dashed)
data of Figure 6. The right sign fit is to a K* Breit-Wigner plus an S-wave
phase space nonresonant contribution. The wrong sign fit is to the same
nonresonant shape.
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Fig. 8. The same spectra as in Figure 7 but with tighter vertex and particle identi-
fication cuts. There are 169 right sign and 14 wrong sign events.




In this notation I'y is the sum, |H4 |2 + |H_|?, of the individual transverse com-
ponents referred to in the talk by David MacFarlane.!! Unpolarized corresponds

to I' /Ty = %, while theoretical predictions tend to give values closer to one.!2

In order to measure the angle §, the momentum of the Dt must be deter-
mined. Although the neutrino is undetected, the direction of the D* momentum
can be evaluated from the locations of the primary and secondary vertices. The
D+ momentum is then determined to within a twofold ambiguity. The solution
which has the least momentum for the D has the higher probability of being
correct due to the z dependence of DF production and the detector acceptance.
A Monte Carlo study using simulated events indicates that the mean absolute
difference between the true value of cos and that determined experimentally
from the least momentum solution is 0.18. The observed cos # distribution for
a distribution which was generated as completely longitudinal is shown in Fig.
9a. The effect of the experimental resolution and the twofold ambiguity is to

add a constant to the cos? 8 distribution.

The distribution in cos@ of the right sign data, in the Kx mass region,
0.840 < Mg, < 0.960 GeV/cQ, is shown in Fig. 9b. Approximately 9% of the
events in this plot are background and 3% are nonresonant. The result of a fit
to this data is that the ratio of longitudinal to transverse polarization is,

T +1.7

fe=24t7x02.
In comparing to the ARGUS results!! for beauty semileptonic decays to the
vector, we find two qualitative differences. In the charm case, the fraction of
semileptonic decays to the vector is only ~ 0.3, while for beauty it is ~ 0.6. For
charm the degree of longitudinal polarization appears to be substantially more

than for the case of beauty.

III. OBSERVATION OF L =1 CHARMED MESONS

The charm quark-light quark system is expected to have L = 1 excited
states. These states will have even parity and isospin % so that each state has a
neutral and charged member. The spectroscopic notation, spin-parity, and the
allowed decays to charm plus a single pion are given in Table II. Since the quark

spin is not a good quantum number the two 1t states are expected to mix.13
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The data for the mass region 0.840 < Mg, < 0.960 GeV/c2. Approximately
9% of the events are background and 3% are nonresonant.




TABLE I1. Spectroscopic notation, spin-parity, and the allowed Total D‘+ Sample
decays to charm plus a single pion for the L =1 states.

JP | Decays 700
3py |2t |D*x, Drr
3ppj1t| D*r

1p |1t D*n 600
3pglot| Dn

2 EBS1

ARGUS4.15 and CLEO!6 have both seen a broad peak in the D** 7™ spec-
trum at a mass of about 2420 MeV/c?. For E-691 the sample of 2908 D*’s 500
shown in Fig. 10 for the modes D — K~ #t and D¢ — K~ntx—nt, are

used in a search for D*m states. The cuts are defined by studying the efficiency

using Monte Carlo simulated events, and by evaluating the background using
the wings of the Dt mass spectrum. The resulting mass difference spectrum, 400
Mp«+z- — Mpe«+, is shown in Fig. 11. A 40 peak is observed at AM =419+ 8
MeV corresponding to a mass of 2428 = 8 MeV/cQ, with a width of 58 £+ 14
MeV/c2, The fraction of D*t’s which came from the decay of this D** (2420)
is found to be 0.131'8:82 +0.02. E-691 confirms the previous observation of this
state by ARGUS and CLEO. This state can be either of the 1% states or the 2%

or any combination of the three.

Events / 5 MeV

The D7 spectrum is best studied using the charged D since there is a large 200
background of D%’s from the decays of D*(2010)’s. The D™ signal used is shown
in Fig. 12, which contains 4135 signal events from the mode D* — K~ n* .

The mass difference spectrum, Mp+,- — Mp+, is shown in Fig. 13. A 50 peak

is found at a mass difference of 590.7 &+ 3.2 MeV/c2, corresponding to a mass 100
of 2459 + 3 MeV/cZ. The peak contains 153f§?, events, has a width of ZOJ:%I

MeV/cQ, and corresponds to 0.07+0.02+0.02 of the D*’s coming from this state.

In Fig. 13 the feedthrough from the D**(2420) decay to D**#~ with the D** T T I D
decaying to Dt and unobserved photons or 705 is seen. Also shown in the figure ?.gl 1.96 2.01 2.06 2.1
is the fit, which includes the expected contribution of this feedthrough using the ot

E-691 measurements of the D**(2420). The new state at 2459 is believed to be ’ m(D Al ) GeV

the 2% due to the narrow width and the larger mass.

TTTTTT
vu-vuvlllvlnll|1||lvv|-ru|1|||||||I'|v|unvllurvl]vvlunlleluul T

Fig. 10. The sample of 2908 D*t’s used in the search for higher mass resonances
decaying to D**#~. The D**'s decay to a n* and a D° with the D® going
to K nt or K~ntr=nt.
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Fig. 11. The mass difference spectrum, Mpet+xz- = Mp.s. A 40 peak is observed at

AM = 419 £+ 8 MeV confirming the previous observation of this state by Fig. 12. The sample of 4135 D*’s used in the Dr search. The mode is Dt —
ARGUS. The sam;
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Fig. 13. The mass difference spectrum, Mp+,~ — Mp+. A 50 peak is seen with
AM = 590.7 + 3.2 MeV/c2,

IV. OBSERVATION OF THE 10

Finally, since two different values for the mass of the £; have been re-
ported,1718 we show the E-691 data on the mass difference MA:_”_ — MA?‘
A clear peak is observed in Fig. 14 at a mass difference of 168.4 & 1.0 £ 0.3
MeV/ ¢Z. This is in agreement with the previously determined ARGUS valuel?
of 167.0 + 0.5 MeV/c? and in disagreement with the value 178.2 £ 0.4 + 2.0
MeV/c? determined by E400.18

V. CONCLUSIONS

The three pion decay of the DY is observed but at a rate indicating that the
annihilation process is not dominant. The three pion decay of the DT provides

clear evidence for destructive interference in Cabibbo-suppressed D decays.

The DT — K*0etu semileptonic decay is observed with about 0.5 of the
expected branching ratio and with a large longitudinal polarization. Both of
these results appear to be qualitatively different from the analogous situation in

B decays.

Two higher mass resonances are observed in the D system. In the D*¥7~
spectrum the state at a mass of 2420 MeV/c2, previously seen by ARGUS and
CLEO, is confirmed. A new and narrower state is seen in the DY 7~ spectrum
at a mass of 2459 MeV/c2. This is probably the 2t. The £0 is also observed at
a mass 168.4 + 1.0 + 0.3 MeV/c? above the AT mass.
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Study of K+ — ntete”, and Search for K* — ntpte at BNL

Vladimir Chaloupka

University of Washington

The subject of rare K decays has been thoroughly reviewed at this Surnmer
Institute, both in its theoretical! and experimental? aspects. Therefore, this
written version of my talk will be very brief, and I will try to limit duplication
of discussions contained in these reviews, as well as in our first publication.?

I will be reporting on the present status and future plans of the E777

Collaboration.*

Our spectrometer is located in the 5.8 GeV/c positively
charged, unseparated secondary beam at the Brookhaven National Labora-
tory Alternating Gradient Synchrotron. The beam optics is shown on Fig. 1;
typically, a primary flux of 8 x 10'! protons per pulse resulted into a secondary
flux of some 107 K per pulse, accompanied by 2 x 108 7% /p per pulse. In addi-
tion, the spectrometer is exposed to the flux of muons from 7+ and A * decays,
and to the halo of particles produced at the collimators. It turned out that it
is this halo which is the limiting factor for the sensitivity achievable with the
present setup. The primary beam is typically 24 - 28 GeV/c with 1 sec accel-
eration and 1 - 1.6 sec ‘flat top’. The quotation marks indicate the problems
with microstructure of the beam (at harmonics of 60 Hz), which increase the
instantaneous rate; this is a subject of a constant improvement effort at BNL.

The spectrometer in plan view is shown on Fig. 2. The apparatus is opti-
mized for the decay K* — m+pu*e~. The purpose of the first bending magnet
M1 is to direct most of the negative particles to the left side specialized in de-
tection of e~ (i.e. with excellent rejection of #~}. This is accomplished by two
atmospheric-pressure H,; Cerenkov counters CiL and C2L, followed by a lead-
scintillator shower calorimeter. The positive particles are deflected towards
the right-hand side. which has to provide a good detection of 7+ /u* (ic,a
good rejection of e*). This is done by two atmospheric-pressure C O counters
C1R and C2R, followed again by a shower calorimeter. The n+/u™ separation

is accomplished by a muon calorimeter consisting of eight alternating layers of

©V. Chaloupka 1988




Bend plane:

20m|
1m 3

?orimeter
_pld

,',-f
\

RvivAvERaNa o 5 L
VvV Vo v —= =,
(N S 1 3

\

—
>
g
e
P4
taL
- ]

P3

Z
g
g
=
o.
=2
3
o
fHZZ
/./

[
i
\r\

M1
7
VQBCUL;(UH
| T

3
w

n

E
S
| e
et |

//
\

C1R

Fig. 2. Plan view of the E777 spectrometer

wil
V]
1 )l

Fig. 1. Schematic view of the D6 beamline, with ray 1 (central mo-

<1
R—> <]
g—> < |
2> D
8>

=
£
n
[

_i<

mentum, on axis), ray 2 (central momentum, 15 mrad off-axis vertically and
horizontally), and ray 3 (5% low in momentum, on axis horizontally, 10 mrad

off-axis vertically).

-348-



9-cm steel plates and proportional-tube chambers, The second bending mag-
net M2 is preceeded by proportional wire chambers P1 and P2, and followed
by the chambers P3 and P4, and provides the momentum analysis of the decay
products. Each of the wire chamber stations has three planes of wires (verti-
cal, and at +18.4° to the vertical), with 2 mm wire spacing. The magnet M2,
with its momentum kick of 150 MeV /c , also serves to decouple the delta ray
production in C1 from C2, thus enabling an efficient use of the two counters
in coincidence. To minimize the amount of material in the beam region, both
C1 and C2 were built as a single counter, separated into the right (CO;) and
left (H,) gas volumes by a 5 mil Mylar membrane. Because of the low index
of refraction of hydrogen and resulting low yield of photoelectrons, the photo-
tubes were placed inside the gas volume to avoid light loss at windows. Before
installing the phototubes, we performed laboratory tests of the possibility of
‘hydrogen poisoning’ of the phototubes. We did find some H; permeation,
but the rate is negligible over the lifetime of the experiment.The scintillator
hodoscopes S and F were mainly used for triggering purposes. Through the
whole spectrometer, the region containing most of the secondary beam was
deadened by standard procedures (baffles etc.).

The most critical demands on the spectrometer are in respect to the par-
ticle identification, and the apparatus performed more or less as designed. We
have studied the efficiencies and misidentification probabilities of the various
components, using the decays K* — n¥xtx” and KT — 7770 20 — ete 7,
in the running environment. The results, at a typical beam intensity and beam
spill structure, are shown in Tables 1 and 2.

As far as the mass resolution is concerned, we fell short of the ‘inher-
ent’ resolution (predicted from the PWC wire spacing, multiple scattering and
other known effects) by about factor of two. We believe that this stems from
an inadequate knowledge of the magnetic field. Figure 3 illustrates the signif-
icant fringe field along the spectrometer axis. The existing field mapping was
done without the Cerenkov counters in place, and the iron pipes shielding the
36 phototubes are expected to disturb the field. For the physics addressed by
our existing data, the resolution was adequate. For the next experiment (see
below), we will remeasure the field — it will have to be done after the experi-
ment, as it will require dismantling the Cerenkovs to a skeleton containing the

iron shielding but accessible to the measuring probe. More detailed description

Table 1: Particle Identification Efficiencies

cl c2 Shower u Identifier Total
t 0.99 0.99 0.96 —— 0.94
na 0.99 0.99 > 0.99 0.98 0.95
e~ 0.90 0.90 0.99 ——— 0.80
et 0.98 0.97 0.99 ———— 0.94

Table 2: Particle Misidentification Probabilities
Migsident. Cl c2 Shower y Identifier Total
T as e~ 0.002 0.002 0.14 e 5x10~7
y~ as e~ 0.002 0.002 » 0.05  —=———- <2x10-7
et as nt 0.02 0.03 0.1 —————- 8x1075
et as t 0.02 0.03 0.14 < 0.01 <8x10~7
i oas b ———— ———— ————— 0.04 0.04




of the spectrometer and its performance can be found in Refs. 3,5:d

800

The data acquisition was accomplished by a multilayered fasctr

trigger, followed (as of the 1988 run) by an on-line data processing, ‘mr

500

processor farm’. The fast trigger was a combination of four separrig

- PIMUE trigger, sensitive to the decay K* — ntpte (an K

)
] 3 atal, a0 - pter).
’E'\ - EE trigger, sensitive to the rare decay K* — wnTete™(an K
§ 2 nt70, 7% — e*e”) as well as to the plentiful ‘calibration anem
o
8 tion’ decays K+ — 7+ 7% 7% — e*e~~. This trigger was usuares
§ g by a factor of 8.
i - ‘high-mass EE trigger’: as above but optimized for detection onts
3 g 88 P
8 E high invariant mass m(e*e~). The resulting suppression of :on
b Dalitz-pair decays enabled accepting all triggers of this kind pre
g g g
o 'g‘ E = l).
by v . a
] o - “TAU’ trigger, sensitive to the decays K+ — n¥n+7~, prescby
3 o3
§ ’5 S L and used for calibration and debugging purposes. The ‘miroc
' 7 E C”> b farm’ consists of 16 ACP (Advanced Computer Project®) micoce
a
c‘g b _:' g acquiring data from Smart Crate Controllers, performing c-fi
x5 LL and track-fitting, and writing good events (with 3-4 tracks a
< o © g£e
) 2 o . . , .
© = 2 K] vertex) on tape via a microVAX II workstation. Subseqian
S 3 %
° = E (particle identification, stepping through magnetic field etc.)her
LR
2 3 S = E formed off-line.
=T . . . .
&= Our running record reflects a typical debugging and learninge,
o £+ 33 P geing
5 s
< o E § En ually transforming into efficient running, identification of limitingors
e T 52 proposal for further improvements:
o Pl
a F ,; ® A December 1986 - January 1987: first physics data; theult
B!
g published.?

200

February 1987 - May 1987: first data on the decay K+ — *e

results are submitted for publication.”

100

February 1988 - June 1988: the main data-taking run. The dedt

is in progress; physics results are expected in early 1989.

0

A comprehensive summary of the past, present and possiblere ¢

of the E777 physics is shown in Table 3. I will now briefly discuss tidiy

-100

physics channels.
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Present and Future.

Past,

Overview of some E777 Physics:

Table III:
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The Decay K+ — ntete:

In our 1987 data we have obtained about 200 events of this rare decay,
compared to 41 events seen in the only previous experiment which has observed
this decay.® Consequently, we were able to study the nature of the decay
mechanism in some detail, and we find the matrix element compatible with
the Standard Model (see Fig. 4). The precision in the determination of the
branching ratio suffers from the fact that this decay mode was a by-product of
an experiment optimized to search for K+ -+ 7t u+e™; the preliminary value is
not incompatible with the previous result, and the final value will be available
shortly. We estimate that we have about 700 events of this decay mode in
the 1988 data - this will enable us to do a quantitative analysis of the matrix
element, and to improve the knowledge of the branching ratio considerably. In
order to perform a detailed study of this channel, we have submitted a proposal
to BNL to run an experiment optimized for this mode.!® The main change
will be replacing the CO, in the right-hand side Cerenkov counters by Hy —
this is expected to decrease the trigger rate significantly, thus enabling us to
raise the beam intensity. The other improvements and goals of this proposal

are discussed below (the section on 70 — ete™).
The Decay Kt — rtpTe:

From our 1987 data, we have obtained an upper limit of 1.1 x 1079 on this

decay mode’; this represent an improvement by a factor of 4.4 on the previous
.11

upper limi As a by-product of this measurement, we have obtained an
upper limit of 7.8 x 1078 (90% C.L.) on the decay 7° — ute ; this is compa-
rable with the upper limit deduced!? from previous experiments. To illustrate
our result, Fig. 5 shows a scatter plot of the effective mass m(n"pute™) versus
the vertex quality of the candidate events. Although there are no events inside
the signal area (compare this with Fig. 6 showing similar distribution for the
‘TAU’ decays). there are a few events which come close. and we might expect
a problem when statistical sensitivity will increase. However, for the 1988 run,
we have improved the particle identification (Cerenkov mirror realignment,
better shower counter calibration etc.), in order to keep our systematics below
the level of the statistical sensitivity.

We estimate the statistical semsitivity of our 1988 data for Kt —

TTpte"to be about 2 x 107'%. A major upgrade of the setup (including
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Fig. 5. The scatter plot of the invariant mass m(r*ute™) vs. the vertex
quality s (cm) (the square root of the sum of squares of the distances of the
tracks to 2 common point), for the candidate events for the decay K+ —
7+ ute . The rectangle represents the signal region expected to contain 90%
of the signal.
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a new two-stage beam) may make it possible to achieve the level of 107! in

1990/1991; at present, we are investigating this possibility.
The Decays K+ — py*ete v and K+ — eTete v ¢

These allowed but rare decays are expected to proceed through second
order weak-electromagnetic interaction. As a by-product of our experiment,
we expect to significantly increase the world statistics on these decays. The
difficulty of theoretical calculations for these processes reduces somewhat the
importance of improving the experimental uncertainties on the branching ra-
tios, but information on the matrix elements may turn out to be of some
interest. Obviously, we will also be looking for possible surprises in these final

states.
The Decays K+ — 7t X% X0 — ete™

A ‘non-exotic’ but still interesting example of this decay is 7% — e¥e™.
Until recently, the two experiments'® !4 which claimed to have seen this decay
provided an indication that the decay rate might be considerably larger than
the ‘unitarity’ prediction!® of 4.8 x 1078, However, recently the SINDRUM
group at SIN obtained an upper limit of 1.2 x 1077 for this branching ratio.!®
In the new experiment E851,1° we will have an improved mass resolution
and detectors optimized for ete™ physics. In addition, we plan to take full
advantage of a fast PWC installed in the beam during our last run to constrain
the measurement of the incident K. We estimate that we will be able to
obtain 80 events of this decay above a reasonable background, and hopefully
resolve the present confusion. In addition to the 79, there are more ‘exotic’
possibilities of X® — ete™. In our first publication,® we have set an upper
limit of 5 x 10~ 7 for the region below 100 MeV/¢?. In the new experiment, with
better rejection of the low m(e* e~ ) background from the K+ Dalitz decays,
we hope to achieve a sensitivity at the 10" ¥ level. Last but not least, the same
sensitivity will apply to an exploration of the entire region between 2m, and

(mkg — my) for states decaying to eTe™.
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Search for Flavor Changing Neutral Currents
K » pte¥, ete~ and nlete
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ABSTRACT
We report on a search for the flavor-changing neutral-current decays
KUL > n0e+e“, KOL > ete™ and KOL + pte¥, Limits obtained for
these processes are BR(KOL > nle*em) < 3.2 x 10-7, BR(K®p, » ete)

< 1.2 x107%, BR(X0p, + yfe¥) < 1.9 x 10-°.

©W.M. Morse 1988




The decays XOL + n0e+e’ and KOL » ete~ occur as a consequence of
strangeness changing neutral currents and are highly suppressed in the
Standard Model, The decay KOL s> yfe® is forbidden by lepton

generation number conservation. The decay KOL + ﬂoe+e‘ through one

Oe*e~ can proceed

photon exchange is a CP violating process. Decays to w
through vector or scalar currents, while decays to e'te™ are mediated by
axial vector or pseudoscalar currents.

The decay K¥ » ntete™ is known to occur!l with a branching ratio of
{2.7 + 0.5} x 10'7. Theoretical estimates2 of the decay rate for the

CP-conserving decay KUS > nYe*e” range from one-tenth of the rate for

K* » ntete” to 2.5 times that rate while the rate for similar

KGL > woe+e" decays is expected to be reduced by the factor 52

in the
absence of any direct CP-violating amplitude. Theoretical estimates? of
the transition KOL > plete” range from 2.10712 to 3.107 'L, The
branching ratio for a CP-conserving decay transition through two virtual
o~ 1.

photons is expected to be below 1 The decay

KDL s n%e*e~ is then an excellent window to search for light scalar

particles that couple to ete~. 1In such searches the KOL branching

ratio is expected to be about 8.4 times the K* branching ratio to xt and

a light scalar.3 Furthermore, some non-standard models of CP-invariance

violation" predict branching ratios higher than 3.107 1!, The present 90%

confidence level 1imit3 for this decay is BR(KOL + nlete™) < 2.3-1076.
The decay XOL + ete~ is suppressed in the standard model with

respect to the observed rare decay KOL > U+U— because of the small

value of mg/my. The unitarity 1imit® for KOL +» ete” is

0-12.

BR(KOL + ete”™) > 2.5 x 1 This decay is then particularly

sensitive to new interactions proceeding through pseudoscalar currents.

-356~

The present limit? is BR(KOL » ete”) < 4.5 x 10-%. The unitarity limit
for K'p, + ytu is BR(KOL > ptyT) > (7.0 £0.3) x 10-9.

The data for this study comes from an experiment conducted at the
Brookhaven AGS. The diagram of Fig. 1 shows a schematic representation
of the experimental apparatus. A neutral beam, produced in the forward
direction by the interaction of 24 GeV protons on a copper target, passed
7.47 m through vacuum and an 8 Tesla-meter clearing field, into a 2.87 m
long decay region. Gamma rays from the target were attenuated by a 2.5
cm lead beam plug. The momenta of the charged particles from K-decays
were then determined by a magnetic spectrometer made up of two upstream
sets of mini-drift chambers with maximum drift distance of 3 mm (labeled
A and B), a magnet with a field integral of Apy = 220 MeV/c, and two
downstream minidrift chambers (labeled C and D). The geometrical
acceptance was 3.5% for KOL + ete™, 3.7% for KOL + utuI, and
.024% for K[ » rlete.

The electrons were identified by a 3 m. long atmospheric pressure
hydrogen Cerenkov counter., Pions with energies less than B GeV were not
registered by the Cerenkov counter. The electron energies were measured
in a lead glass array consisting of 244 blocks of Schott F2 glass with
dimensions of 6.35 om x 6.35 cm x 46 cm. The glass blocks were arranged
ina 1 m x 1 m array with a central 12.7 cm x 38 cm hole to pass the
neutral beam. The blocks were optically isolated with 50 um. aluminized
mylar. The photomultiplier hases employed a variable high voltage power
supply which was connected to the photocathode and a fixed high voltage
power supply which was connected to the ninth dynode of a 12 stage tube.

This reduced variations in gain as a function of beam intensity. Custom

built ADC modules were used to integrate the charge from the lead glass
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counters. The signals were integrated for 120 nsec. An "in-time bit"
was set if a leading edge above an effective threshold of 500 MeV
occurred within * 5 nsec. of the trigger. The pedestals were recorded at
random times during the beam spill. The ADC modules subtracted the
pedestals and only read out channels above a threshold of 70 MeV. We
accepted typically 8 x 1011 protons per AGS pulse, which generated
approximately 107 counts/mz/sec. in the detector. The data was collected
from February to May, 1988.

Four trigger types were collected: pe, ee, uu, and wm. All triggers
required drift chamber hits on the left and the right of the neutral beam
in the bend view drift chambers. As defined by the hardware trigger,
electrons were particles that triggered the Cerenkov counter and
deposited at least 1.2 GeV in the glass array; particles which penetrated
a 1.05 m steel filter were defined as muons; those particles that did not
activate the y or e triggers but penetrated the glass array, but not the
steel filter were classified as pions. The wn trigger was prescaled by a
factor of 128. A Fastbus processor aborted events which did not have A,
B, and C drift chamber hits compatable with two tracks in the bend view
which originated in the decay volume. However, no on-line cuts were made
to reject three body decays. The data acquisition livetime was typically
90%.

The ee triggers largely derive from Koy decays such that the pion
energy is above the Cerenkov threshold while the pe triggers were
generated for the most part from K3 decays where the pion either
pﬁnches through the steel filter or decays in flight to a muon that
passes through the filter. The energy deposited in the lead glass for

electrons from the Koy decays was compared with the momentum determined




in the magnetic spectrometer to provide an accurate off-line calibration

of the lead glass. The lead glass energy resolution was determined to

be o/E = 11%//E (E in GeV). The resolution was measured to be 7%//5 when

the glass was purchased. We attribute the difference to radiation

damage. Most of the blocks appear noticeably yellow compared to new lead

(mrad?®)

glass. The lead glass position resolution was measured to be * 6 mm.

The efficiency of the Cerenkov counter was 93% for inbending electrons

&

and 83% for outbending electrons.

Measurements of the decays KOL 5 n0ntr~ serve to determine a

normalization for the KOL » 7%%e~ decays as well as providing a useful

(b)
510

(MeV)

measure of mass resolutions for the topologically similar nle*e~ final

states. The charged tracks were required to pass requirements on track

quality and distance of closest approach at the vertex. Events were

|
490
Fa s o

rejected if there were more than two tracks® pointing to the vertex. All

M
ffective mass, {(b) wtn n’ effective mass for

and (c) the square of the target reconstruction

events were reguired to have at least two gamma clusters in the lead | | | i

470

Ze

glass besides the two clusters associated with the charged tracks. The

¥

gamma clusters were required to be in a fiducial region which excluded

(a)
(a)

200

(MeV)

the blocks around the beam hole. Only those gamma clusters were selected
such that greater than 1 GeV was deposited in the cluster and the intime

bit was activated. Figure 2a shows a histogram of the measured yy -

100

invariant mass for such events. For events with more than two gamma

rd
angle for events within 12.5 MeV/c2 of the K mass.

Distributions of
events with 82 < 10 mr

M

clusters, all yy invariant mass combinations are shown. Only events with

2.

exactly one yy combination within 30 MeV/c? of the 70 mass were

Fig.

0

selected. If the invariant mass of the yy set within 30 MeV/c2 of the «

OO
SO0 -
(@]

mass is constrained to the +° mass, the K-mass is determined to an
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uncertainty of ¢ = 3.7 MeV/cz. With this result as a normalization, the

mass uncertainty for the final state rlet

e~ was calculated to be g = 4.4
Mev/cz.

The events are also constrained by the requirement that they point
back to the target. For otherwise acceptable ﬂ0"+"- events, o(8) = 1 mr,
where 6 is the angle between the line from target to the decay point and

+

the total momentum vector. We require « v n° events to be within 12.5

MeV/c2 of the K mass and have 82 < 10 mr2, The n*r~ 10 effective mass and
82 distributions are shown in Figs. 2b and 2c respectively. These
distributions are especially clean. WNo corrections have been made for

backgrounds under the peaks.

The resolution for e*e~ decays is determined from the kinematically

+

Events/bin

similar KOL > w¥n~ sample. Figure 3a shows the rn*n~ effective mass for
inbending events. The distribution in 82 is shown in Fig. 3b. The mass
resolution is 2.3 Mev/c2 for inbending events and 4.0 Mev/c2 for
outbending events. The resolution in 6 is 0.33 mrad for both event
samples. We require nTn~ events to be within three sigma of the X mass

2

and have 82 < 1.5 mr2. However, radiative effects®

are important for Fig. 3.

Octe~ and ete”. For example 15% of KOL + ete” decays will

decays to w
have an ete~ effective mass more than 20 MeV/c? below the K mass.
Electron identification was established off-line using the lead
glass information. The momentum measured in the magnetic spectrometer
was required to be close to the energy measured in the lead glass array.
The distribution in E/p for K,3 events from pe and ee triggers is shown
in Fig. 4. The tail at large E/p is due to accidental overlap at high

rates and is not seen in low intensity runs. We require E/p > 0.75 for

electrons., Furthermore, the electron momentum was required to be below
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the pion Cerenkov threshold of 8 GeV/c for the mle*e~ search and the ete~
effective mass was required to be greater than 150 MeV/c2 to reject 2°
Dalitz decays. The momentum asymmetry A = (Ppax - Pmin)/

(Pmax * Pmin) was required to be less than 0.6 for the ete~ search.

From Monte Carlo calculations it was determined that > 97% of e*e™ decays
satisfy the momentum asymmetry constraint.

Figure 5 shows a plot of the ete™ effective mass vs. e2 for ete~
triggers which satisfy the above criteria. We find no events consistent
with KUL + ete”. The nearest event with an acceptable 82 is 25 MeV/c2
below the K mass. The events below the K mass are consistent with Monte
Carlo calculations of Kgy events with the pion misidentified as an
electron. The normalization for KOL s+ ete™ is determined by the number
of observed KOL » 13~ decays. A correction of 15% was applied to
account for background contributions in mass and 82. The background
subtracted data was then fit as a function of K energy and decay position
to determine the KOS contamination. It was determined that effectively
78% of the w7 decays were due to KOL. Then using the known mr
branching ratio and the ratio of ee to wrn acceptances as determined by
Monte Carlo calculations, the single event sensitivity to KOL + ete”
was determined to be 7.2 x 10-10, We then determine the 90% confidence
level limit BR(KOL » ete™) ¢ 1.6 x 1072, Combining this result with

7

our 1987 limit’ gives a final limit BR(KOL + ete”) < 1.2 x 10-9.

A plot of m(nlete~) vs. 82 is shown in Fig. 6. There were no nlete

candidate events consistent with pointing back to the target. Only one
of the events in the plot survives a more stringent lead glass cut of .85
Ogta—

< E/p < 1.25. The acceptance of the experiment to n e’e” was calculated

by Monte Carlo methods as a function of the e‘e~ effective mass. The
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dileptons were generated isotropically in their rest frame. The
normalization for ﬂ°e+e‘ was determined through an accounting of the
topologically similar decay KUL > %1, The 90% confidence level
limits on KOL > ﬂ0e+e‘ are shown as a function of ete” effective mass

in Fig. 7. Por a population of events distributed uniformly in the
Dalitz plot, the 90% confidence limit is BR(KOL + nle*em) < 3.6 x 1077,

During an earlier run in 1987, approximately one third of the data
was taken without on-line cuts to reject three-body K decays. The ADC
in-time bit was not implemented for that run. There was one event
consistent with pointing back to the target (82 = 0.7 x 10-%). However,
the n°e+e‘ effective mass was only 481 Mev/cz. Furthermore, this event,
which had additional hits in the first two drift chambers, was consistent
with the decay KOL + 1%0 with both 70's undergoing Dalitz decay.® A
cut was applied to the data to reject events with extra track stubs.®
This cut rejected about 1.5% of the normalization events. after applying
this cut, there were no events left in the region shown in Fig. 6.
Combining the results from both runs, the 90% confidence level limit is
BR(K0y, » nlete™) < 3.2 x 1077,
The constraints of kinematic reconstruction are especially important

in searches for K0y + p*y~ and y*e® to discriminate against

backgrounds from KOL » muv and mev with the pion decaying to or being
misidentified as a muon. For example, if the neutrino is produced with
very little energy in the K rest frame and the muon from 7 decay is
directed along the m trajectory, the dilepton effective mass equals 489
MeV/cz. However, in this case the transverse momentum with respect to
the target for nearly transverse K decays will be unbalanced by

approximately 9 MeV/c. If the 1 decays so as to affect the momentum
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measurement, the measured dilepton mass can even exceed the K mass.
Then, however, the event will net have an acceptable 62. We expect
similar background distributions in the pfe¥ andap*y~ searches.

The decay KOL + uty~ served to verify our estimation of the
sensitivity of the experiment. Various cuts were applied to reduce
backgrounds. The momentum asymmetry A = (Ppayx = Pminl/
(Pmax + Pmin) Was required to be less than 0.45; 93% of the n%n~
events pass this cut. Monte Carlo calculations show that 95% of pte¥
decays would pass this cut. Muons were required to penetrate at least
1.05m of steel to satisfy the trigger. Furthermore, if the muon stopped
in the range stack, the energy obtained from the muon range was required
to be at least 70% of the momentum as measured in the magnetic
spectrometer. From our study of Kua events, only 3% of muons fail this
cut. Only inbending events were used in this analysis.
A scatter plot of p*y~ effective mass vs. 82 is shown in Fig. 8a.
The distribution of m(u+u') for events which point back to the target to
within 1.5 mrad? is shown in Fig. 8b. There is a clear peak around the X

mass. All eight events are within 1.8 o of the K mass. As stated above,

we expect similar background distributions in the ye and yy data. Since
there are no events in the fiducial region in the pe sample (see below),
we subtract no background from the number of up events in the fiducial
region. The sensitivity of the experiment to the decay KOL + yty” was
determined through an accounting of the kinematically similar decay KOL
Corrections were made for the efficiency of the muon trigger

+ vty

counters. Using the known wn branching ratio, it was determined that the

single event sensitivity to KOL > pty” was 1.3 x 10-9. Using the

single event sensitivity and the Particle Data Group world average
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BR(KOL N u+u—) = (9.1 + 1.9) x 10‘9, we would expect to observe seven
events, in good agreement with the eight events in the fiducial region.
The same kinematic and muon identification requirements were made on

the ye triggers. Additional requirements were made on the electron

track. The electron momentum was required to be less than the pion

Cerenkov threshold of 8 GeV/c. Furthermore, the energy as measured in

the lead glass divided by the momentum measured in the magnetic
Ninety-six percent of

spectrometer was reguired to be greater than 0.75.

electrons satisfy this requivement. A scatter plot of uze¥ effective mass vs.
J

62 is shown in Fig. Sa. The distribution of m(ue) for events which point

back to the target to within 1.5 mrad? is shown in Fig. 9b. There are no
events close to the K mass. The closest event had an effective mass of

489.3 MeV/cZ. This is 3.7 ¢ below the K mass. We then find no events

consistent with the decay KOL + pe. The single event sensitivity to
the decay KOL » pe was determined to be 1.1 x 1079, The 90% confidence
level limit is then BR(KOL + pe) < 2.6 x 10-9. Combining this result
with our previous limit? gives a final result BR(KOL + pe) < 1.9 x
10~%. This limit places constraints on models with exotic gauge bosons:
assuming the boson couples to pe and sd with the universal weak coupling
constant, the mass of such a hoson is related to the KOL branching
ratio by BR(K'p + e} = 2.5 x 1073 (Me/1 Tev)~*. our result thus
requires M, > 34 TeV.

We thank the Brookhaven AGS accelerator department staff for their
support. We gratefully acknowledge the timely loan of lead glass blocks

from M. Kreisler and colleagues at the University of Massachusetts,

Amherst, and photomultipler tubes from Brookhaven National Laboratory
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The additional hits in the A and B drift chambers were not
consistent with originating at the decay vertex within the accuracy of

the drift chamber measurements. However, if their momenta were about 170

MeV/c and 200 MeV/c, the trajectories were consistent with originating at

the vertex when the effects of multiple scattering in the vacuum window
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and magnetic curvature in the small fringe field between the A and B
chambers is taken into consideration. These particles would have curled
in the spectrometer field and would not have been observed in the C and D
drift chambers., The effective mass combinations are then m(Yle+le_1)
= 125 mev/c?, mly,etye™,) = 145 Mev/c?, and miy ysetietre” o)) = 497

MeV/cZ, consistent with the ,"0 and K°

masses respectively. The lead
glass E/p for the high energy positron and electron were 1.01 and 1.05
respectively. We calculate the probability of observing a 1r01r0 decay

with both n¥'s undergoing Dalitz decay such that a yyete~ effective mass

combination is 480 Me\l/c2 or higher is less than 1%.
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t. OUTLINE OF THE PAPER

In this talk | will present work from the NA-31 collaboration {CERN - Dortmund
~ Edinburgh - Dortmund ~ Orsay - Pisa - Siegen), [1] that recently published, [ 2]
a three standard deviation evidence for direct CP violation in K decay. This
measurement, based on data from 1986 is reviewed and its systematic
uncertainties are described in some detail. The detector has been improved since
then and new data are being coliected this summer. The new detector components
and first prefiminary experience with them will be discussed briefly. At the end of
this talk | will spend a few minutes on a measurement of the phase difference
between n,, and n,_. The data of this experiment were collected in 1987,

Il. THE MEASUREMENT OF s'/¢

Since the NA-31 beam and detector were subject of a very detailed paper, [3] |
will put the main emphasis on the analysis of the data. especially on studies of the
systematic uncertainties of the measurement which could not be covered in great
detail in Ref. [2]. Readers interested in a more general discussion of CP violation
in kaon decay, including its history and a brief description of relevant experiments,
are referred to Ref. [4]. More details of the experiment and of the analysis can be
found in the thesls of G. Quast. [5] Many of the results presented in this talk have
been taken from there.

/1.1 Definition of the Parameters Describing CP Violation in K Decay

The phenomenology of CP violation in K decay can be found in textbooks and many
excellent reviews. We have collected some parameters and relations in Fig. 1.
Direct CP violation manifests itself through a difference in the CP violating decay
amplitudes "~ of K — x*n” and 1% of K~ 7%7° whereas CP violation in
the mass matrix has the same effect on both channels. Present experiments
measure the squared ratio of these amplitudes which corresponds to the doubie
ratio R of the partial widths of the two channels in K,_and K. A decomposition of
the amplitudes into isospin 1 = 0 and | = 2 contributions leads to the parameter ¢'.
The value of ¢'/€ is expected to be small because the | = 2 part is suppressed by
the Al = 1/2 rule. In the framework of the Kobayashi Maskawa quark mixing
scheme, [6] ¢'/e can be evaluated. [7] The early estimates, [8] were rather high
and triggered the present experiments, More recent calculations ,[9] agree on
positive values of a few parts per thousand, but have considerable theoretical
uncertainties.
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CP violating amplitudes in K decays:
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Decomposition of K, into CP eigenstates:
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Fig. 1: Definltion of Parameters Describing CP Vidiation in Kaon Decay .




i1.2 The Main Problems in Measuring R

The measurement of CP violating decays with branching ratios of the order of a
permille to the precision of better than one percent is associated with
considerable experimental difficulties:

1) The dominant three body decays in K_ (K —- rev, xpv. 1'n 1%, 37° ) have to
be suppressed by more than a factor of 105. This can be achieved by identifying
electrons and muons with good efficiency and by photon detection in most of the
solid angle in combination with kinematic cuts. The two pion decays have to fulfill
the mass constraint and the momentum vector has to point back to the production
target.

i) The relative acceptances of K and Kg have to be known to the precision of
about 1073, The acceptance depends on the position of the decay vertex and the
momentum of the kaon . Of importance are mainly the variations of the acceptance
on the coordinate along the beam (z) and the momentum component paraliel to the
beam or equivalently to the energy (E). Therefore the acceptance cancels almost
completely if the double ratio R is measured in small E and z bins and if K_and
Kg decays are measured by the same detector. However there is a secondary
effect. Since the E and z distributions of K, and Kg decays are different E and z
have to be measured precisely enough to avoid differences in migration of events
from bin to bin in K_and Kg. in the NA-31 experiment the z distributions of K_ and
K are almost identical, but the momentum spectra are very different.
Consequently we need a relative precision of the neutral and the charged energy
measurement of 1073,

ii) Last but not least the event rates have to be high to achieve the necessary
statistical accuracy and to have enough data to study systematic uncertainties by
subdividing the data sample. The experiments need high acceptances and fast data
taking systems with high on-line rejection capability for the dominant three-body
K, decays.

11.3 Result and associated uncertainties

Based on about 10,000 K_—> 21°, 300,000 K_—=> x*x”, 930,000 Kg —>2n°
and 2,300,000 Kg —> n*n” decays we obtained for the double ratio a value of

R = 0.380 + 0.004 * 0.005,

where the statistical (0.004) and the systematic (0.005) uncertainties are about
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equal. The systematic errors are broken down in Table 1. The largest error (0.3 %)
is due to a possible difference in the energy scales of neutral and charged decays .
The background subtractions in the charged and the neutral modes have 0.2 %
uncertainties each. Of similar size are effects from accidentals. The evaluation of
systematic uncertainties will be discussed in sections 1.7 to 1111,

Table 1: Systematic Uncertainties on the Double Ratio R (in %)

Background subtraction in K —>2n° 0.2
Background subtraction in K —>n*n” 0.2
2n% / n'n” difference in energy scale 0.3
Regeneration in K_beam <01
Scattering in the Kg beam 0.1
Kg anticounter inefficiency «0.1
Difference in K / Kg beam divergence 0.1
Calorimeter instability 0.1
Monte Carlo acceptance 0.1
Gains and losses by accidentals 0.2
Trigger inefficiency 0.1
——
Total systematic uncertainty 05%

Our result for R translates into a vaiue for £'/¢ of
e'/e = 0.0033 +~ 0.0011.

The double ratio R is significantly different from the prediction Rg,= 1 of the
Superweak model, [10] and improves the precision of previous experiments,
[11,12] considerably.

/1.4 Characteristics of the NA-31 experiment

Data are taken alternatively in a K, and a Kg beam. The detector records
simultaneously both the charged and the neutral decay modes.

A large acceptance is achieved by using a 50 m long decay volume, by avoiding a
magnet and a photon converter. Energies are measured by calorimeters.

The K target can be moved through the decay volume in steps of 1.2 m. Since the
average decay length in Kg is about 5 m the z distribution of Ko can be made
almost identical to that of K_.




The two neutral beams are transported in vacuum up to the end of the detector.
This vacuum reduces kaon scattering, K¢ regeneration and neutron-induced kaon
production to a negligible level.

The analysis is performed in bins of E and z. Within a bin the acceptances of Ky
and Kg differ only by a fraction of a percent. whereas global acceptance
corrections would be of the order of 10% and introduce sizable systematic
uncertainties.

A schematic sketch of the experimental set-up is shown in Figure 2. For more
details see Ref. [3], where the resolutions of the individual components are also
given and calibration methods are described. Most components are conventional
with the exception of the Kg train and the liquid argon calorimeter. The excelient
performance of these two items was essential for the success of the experiment.

The observed momentum spectra of the two decay modes in the two beams are
shown in Figure 3. The majority of the events in K _ are below 120 GeV. The Kg
spectrum is considerably harder because low energy Ko decay inside the
collimator and low energy K,_are more likely to decay than high energy K .

1.5 The K —> 2r° Reconstruction and Background Subtraction

In the neutral decay mode K —> 2n% —> 4y (Figure 4a) the four photons are
recorded in the liquid argon calorimeter (LAC) with a resolutions of 8% /+E for
the energy and of 0.75 mm for the two spatial coordinates. The center of gravity
of the four energies (c.0.g.} has to be inside the kaon beam aperture. This feature
can be used to reject K——>3n° events. The distance Az of the decay vertex from
the LAC can be computed from the photon energies E, and positions x,,y, assuming
a kaon decay according to
Az =4\—K{'zdgEJ[(x,—xI)Z*uI—yJ)?]}"z : (1)

A test of the x° decay hypothesis is now possible by using 8z and computing the
invariant masses of pairs of photons, The pairing giving invariant masses closest
to those of two pions is chosen. A scatter plot of the two masses is shown in
Figure 5 for K|_decays. Good K —> 210 decays cluster around the n°® mass. The
uniform background is from 3n° events where two photons have escaped
detection.

Events are selected inside the central ellipse of Figure 5. The eliiptical cut was
used because the two photon pair masses are correlated through the kaon mass
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constraint. The background is extrapolated from the outer elliptical rings which
cover areas equal to that of the central ellipse. Figure 6 is the distribution of
events as a function of X2 where X2 was assumed to be proportional to the
number of the elliptical ring. A Monte Carlo simulation of the 370 background
shows that it is flat. The foss of good events by the X2 cut amounts to 1.5 %, the
background is (4.0 +- 0.2) %. The background is almost absent in the first 20 m of
the decay volume (Fig 7a) because K —> 319 decays with two missing photons
can only acquire a reconstructed kaon mass if the opening angles of the decay are
increased by moving the decay vertex towards the LAC.

The error from the background subtraction of 0.2 X quoted in Table 1 covers
uncertainties in the extrapolation. A flat extrapolation is compatible with the data
and was used, but a linear extrapolation would change the result only by 0.1 X.
Since there is only 320 background which can be studied rather easily, the error is
likely to decrease by further analysis work.

1.6 The K—> n*®n” Reconstruction and Event Selection

The reconstruction of charged decays is sketched in Figure 4b. The geometry of
the decay is obtained from the wire chamber coordinates. A reasonable
reconstruction precision is guaranteed by a cut in the closest distance of approach
(CDA) of the two tracks. This quantity is plotted in Figure 8 for K_ and Kq decays.
The two distributions agree perfectly. The cut therefore has the same effect in
both modes. The resolution in z is about 1 m, slightly better than in the neutral
decay.

The energy of the kaon is calculated from the opening angle § of the tracks and
the ratio of E,/E, of their energies assuming a K —> xn*n” decay. The advantage
compared to the direct measurement E,+E, is twofold. The precision of about 1%
is much superior and the energy scale is independent from the energy scale of the
calorimeter as long as non-iinearities are small. it is mainly determined by the welf
measured wire chamber geometry.

The dominant background from K—>=ev is eliminated by comparing the track
energies in the front part of the LAC and the hadron calorimeter (HAC). We loose
25 % of good n 1~ events by the electron cut. Another 20 % are lost by a cut in
the ratios of the track energies which eliminates A—>pn~ decays in Kg.

Background remaining after rejection of events with observed electrons, muon or
photons are mainly rejected using the ®*n~ mass and the distance of the decay

plane from the target {(d ) and further reduced by a cut in the distance of the

target
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c.0.g. from the beam axis. The latter cut removes also events produced at the
collimator. Figure 9 shows the distribution of the n*n~ mass for K, peaking at the
kaon mass with a smaller peak from K—> n*n"n° which is well separated. A cut
at 2.1 standard deviations from the kaon mass is applied. Again we have to
guarantee that the K, and Kg distributions have the same shape. The two
distributions are overfayed in Figure 10a and divided through each other in Figure
10b. At the right hand-side of the peak, where background is essentially absent,
the distributions agree over three orders of magnitude. The distributions of
dmrget in Figure 11 indicate the remaining background. (The quantity dur_get has
been scaled for Kg events to account for the different target positions and the
correspondingly different resolutions.) The composition of the background is
studied using the region of large d

COA /cm

l_,_gm.The extrapolation into the accepted region
below 5 cm is done using selected data samples or Monte Carlo simulations.

11.7 Treatment of Background in K—> m*m~

@
>
®
g The composition of the background in the signal region (d“rge( ¢« 5 cm) and in the
control region (7 cm ¢« d ¢ 12 cm) which is used for estimating the amount
! target
& of background is given in Tabie 2 for the relevant background channels. The total
[
T . Table 2: Composltion of Charged Background
>
x 3
% g Background Control region Signal region
£
o ~ 5 8”
e 3 - —>mev .8 +~ 0. 4 +- 0.
2 3 % > KL_ 2.8 0.2 4.4 0.3
A & 2 K,—> muv 0.5 +- 0.2 0.7 +- 0.3
! 3 e K~ n'a 2% 0.1+~ 0.1 1.0 +- 1.0
g © K —>n*x"n® 0.1+-0.0 1.2 +- 0.2
- s 3 L {overiayed v)
5 . regenerated K 0.2 +- 0.1 0.4 +- 0.2
o - s
F Total 3.7 +- 01 7.7 +- 2.0
o <
2 o
O O
TSTEY -/ TR - AL  SmE © background in the signal region is (0.77 +- 0.20) ¥. The main contribution, % 60 %
2] -
2 2 2 2 e - o is K,4. Background from K—>3n is of two different kinds. In some cases one of
SIUPAD JO PAWINN W

the photons from the %0 decay hits the LAC near to one of the charged pions and
cannot be separated. Its energy is then added to the pion energy and thus the
mass can be shifted into the accepted range. We label these events with “overtay
¥". The amount of these events is not estimated from the dt.rge( distribution {(see
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below). The contribution of K—>23n with no overlaying photon is compatible with
being zero, but cannot be excluded completely. It contributes to the uncertainty
because its extrapolation factor from the control region into the signal region is
large. In addition there are small contributions from K and from Kg produced at
the collimator edge. in the following we discuss the individual background channels
in more detail.

Figure 7b shows the z distribution of events from the background region and
demonstrates the presence of events produced at the final K collimator. The
mass distribution indicates that a large fraction of those peak at the kaon mass.
An estimate of the amount of Kg produced and a Monte Carlo simulation
reproduces the data very well, except at the first 2.5 m. This is seen in Figure 7b
where a subtraction of the simulated K¢ gives a nicely flat remaining background.
Nevertheless we have used only events with z greater than 10 m to reduce the
contribution of K¢ to a very small level. This cut unfortunately exciudes in the
neutral mode a very clean region where K—>3n° background is absent.

K—>3n events with overlaying photon can easily be studied by looking for events
where the y is near to the charged pion but far enough to be identified in the LAC.
Figure 12a is a scatter piot of the energy versus the distance to a charged pion
for“photons” observed in K_ decays. Most of the dots correspond to photons
faked by the reconstruction program near the hadronic shower. The number of
real photons can be found by subtracting the Kg distribution where K—>3m is
absent. The photons are distributed uniformly around the pion. (The kinematical
correlation between the y and the charged m is very weak.) Therefore their
number is equal in the regions of Figure 12a which correspond to equal areas in
the LAC. That this is indeed the case is seen in Figure 12b. The flat distribution
obtained after the Kg subtraction is easily extrapolated into region one which is
used in the analysis.

Radiative CP=1 K—>x*n "y decays are proportional to K-—>%*n” in both Kg and
K, and need no special treatment. CP conserving radiative decays in K_ are
negligible after cuts and are anyhow automatically subtracted together with the

K—>n*n"x0 events.

The background from Ku3 was unexpected. it occurs through bremsstrahlung of a
hard photon in the calorimeter. The muon looses so much energy that it stops
before reaching the u veto counters. Experimentally these events have
characteristic features that allow one to measure their contribution. The energy of
the radiated Y is deposited in a very small spatial region, predominantly either in
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the front half or the back half of the hadron calorimeter. Thefront back
asymmetry of the HAC energies are compared for pions from Kg and for K
background in Figure 13b. The excess of events in K, near 1.0 is due to muons
radiating in the back part of the HAC. Furthermore the shower is normally
confined to one scintillator strip. The fraction of energy deposited in the centrai
strip associated to the track peaks near 1(Figure 13a).The relative abundance of
the muon bremsstrahlung was simulated using calculations from Ref. [13]. The
agreement in the distributions was very good. Figure 14 compares the mass and

the d!ar‘gel distributions.

Electrons are rejected by cutting tracks with a high ratio of the energy deposited
in the front part of the LAC and the energy deposited in the HAC. Another
characteristic feature is the width of the electromagnetic shower in the LAC. This
variable is not used for the rejection of electrons onan event by event basis,
because this would complicate the subtraction of K—>nta"n0 with overlaying y
and the treatment of K—>evy, however it can be used to estimate the amount of
K5 background and to obtain a rather clean sample of these events. Reference
samples have been obtained from selected K, data and from a Monte Carlo
simulation. The agreement of these samples with the data is rather good as is
demonstrated in Figure 15.

The various background contributions add up nicely to the total observed
background. The uncertainty in these estimates leaves room for a small amount of
Kk—>ntn"x®

with no overlaying y. The d distribution of this possible

target
background cannot be computed refiably but is certainly less steep than the one of

K——>3m with overlaying y. This limits its maximum contribution.

The dtargel distribution of the combined sum of all background samples is shown
in Figure 16. The agreement with the data is excellent. Furthermore also the 2z
distribution and the energy distribution of the sum of all reference samples agree

very well with those of the data at high d values (Fig. 17).

target

11.8 Effect of Energy Scale

The difference in the energy spectra of K_and Kg cancels in the double ratio.
However, if there is a systematic shift between the neutral and the charged
energie scales, the ratios P (K —>2n%)/T(Kg—>2x%) and

T{K —>n*n7)/T(Kg—>n*n7) are measured at energies differing by AE and an
error AR on R is introduced,

AR = (f /6, - fo/fs) AE
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f and f being the energy spectra and their derivatives, respectively. Averaged over
our energy range from 70 to 170 GeV a shift of the energy by one part in thousand
would result in a change of 2.5 x 1073 in R and, correspondingly. of 0.4 x 1073 in
e/E.

The neutral energy scale is fixed geometrically as is the charged. The length scale
and the energy scale in Kk—>2%° decay are proportional as is seen easily from
formula (1). The scale is adjusted such that the fitted position of the Kg
anticounter agrees with the true position. The adjusted vertex distributions for
neutral and for charged K decays is shown in Figure 18, where all K stations are
added up. The sofid line is ananalytic function, where the resolution and the
position are free parameters. An error of 1073 in the energy scale corresponds to
10 om shift of the anticounter. The precision of the fit is much better and the
result is the same when the fit is done by comparing the data to a Monte Carlo
simutation. Fitting the anti positions in 5 energy bins and 3 z bins gives a maximum
deviation of & cm from the mean value. If this number is used as an estimate of
the uncertainty we get an error on R of 1.5 x 1073, Non-linearities in the energy
scale could affect our result, since the relation between AE and AR is energy
dependent. An adjustment of the energy scale in energy and z bins changed R by
0.5 x 1073, Resolution effects were studied by subdividing the data in well and
poorly measured events and fitting the position of the anticounter. The effect on R
was 1073, The neutral energy scale is inversely proportional to the lateral length
scale. The length scale in the LAC was compared to that of the wire chambers
using electrons. Both agree within 0.2 mm which corresponds to an uncertainty in
Rof 0.5 x 1072,

The charged energy E = E(m.8.E,/E,) is inversely proportional to the opening
angle 9. The uncertainty of A8/& is about 0.4 x 1072 leading to an uncertainty of R
of 1073, That there is indeed no large error in the charged geometry is confirmed
by the fit of the Kg anticounter position which was correctly reproduced without
any adjustment. Non-linearities in the hadronic energy measurements influence the
charged energy scale indirectly, because the ratio of the two pion energies enters
in the kaon energy formula. Limits on the non-linearities of the calorimetric energy
measurements of less than 1.5 X are deduced from the stability of the invariant 17
mass of Kg decays for different energy ratios. The corresponding uncertainty in R
is 0.7 x-1073,

Adding up the various possible effects we conclude that the uncertainty on R from
a difference in the charged and the neutral energy scales is not more than 3 x
1073
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We have discussed the neutral and the charged energy scale independently. In fact
R depends only on the difference of the scales, or equivalently, on the difference of
the ratios of the lateral and the longitudinal iength scales between the neutral and
the charged decays (except for non-linearities). Since in the analysis , we compare
both the lateral and the longitudinal scales of the two modes directly,the
independent treatment of the errors above, overestimates the errors.

/1.9 Correction for Accidentals Particles

Events are rejected if additiona! charged tracks or photons with energies above
2.5 GeV are observed. In some rare cases an accidental particie can add enough
energy to a track of an event which would otherwise be rejected by some energy
cut such that it is accepted. However losses are by far more frequent than gains.
The effect of accidentals was measured by overlaying random triggers, which
were taken in proportion to the beam intensity, with good events. The overall
correction for accidentals on R is (0.34 +- 0.20) X, where the error contains the
estimated uncertainty of the overlay method. The individual corrections for the
four decay channels are much larger, about 2 to 3 X. They are summarized in
Table 3. The corrections on the charged and the neutral channel almost cancel,
because our cuts against accidentals are symmetric for the two modes: Events
are rejected in the charged mode if there is a third spacepoint in the first wire
chamber or if there is one photon observed in the LAC. In the neutral mode one
spacepoint in chamber one or a fifth photon in the LAC kill the event.

Table 3: Effect of Accidentals on Double Ratio

channel AR (X)

K—2n® - 26+-007
K~——m'n” +26+-0.05
Kg—2n® +2.5+-005
Kg—n'n~ -2.8+-0.10

11.10 Effect of the Time Stability of the Hadron Calorimeter

The cuts on the energy ratio against A—>pr~ decay. on the energy ratio of the
front part of the LAC and the HAC against K 4 and on the n*n” mass eliminate
about half of our good events. We have to demonstrate that the fractional losses
are the same in K_and K. Differences could arise if there were variations in the




hadronic energy between the two running modes. As already mentioned above,
energy variations can be determined by comparing the T mass distributions of K_
and K. A possible shift of the peak position is less than 0.3 MeV/c? (compare
Figure 12). Using this number, we conclude that effects from the mass cut and the
Kgq3 Cut ON R are below 1074 and therefore completely negligible. The energy ratio
cut can affect R only through a combined effect of non-linearities and a shift of
the energy scale between K|_and Kg. Again no sizable effect on R is expected.

11.11 Checks of the Result

The total systematic uncertainty on R is 5 x 1073, The same statistical error is
associated to 40,000 events. Our data samples contain considerably more events
in all four event classes. Therefore we have the possibility to make statistically
significant checks of the resuit by subdividing the data samples or by modifying the
cuts. Some of the studies are summarized in Table 4. Even very drastic

Table 4: Modifications in the Analysls to Study Systematic Errors

modification AR x 10°
extrapolate K“13 as K 3 - 0.2
increase K_, by factor 2 0.2
extrapolate K—>n*n"n0 as Ke3 0.2
no K—n*n w0 without y - 0.5
maximum K—> x*r” 70 with maximum
extrapolation factor 1.3
no regenerated K. in K 0.7
e-rejection through shower width
(loss of events 25X —> 8%) 0.2
extrapolate K_, by Monte Carlo -02
looser mass cut (2.1 —> 2.50) -1.0
loose centre of gravity cut (30) 0.10
d‘_rgﬂ extrapolation from 5 to 25 cm

instead of 7 to 12 cm 0.03
E /E, cut changed from 2.5 to 1.5

(50 % of good events lost) 1.8+-2.0

change ® of E-z bins by factor of 4 0.1
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modifications of the subtraction of the charged background have little influence on
the result. The three important cuts in the charged mode as discussed above can
be varied without any significant effect on R.

Finally we show in Figure 19 the double ratio R as a function of the vertex position,
of the kaon energy and of the time of data taking. All three functions are
compatible with R being independent from z, E and time. This is not trivial, because
most of the important systematic effects depend on these variables. The
background KL——>21(° strongly depends on z. The effect of a difference in the
neutral and the charged energy scale is rather large at low kaon energies and
changes sign at very high energies. Any time instabilities between the K| and the
Kg funning would also lead to unreasonably large fluctuations of the individual
measurements around the mean.

. IMPROVEMENTS IN THE 1988 RUN
1.1 Modifications to the Experiment

The major changes were :

i} The collimation system was improved to avoid K,_or K scattering at the final
collimator. This allows us to use the first 10 m of the decay volume which has
particularly low background in the neutral decay mode .

ii) The energy of the protons hitting the Kg target was reduced and at the same
time the production angle was increased. The energy spectra of K_and Kg have
become more similar thus reducing the dependence of R on the energy scales.

i) A transition radiation detector consisting of four units with 200 polyethylene
foils each was inserted in front of the LAC. This detector identifies our main
background from K_,.

iv) Additional y veto counters in the beam improve 3n° and n*x "x° rejection.

v) A third muon veto layer was added.

We have collected this summer comparable statistics as in 1986. A first fook at
the data shows that the new detector and beam components work satisfactorily.
Figure 20 is a preliminary distribution of the pulse heights in the transition
radiation detector for electrons and pions. The TRD was used to investigate the
electron contribution in the tail of the dt.rge‘ distribution and confirmed the
estimate in the analysis of the 86 data.
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IV. MEASUREMENT OF @, - @,
V.1 introduction and Phenomenology

CPT conservation in the Isospin =2 channel requires €/e to be almost real (see
Figure 1). Experimentally the real part is only 3 x 1073(see previous chapter) while
the imaginary part is very large. This is seen from the Wu Yang diagram in Figure
21. !f one neglects le'/¢l, ny and N, should agree with the Superweak prediction
€, with phase &, and real part g, . The charged amplitude n,_ agrees well with
this prediction but the neutral amplitude has a phase which is about two standard
deviations higher than expected. This discrepancy if taken serious would require a
huge CPT violation of about half a percent in the isospin 1=2 channel. Such a big
effect could hardly be understood, since CPT is valid to better than 1078 in the
kaon mass matrix. Also the agreement of the K* and K lifetimes contradicts a
large CPT violation in Al=3/2 transitions. Following Ref. [14] with some
simplifications and using the new result for |e'/e[, CPT violation in neutral kaon
decay is summarized in Figure 22. Some of the approximations that have been
used, are only valid as long as the phase difference is large.

From these arguments it seems very likely that the observed phase difference is
due to a statistical fluctuation or a measurement error. However, given the
importance of the CPT theorem and the possibility to improve the old result by a
new experiment with relatively small modifications of our existing set-up, we
decided to re-measure the phase difference.

V.2 Principle of the Measurement

In the NA-31 experiment the phase difference is measured from the intensity | of
K—>mn decay as a function of the time after production at the target. This
distribution is

I ~(l+ [ )t/2 -t

) = e t 2DInle cos(Amt - @) + Inl%e (2)

where D is the dilution factor describing the asymmetry of K%nd Koproduction at
the target. It is easy to understand that the sensitivity for a measurement of the
phase per event has a maximum in the region where the first term and the the
third term are about equal, that is around 12 K lifetimes. At short lifetimes the
sensitivity per event is less, but this is aimost exactly compensated by the higher
number of events produced there. If the event rate that can be accepted in the
accessible range of lifetimes, limits the rate of data taking, events with short
lifetimes should be downscaled. This was the case in the NA-31 experiment.
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Fig. 22 Test of CPT Conssrvation In Neutral Kaon Decay.

A measurement of the difference of the neutral and the charged phase is very
insensitive to the other parameters that appear in relation (2). However
acceptance corrections are different in the two modes and have to be applied. To
avoid this problem, the NA-31 experiment compares measurements from two
different targets. This scheme is sketched in Figure 23. The distance of the
targets corresponds for the average momentum to a phase shift of /2.
Periodically, typically once per day,we switched between the two targets. The
ratio of the event distributions taken at the same position z is free from
acceptance effects, but still sensitive to the phase. The double ratio, i.e. the ratio
of targets for the neutral mode divided by the corresponding ratio in the charged
mode is rather independent from most of the parameters except the phase
difference. The expected precision of the experiment for the phase difference is
about two degrees. The biggest systematic uncertainty is most likely the
uncertainty of the difference in the neutral and the charged energy scale which
contributes about one degree.

Figure 24 shows preliminary and partially uncorrected time distributions for the
charged and the neutral decays. Especially in the 2x° mode the progress
compared to older experiments with very few events is impressive. In Figure 25
the interference term is extracted from the m'n~ time distribution. It
shows nicely the oscillation with frequency Am.

V. SUMMARY AND CONCLUSIONS

The result €7 = (3.3 +- 1.1) x 1073 exciudes the superweak model by three
standard deviations. This is the most important conclusion of the experiment.
Once more the standard model which is well compatible with this value of €'/¢, is
confirmed.

The biggest experimental uncertainty is due to a possible shift of the neutral
energy scale with respect to the charged energy scale. The background
subtraction in the neutral and in the charged K_decays are well understood.

A reduction of the error can be expected from the new data. A further data taking
period is scheduled for next summer. The statistics of the present analysis will be
increased by a factor three with reduced systematic uncertainties.

The Fermilab experiment £731 will improve their present result with data collected
last year to a similar precision as NA-31. With this measurement direct CP
violation probably will be established definitely next year.
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The analysis of a measurement of the phase difference &, - ®,_ is in progress.
The precision of previous experiments will be improved substantially and allow us
to check if the phase difference is compatible with zero, the prediction of CPT.

The neutral kaon system is still a very important field for testing fundamental
symmetries in elementary particle physics and for probing the standard model. It
will be complemented in the not too far future by the beauty system. B meson
factories will open the possibility to get new insight into the problem of CP violation
which is still far from being understood. However, results with reasonable
precision cannot be expected within the next few years.
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RESULTS from E731
% Measurement at FNAL

B. PEYAUD DPhPE-CEN/SACLAY
F-91191 Gif sur Yvette

ABSTRACT : The experimental result obtained in a test run (E731A

at Fermilab) on the magnitude of the ratio of CP non conserving param-
eters €'/ € is discussed. The same collaboration [1] took more data
with an improved detector (E73IB run ended in February [988) of which
20% went through preliminary analysis. The high quality of this new
run is demonstrated and it will permit to measure a non zero CP violation
in the Kz—-Zn decay amplitude with systematics and sensitivity down
to the level of 0.00l on €'/ €.

INTRODUCTION :

It is now 24 years since the discovery of CP violation {2] and
the observations of the effect are still limited to the K° - K° system.
When it was realized that CP violation could occur naturally through
the mixing matrix of quarks and leptons with at least three generations
[3] new experiments started to be performed to test the consequences
of the hypothesis in the framework of the electroweak theory.

Over the last year, Fermilab has hosted the E73l collaboration
to carry out a dedicated measurement of €'/ € predicted to be non

zero thus being a signal for a new source of CP violation.




PHENOMENOLOGY OF CP VIOLATION

The K° and R° mesons are charge conjugate of one another with
opposite strangeness and the | K> and | R®> states are appropriate
to describe the strong and electromagnetic interactions of these particles.
The weak decays of neutral kaons are associated with particles of definite
mass and lifetimes which are linear combinations of | K°> and | R°>.

With a conventional choice defining CP | K®> = | R®>and CP
| B> =] K°> then| K‘1>=\71-2- (| K> +] R=>) and| K5 2>= —1—5 (|K°> -
| K°>) are orthogonal CP eigenstates with CP | K‘i>= | K‘i)and CcP
| K°2>= -|K§>. They allow then to defcribf the short-lived K¢ decays
into the two most significant modes 7~ 7 and 7° n° each with CP
eigenvalue of + 1, and the long - lived Ki‘_ decays in many modes like
7t 7T 7o predominantly with CP eigenvalue of -I. Making the approx-
imation of CP invariance would then imply that] K;> =] K‘i> and| K‘l’_> =
RS>

The discovery that Ki’_—— At 7 does actually occur complemented
by the experimental evidence of Kf_—~7r° 7° decays and charge asymme-
try of the semi-leptonic channels of K° led to rewrite the physical

states in terms of a mixture of the above| K> and| K states.

| &3> :\7_1—14?’, (| k3> +€] K3>) mainly CP odd

0 L o o .
| K2 >=\/=m?l, (K> +€] K$) mainly CP even
+ -3
where | €| = (2.275 = 0.021) 10

from the off-diagonal elements of the K° - K® mass matrix.

parametrizes the mixing that originates

The experimental observables are the ratios of transition amplitudes

for the &* A~ and s1° ;° decay modes, they read :
. -
ata’| Tl K
L < >
<7r" 27| 7| Ks>

charged decays
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oo <7t° 7[01 T‘ KL>
T’ =
Lol KD

With very good accuracy these ratios are 'q+_ = €+ €' and 77°° =
€-2€".

neutral decays

In the standard model of electroweak interaction € comes from
the calculation of "box" diagrams that represent AS = 2 transitions
between K° and K°. The new parameter € ' corresponds to "direct" CP
violation via Kz—- 2 7t decays. The contribution to €' arises mainly from
"Penguin" diagrams ( AS = | transitions) since unlike spectator and
exchange diagrams they involve three generations of quarks. Therefore
if KZ—’ 2 7t does not occur one has 77+ = 1,"" =€ , this is the superweak
hypothesis.

The current predictions for €'/ € still have large uncertainties
due to calculations of hadronic matrix elements, unkown mass of the
top quark and poor determination of the ratio b—u/b—c. The typical
range predicted by the theory is 7 x 10'3>| 2—‘l>l x 1072 [4). This
sets the precision of 0.001 that our experiment designed to search

for direct CP violation has to reach.

THE DETECTOR AND THE EXPERIMENTAL METHOD [5]

The relative decay rates of K; and K¢ to neutral and charged

oo t
pions is the double ratio R =|—'L+_-]z =1 -6Re (—2—). This has to be

measured with %R-G X lO'3 to reach the statistical accuracy of 0.001

on| €'/€ | implying that a minimum sample of 50000 Ki"-'27l:° events
has to be identified and fully reconstructed in the detector. Furthermore
systematic errors must be minimized and effective control of these
effects is important.

The Meson Center beam line at Fermilab was used to provide
high kaon flux in two parallel beams produced at 4.8 mrad by 800 GeV
protons on a Be target. A four (B[‘C block + Pb + scintillator) active

regenerator located at 127 m from the target (Fig. 1) was moving alter-




natively between the two beams every proton spill (~ one minute) to
produce coherent K¢ with momentum spectrum similar to the K, one
in the range 30 - 160 GeV/c. This configuration allows simultaneous
detection of KS and KL decays and offers total cancellation of flux
ratios ans cancellation of dead time, accidenta! effects and innefficiency

to high accuracy.

Fig. 1 : Front view of the Regenerator.

To first order, €¢'/e¢ = %(1 - Rops) where Ry, is given by:
-y © ° — + -
KL T’ KL T
Rolls =

o ° _.+—
Ks n°n KS na

where KL S—-nn are the number of observed events in each mode.
’
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The detector (Fig. 2) measures charged particles with a drift cham-
ber spectrometer. Position resolution of trajectories is of 110 ym per
plane with 98% efficiency and mass resolution is of 3.6 MeV/c? for

.
Kps—m =

PHOTON YETOES A HODDSCOPE B HOOOSCOPE

LEAD WALL HODDSCOPES
LEAD GLASS
ANALYZING,
MAGNET
— ——

CONYERSION “YACUUM \)DRIFT CHAMBER

PHOTON YETDES FILTER

M DECAY VOLUME

SEPARATOR

HAGNET PLANE WINDOW

NN

LEAD HASK! REGENERATOR

(L0 1120 1130 {140 1150 1160 1170 1180 _[i90
DISTANCE FROM PRODUCTION TARGET (M)

Fig. 2 : E73] Detector in the MC beam line.

The known K, mass fixes the energy scale of the spectrometer.
A circular array of 804 blocks of lead glass (Fig. 3) measures the energies
and the positions of photons and electrons with resolutions respectively
of <Upos> =4 mm and UE/E = 5%/ E + 1.5%. The calibration of
this electromagnetic calorimeter is known to 0.5%. A flasher system
using a xenon lamp was used to monitor the stability of each block
and special electron calibration runs were done during the data taking.

The decay mode KL,S_— n* 7" is observed by demanding a charged
signature in the trigger plane at the end of the decay region and two
tracks in the spectrometer. A semi leptonic decay (Ke3 or Ku3) would
veto this trigger.

The decay mode KL,S—'"O 7° required conversion of one gamma
ray in the 0.1 Xo lead converter at the trigger plane, a two track signa-
ture in the spectrometer and 330 GeV energy in the lead glass calo-

rimeter.




oy
£
3
1]
n
n
]

Fig. 3 : The Lead Glass array under construction.

Events having hadrons or muons were rejected by the neutral trigger
and so were inclastically regenerated events (using scintillator in regen-
erator in veto) for both charged and neutral modes.

Different categories of reconstructed events are shown in Fig.
4, 5, 6 where it can be seen that background levels are very small.

The KS
these are substracted with small uncertainty under the coherent peaks.

signals have residual background from incoherent regeneration :

The KL—~ " m” event sample has background due to residual semilep-
tonic decays where either a muon or an electron was misidentified
as a pion. A small background coming from neutron interactions was

also present at the level of 0.18% for p; <25O MeV/c2.
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The source of background in the K ,— 27t ° decay is from the
dominant KL» 37° decay where two photons missed the lead glass
or fused in the same cluster. A detail study of these fake events was
made with a high statistics Monte Carlo simulating their shape : this
is in good agreement with the observed background in the mass distribu-

tion.

The final event sample for E731A is shown in the Table | below

for each of the four decays.

Events after Background Source of
bkg. subs. percentage background
Rg= "7~ 130025 (0.31 ¥ 0.06)% Incoherent +
Diffractive
K~ atn” 35838 (1.23 ¥ 0.18)% Semi-leptonic
decays
Kg=7ome 21788 (2.9% £ 0.16)% Incoherent +
Diffractive
K= m°a 6747 (1.56 £ 0.31)% 3 ;° decays

Table 1
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The ultimate accuracy on €'/€ comes in part from the uncer-
tainties in the background substraction that are made : this amounts
to a total of 0.00066 on] € '/ € |.

tic uncertainty comes from the acceptance corrections that have to

The second source of systema-

be made to the background substracted samples. The size of the uncer-
tainty in the charged acceptance correction was calculated to be 0.0005
on Ie '/ EI from the known resolution smearings effects (chamber resolu-
tion + muitiple scattering) and from an alternate analysis of the data
in bins of momentum and vertex position for the charged data. The
understanding of systematic effects in the neutral mode came mainly
from the study of a large sample of KL—o 3 ° decays where the particles
(photons) are the same. Various cuts were also made to the data in
the vertex distribution Z (Fig. 7). We have determined a systematic

error of 0.0007 on € '/ € due to the neutral mode acceptance correction.

The determination of € '/ € came from the fit of the corrected
2t ratio of rates and the result was ¢
€'/ € = 0.0032 £ 0.0028 (statistical) I 0.0012 (systematic) [6).
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™ 2 ° and comparison

THE 1987 - 88 RUN : E731B :

A number of improvements were made to the detector and to
the trigger before we took our data that amounts now to 300 10 events
KL- 2 ° and gives statistical accuracy of 0.00050n €'/ € -

The new features include for the detector :

- optimal regenerator in which ditfractive Kg are reduced to mini-

mal;

- upgrade of the photon veto system to have more powerful re-

jection on prays outside fiducial acceptance;

- upgrade of muon hodoscope to reject sz more;

- conversion plane with segmentation at the end of decay region.

On the trigger side the improvements are :

- online hardware cluster finder to recognize four clusters;

- faster data acquisition with Fastbus ADC's and memories reducing

the dead time per event from éms (E731A) to 0.7 ms (E731B)

- numerous decay channels like 37m°, at A e, Ke3 are tagged

to permit improved monitoring and calibration.

Neutral decays with no conversion were recorded together with
the regular charged decays.

Data taking stopped in Icbruary 1988 and data reduction was made
on ACP {(Advanced Computer Project at FNAL) to do a preliminary
analysis on 20% of the statistics.

Shall we reach the goal of having 0.0005 of systematic error on € E?

The current understanding of backgrounds with estimate on sys-
tematic errors is given in Table 2 below.

The errors will decrease when final calibrations are used (e.g.

n*t w” e sample for energy calibration). Detail understanding of the
beam shapes and spectrum is under way to have an accurate evaluation

of acceptance functions.
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Level of background Nature of background

Kg= 7' 7” 0.37 % 0.05)% mostly K% 7~
K= 7" 7 (0.14 £ 0.014)% Keyand K~7* 7" p
K™ n° n° 0.02% K = 37m°

(3.0 £ 0.3)% Non coherent K
K~ n° o (0.3 ¥ 0.08)% Kj~3nm°

(4.0 ¥ 0.2% Non coherent K

Table 2

The quality of the data is shown in Figures 8 and 9 where 230 x 103

K$—27° and 67 x 103

K{~27m® were reconstructed. Large samples
of 3m° events (5x 106) and K_, events (5 x 107) are invaluable to

achieve systematics on acceptance at the level of few lO'u.

3
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Fig. 8 : The distributions in my for 7° 7t° events for E731B. The figure
on the right side shows the KL—» 7° °® with the E731A back-
ground (dotted line).
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Fig. 9 : The center of energy in the Lead Glass for Ky ¢ 2 7° in E731B.
*
The background is non-coherent KS decays from the regenerated

beam.




Our result with total error of 0.001 on €'/ € will become available
in 1989 and comparison with the NA3l result (Ref. 7) will be of great

interest.
CONCLUSIONS :

The importance of observing CP violation through direct decays
of K2 and the precise measurement of the magnitude of the effect
are important to test the standard model.

This test will receive attention also from phenomena that are
directly coming from heavy quark systems but it also may be feasible
to have a significant improvement in the accuracy with which € '/€
is measured in the K°-K° system. These two attacks are complementary
rather than exclusive and they will give key numbers that the standard

model will, or will not be able to correctly accommodate.
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ABSTRACT

The status of the SLAC Linear Collider is discussed with emphasis on the
achieved beam parameters and the diagnostic tools available near the interaction
point for measuring transverse beam sizes and establishing that the two beams are
colliding. Beam energy measurements from the extraction line spectrometers are
also discussed. The response of the Mark II detector to beam-related backgrounds
when beams are colliding is presented. With current backgrounds, Z° decays will
be identifiable in the detector but for precise analyses the background must be
reduced. A future installation of large toroid magnets in the tunnels of the final
focus system is expected to reduce the backgrounds from muons by about a
factor of ten. Other future installations include two vertex detectors: a three-
layer silicon detector whose layers are about 3 cm from the interaction point and
a high precision drift chamber. The status of these installations and the project
to produce longitudinally polarized electron beams at the interaction point is
discussed.
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1. The SLAC Linear Collider

The SLAC Linear Collider (SLC) was proposed in 1980 for two purposes: '’

— to provide the first test of linear collider technology which will be necessary
for ete™ physics at center-of-mass energies above about 200 GeV;

— to produce large numbers of Z%’s to provide precise tests of the standard
model and an environment for searches for new particles such as quarks,
leptons and the Higgs boson.

Although the SLC has not yet produced any Z%s, much has already been learned
about linear collider issues.

The overall layout of the SLC is shown in Figure 1. The same linear ac-
celerator is used to accelerate both the electron and positron beams. Two arcs
of bending magnets carry the beams to the final focus systems which focus the
beams to a transverse size of a few microns. Two damping rings reduce the
emittance of the beams in about five milliseconds. Positrons are produced by
bombarding a target with an electron beam about two-thirds of the way down
the accelerator.

On each machine cycle, the injector produces two electron bunches separated
by 59 ns which enter the electron damping ring and circulate on opposite sides
of the ring until the beginning of the next machine cycle. The previously stored
bunches exit the damping ring and travel down the accelerator behind a positron
bunch from the positron damping ring. The positron bunch and the first electron
bunch are accelerated to about 50 GeV at the end of the accelerator. The second
electron bunch is sent to the positron source to produce positrons for the next
machine cycle. The positrons are focussed after the target and are transported
back to the beginning of the accelerator and stored in the positron damping ring
until the next machine cycle. After collision at the interaction point, each beam
is deflected out of the final focus system into an extraction line where the beam
energy is measured before the beam dump.

All parts of the SLC have now been commissioned with electron or positron
beams. The luminosity at the interaction point (IP) can be written as follows:

f N- Ny 4pm4dpm

L£=15x10"cm %!

where f is the collision frequency, N_ and N, are the number of electrons and
positrons per bunch at the IP, respectively, and o, and oy are the transverse beam
sizes at the IP for the larger of the two beams. The achieved values for these
parameters are summarized in Table 1. The first column lists the best achieved
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Figure 1. Layout of the SLAC Linear Collider.
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Table 1. SLC parameters at the interaction point.

Parameter Best Achieved Value Typical Value for
Current Running
f 30 Hz 30 Hz
N 1.5 x 101° 0.8 x 10%°
Ny 0.7 x 101° 0.5 x 10t°
0z X Oyt
electron beam 3 pmx5 um 6 umx6 um
positron beam 4 pmx4 pm 8 umx8 um

value and the second column lists typical values for recent colliding-beam runs.
The rate for Z° production at the peak of the Z° resonance can be written in
terms of the luminosity as follows:

4 L
Z0rate % —— —————————— ¢

rate day 1.5 x 1027¢m—25~!

where ¢ is the average efficiency for colliding beams. Each of the parameters at
the IP will now be discussed and compared to the design values for the first year
of running.

The entire machine is currently operating at a repetition rate of at least 30 Hz
with parts of the linac running at 60 Hz in preparation for an increase to that
frequency. The design frequency for first year running is 120 Hz.

The design intensity for each beam is 5 x 10'° particles per bunch. The
intensity of the electron bunch is limited by bunch lengthening which occurs in the
damping ring for high intensity beams because of the large effective impedance
caused by irregularities in the vacuum chamber profile. The current is limited to
about {2 — 3) x 10'° particles per bunch. A significant fraction of the impedance
is due to corrugated copper sleeves inside the bellows. These will be replaced by
smooth copper sleeves to allow an increase in current to (3 — 5) x 100,

The positron intensity is currently limited by the efficiency for capturing the
positrons after they are produced at the source and transporting them back to
the beginning of the linac and into the positron damping ring. Because of the
length of the bunch, the energy spread increases in the linac before the damping
ring. This large energy spread leads to large beam sizes in the regions of high
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bending fields in the transport line from the linac to the damping ring. The
aperture of this region will be increased to more efficiently transport the beam.
In addition, a system to decrease the energy spread will be installed after the
transport line and before the ring since the ring also has acceptance for only a
limited energy spread. Eventually, the positron intensity will also be limited by
the damping ring impedance and the positron damping ring will require the same
improvements as the electron damping ring.

The transverse beam size at the [P is given approximately by

2 _ AE,,
o’ =pe+ (n5)

where 8 is the value of the beta function at the IP, ¢ is the emittance, # is the
dispersion at the IP, and QEE is the fractional energy spread in the bunch. We
are currently operating with an optical configuration with § = 30 mm at the IP.
The design invariant emittance is ¢y = 3 x 1075 m rad. Therefore the minimum
spot size at the IP is 3 pm for design emittance. If there is residual dispersion 5
at the IP, the energy spread of (0.2 — 0.3)% will also contribute to the spot size.
Although the transverse beam size has been measured to be as small as 3 or 4 um,
it is often closer to 6 or 8 um. It is not yet fully understood whether the extra
contribution to the spot size is due to large effective emittance or dispersion at the
IP. Residual dispersion from the arcs is routinely corrected in the the final focus
system but the residual dispersion at the IP has not been thoroughly studied
although the tools for doing so are available. To reach the design beam size of
2 um, we must change the final focus optical configuration to provide f = 7.5 mm
instead of 30 mm at the IP. The larger 8 value has the advantage of reducing
beam-related backgrounds in the region of the final focussing quadrupoles (since
the beam is then smaller in this region) and minimizing the relative contribution
from higher order optical effects so that the lowest order contributions to the
spot size can be studied.

To date, the Mark II detector has logged about 20 hours of colliding beam
data. The corresponding integrated luminosity times the peak Z° cross section
is about 0.2. The main value of this colliding beam time has been to assess
beam-related backgrounds in the Mark II detector, monitor beam motion at the
IP, and gain experience in tuning the beams.




2. Beam Diagnostics Near the Interaction Point

Measurements of the transverse beam size at the IP are necessary for tuning
optical elements in the final focus system to minimize the spot size. In addition,
diagnostics are needed to provide evidence that the two beams are colliding when
they are both crossing the IP.

The transverse beam size is measured using a fine conductive wire. Initially,
a wire was scanned across the beam'™ but currently the beam is scanned across
a stationary carbon fiber using upstream magnets. The beam can be moved
across the wire in steps as small as one micron. In each of the two transverse
dimensions, there are three wires of different diameters: 4 microns, 7 microns
and 28 microns.

Two signals are typically recorded for a scan: a secondary emission signal
from the wire itself and a bremsstrahlung signal which is detected far from the
interaction point. The secondary emission signals are different for the electron
and positron beams with the positron-beam signal typically being larger. Effects
which are not fully understood corrupt the secondary emission signal for electron
beam intensities larger than about 6x 10° particles per bunch. At these intensities
we usually use the bremsstrahlung signal to measure the transverse beam profile.
This technique will be described in more detail below. A typical electron beam
profile is shown in Figure 2(a) for a step size of three microns. The vertical axis
corresponds to the secondary emission signal. The beam was scanned across a
seven micron diameter wire. A simple Gaussian fit to the beam profile yields a
beam size (¢) of about five microns.

The wire scanner is used in automated procedures for positioning the focal
point of each beam at the IP and measuring dispersion and chromaticity at the IP
as well as for single beam scans. The wires are also used for initial placement of
the two beams at the same point in the transverse plane to within a few microns.

For optimal luminosity, we must ensure that the two beams cross the trans-
verse plane at the IP at the same point to within a fraction of the beam size.
In principle, the wire scanner can be used for this purpose. However, scanning
the beam across the wire is not compatible with running the Mark II detector
with all subsystems at full voltage because of background radiation produced
from the wire. A method which does not interfere with running the detector has
been devised, tested and is now used routinely. This method uses the pattern of
angular deflection of one beam as it is scanned across the other.”™ The angular
deflection is due to the electromagnetic interaction between the two beams. In
terms of the impact parameter A between a round target beam of transverse size
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Figure 2. Typical electron beam profiles for (a) the secondary emission signal
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o and e point size probe beam, the deflection of the probe is given by

_ —2rN 1- exp(—}g—)

=— X

where r, is the classical radius of the electron, - is the relativistic Lorentz factor,
and N is the number of particles in the target bunch. This function is shown in
Figure 3 for a target intensity of 5x 1010 particles per bunch and for three different
target sizes: two, five and ten microns. As the target beam size decreases, the
maximum deflection becomes larger and occurs for smaller impact parameter
leading to a more rapidly changing deflection angle as the two beams cross each
other. This rate of change of deflection angle can be used for tuning on spot
size as an alternative to the wire scanner. The symmetry point in the scan gives
the point at which the two beams have zero impact parameter. This is used for
centering the beams. Once the beams are brought into close proximity (a few
to ten microns) with the wire scanner, one beam is scanned across the other
in each plane. The deflection angle is fit to the above equation to determine
how much one beam should be moved to center it on the other. The deflection
angle is measured with three beam position monitors (BPM’s) on each side of
the IP. These monitors of the strip-electrode type are sensitive to each beam
separately. For each beam, the BPM readings are used to fit the incoming angle,
the deflection angle,and the transverse position at the IP in each plane.

8(2)

A typical scan is shown in Figure 4. In this case, the positron beam was
scanned across the electron beam in two micron steps in the z direction. Fig-
ure 4(a) shows the deflection angle in the z — z (horizontal) plane. The beams
were actually offset from each other in the y (vertical) direction by about ten mi-
crons during the scan. Hence, a deflection angle is also observed in the y—z plane.
This is shown in Figure 4(b). There exists an arbitrary offset in the measured
deflection angle due to unknown BPM offsets. This beam deflection method is
used to center the beams on each other and then to monitor how well centered
the beams remain. The deflection can be measured and the beams recentered in
less than 20 seconds. Hence, the beam centering can easily be monitored every
10 minutes or so. It has been found that the beams drift with respect to each
other by only a small fraction of the beam width in this length of time.

Another way to establish that the two beams are centered is through the
observation of beamstrahlung, the radiation emitted by one beam when it passes
through the intense electromagnetic field of the other beam. Actually, beam-
strahlung is also emitted when the beams are not centered but are deflecting
each other. As one beam is scanned across the other, the beamstrahlung in-
tensity is expected to grow as they get closer together and the deflection angle
increases but to actually dip slightly as they become centered.
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positron beam scanned across an electron beam in the z direction. The beams
are offset by approximately 10 pm in the y direction.
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To monitor the beamstrahlung flux, Cerenkov detectors were built and in-
stalled about 40 m downstream on either side of the IP. The beamstrahlung
monitor is shown schematically in Figure 5. It consists of a stainless steel plate
to convert gamma rays at about 50 MeV to ete™ pairs. These charged particles
travel through a Cerenkov detector with a threshold of about 25 MeV. A mirror
and a system of light channels are used to focus the Cerenkov light onto an ar-
ray of photomultiplier tubes. The whole detection system is surrounded by lead
shielding for protection from beam-related backgrounds.

The beamstrahlung flux depends critically on the luminosity and the inten-
sity and length of the target beam. At current luminosities, the beamstrahlung
signal is marginal. However, the beamstrahlung monitor has been used very
effectively to detect the bremsstrahlung photons emitted during a wire scan as
mentioned above. Figure 2(b) shows an electron beam profile as measured by
the beamstrahlung monitor. The beam was scanned across a seven micron wire
in five micron steps. The profile was fit to a Gaussian function of width {o) six
microns.

3. Extraction Line Energy Spectrometer

The precise measurement of the mass of the Z° will provide a stringent test
of the standard model. For this measurement, an accurate and precise deter-
mination of the electron and positron beam energies is necessary. This will be
provided by a spectrometer system installed in each of the two extraction lines
which transport the beams to their dumps.m The extraction line spectrometer
is shown schematicaily in Figure 6. The spectrometer magnet is preceded and
followed by smaller magnets which bend the beam in the plane perpendicular to
the bend plane of the spectrometer magnet. When the beam bends in the small
magnets, it produces swaths of synchrotron radiation which are detected about
15 m downstream of the spectrometer magnet.

The determination of the beam energy then depends on knowledge of the
field strength of the spectrometer magnet, the distance between the spectrom-
eter magnet and the synchrotron light monitors, and the distance between the
two synchrotron stripes at the plane of the monitors. The field strength of the
spectrometer magnet is about 3 T m and is known and monitored to better than
0.02%." The distance to the light monitor is expected to be measured to better
than 0.01%. The distance between the synchrotron stripes at the light monitors
is about 26 cm and is known to better than 0.005%. These errors will combine
to give a total uncertainty on the energy of each beam of less than 15 MeV.
We expect an additional uncertainty in the luminosity-weighted center-of-mass




Y/
Converter
Plate

Light
Channels

Photo multiplier Prima
ry
Tubes Mirror
588 e Beam 609643
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energy of 15 MeV or less due to correlations in energy and transverse position for
the beam at the IP. Therefore, the total systematic error on the center-of-mass
energy will be about 35 MeV,

The synchrotron stripes are intercepted by phosphor screens which are mon-
itored and digitized by a video system. The digitizations of the four stripes
corresponding to the electron and positron beam, before and after the spectrom-
eter magnet, are shown in Figure 7. Each digitization channel corresponds to
70 um on the phosphor screen or 12 MeV in beam energy. An array of fiducial
wires is located in front of each screen to provide a calibration for the exact
location of the stripes. In addition to providing a measurement of the beam en-
ergy, the digitizition of the synchrotron stripes enables us to measure the energy
spread within each beam by comparing the width of the stripe before and after
the spectrometer magnet since we know the dispersion introduced by the magnet.

An independent method for measuring the distance between the synchrotron
stripes is also being developed. This method measures the signals from an array
of wires parallel to the synchrotron stripe. The signal, produced by Compton
scattering, has been observed but the electronics and readout system are not yet
complete.

In Figure 8, the energies of the electron and positron beams as measured by
the energy spectrometer are shown for 100 consecutive triggers of the Mark II
detector selected for a period of running in which the electron beam energy was
quite stable.” The trigger rate was about one hertz, so this interval corresponds
to a couple of minutes. It can be seen that the relative pulse-to-pulse energy
resolution is very good over this short time period. The relative resolution over
long time periods is under study. Based on the data accumulated so far, the
design goal for the absolute resolution should be achievable without difficulty.

« For SLC, the two beam energies are not expected to be exactly equal.
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4. The Response of the Mark II Detector
to Beam-Related Backgrounds

An upgrade of the Mark II detector which involved replacing the drift cham-
ber, endcaps, time-of-flight system and magnet with new systems was completed
in the summer of 1985. In the winter of 1986, the upgraded detector was tested
and operated at the PEP storage ring. The detector was then moved to the SLC
interaction region. In the fall of 1987, the detector was moved onto the beam line.

The detector has been continuously exercised on cosmic rays since its installation
at SLC.

A sectional view of one quarter of the detector is shown in Figure 9. The
vertex detectors have not yet been installed and will be discussed below. 1 will
give a brief description of each detector subsystem and discuss the response of
the subsystem to beam-related backgrounds in the recent colliding-beam data.

4.1 DRIFT CHAMBER

The central drift chamber consists of about 6000 readout wires arranged so
that the position of a track which travels through the full radius is measured at
72 points. The chamber electronics has double-pulse capability so that tracks
within about 3 mm of each other can be resolved.

The average number of drift chamber TDC hits recorded per event for random
triggers in recent colliding-beam data was about 600. However, fewer than 10%
of the wires had signals since many of these hits correspond to multiple hits on
one wire. This background is due to both muons produced in collimators in the
final focus system and electromagnetic debris produced closer to the detector.

In random triggers, about 5% of events have at least one track found by the
offline track reconstruction program. However, these tracks do not originate from
the interaction point, especially in the beam direction, and will therefore be easy
to differentiate from tracks originating from e*e~ annihilation.

The effect of these spurious hits on track reconstruction was studied by su-
perimposing real background events on Monte Carlo events for Z0 decay. It was
found that approximately 3% of all tracks are lost when the background hits
are added. However, these are mostly tracks with few drift chamber hits which
exit through the ends of the drift chamber because they are emitted from the

.interaction point with a small angle with respect to the beam direction. Of the

tracks which are reconstructed, approximately 90% are measured as well as they
would be without the background hits. The conclusion is that 600 or fewer TDC
hits per event is not a problem for offline track reconstruction.
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Sectional view of one quarter of the Mark IT detector.
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These spurious hits are a problem for triggering. The charged track trigger
uses fairly wide swaths through the drift chamber in which to search for TDC
hits. The charged track trigger is satisfied relatively easily by the background
hits leading to a high trigger rate and therefore significant deadtime. This will
be even more problematic when the machine repetition rate is raised from 30 Hz
to 60 and then 120 Hz.

4.2 LUMINOSITY MONITORS

There are two luminosity monitors for measuring the Bhabha rate at small
angles with respect to the beam direction: the small angle monitor (SAM) which
subtends the region between 50 and 160 mrad and the mini-SAM which subtends
the region between 15 and 25 mrad. The Bhabha rate in the SAM is about equal
to the peak Z° rate while the Bhabha rate in the mini-SAM is about seven times
greater. Both luminosity monitors are sensitive to electromagnetic radiation
generated near the beam pipe.

The mini-SAM consists of about 15 radiation lengths of tungsten and scin-
tillator read out with photomultiplier tubes. The modules are about two meters
downstream of the IP and are each divided into four quadrants. During rela-
tively quiet colliding beam runs, the equivalent electron energy deposited in a
quadrant is typically a couple of GeV or less. However, occasionally much larger
amounts (tens of GeV) are deposited. These large depositions usually occur in
more than one quadrant and often in diagonally opposite quadrants on each side
of the IP as one would expect for a Bhabha event. Fortunately, however, these
large beam-related backgrounds are usually associated with only one beam and
hence occur separated in time on the two sides of the IP by about 20 ns instead
of simultaneously as one would expect for Bhabha events. Hence, we should be
able to identify a Bhabha event in the relatively quiet colliding beam data.

The SAM consists of about 14 radiation lengths of lead and proportional
tubes preceded by 9 layers of drift tubes for tracking. As for the mini-SAM, each
SAM module can receive a significant amount of beam-related energy. However,

the proportional tubes have enough shower position localization to easily identify
a Bhabha event.




4.3 ELECTROMAGNETIC CALORIMETERS

The endcap calorimeter covers the angular region between 15° and 45° while
the lead/liquid argon (LA) calorimeter covers the remainder of the large-angle
region except for gaps in the azimuthal angle. The major source of beam-related
backgrounds for both of these systems is muons produced in collimators in the
final focus system. These muons are more problematic for the LA system than for
the endcaps because in the endcaps they traverse the readout planes (proportional
tubes) transversely, depositing a relatively small amount of energy, whereas in
the LA system they traverse the readout layers (liquid argon) roughly parallel to
the layer depositing an amount of energy through ionization equivalent to a large
electromagnetic shower. The equivalent electron energy deposited by a muon
traversing the LA system has a distribution which is roughly flat out to about
10 GeV or more. Some LA modules suffer from background muons more than
others because of the different geometrical arrangement of shielding provided by
material in the tunnels and the interaction region. For relatively quiet colliding
beam data, there are typically about five to ten muons per event crossing the
LA system. Not only does this make offline reconstruction of energy depositions
very difficult, it also severely reduces the usefulness of the energy-based trigger.

The endcaps consist of 36 layers of lead and proportional tubes for a total
of 18 radiation lengths of material. As mentioned above, muons traversing the
endcaps do not have as large an impact as muons traversing the LA system.
In colliding beam data, there are typically about five muons traversing each
endcap. The equivalent electron energy deposited is small. Certainly the offline
reconstruction of Bhabha events and energy depositions greater than about a
GeV should not be a problem.

4.4 TIME-OF-FLIGHT SYSTEM

Because of the large solid angle subtended by each time-of-flight counter,
this system suffers greatly from the beam-related backgrounds. With current
running conditions, at least one-third of the counters typically fire per beam
crossing. This makes the time-of-flight system quite ineffectual in the trigger
and off-line reconstruction.
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4.5 MUON SYSTEM

Currently, the muon system is relatively quiet except for the outer layers on
each side. The high background levels in these layers are due to electromagnetic
radiation reflecting off the walls of the collider hall and can be effectively sup-
pressed by hanging lead shielding outside these layers. This will be done in the
future.

4.6 CONCLUSIONS AND FUTURE PLANS

The current background conditions are not a problem for distinguishing
Bhabhas or for offline track reconstruction. Therefore, we feel that our efficiency
for reconstructing Z° events should be quite high. However, the backgrounds are
a problem at the trigger level and may increase as the beam currents increase.
During the quietest running periods, our deadtime is small but the backgrounds
often fluctuate to produce unacceptably high deadtime.

One source of backgrounds is muon pairs produced in the collimators in the
final focus system. These muons are usually bent out of the beampipe at the
first bend magnet downstream of the collimator. Some of these muons then
travel through the final focus tunnel all the way to the detector. To reduce
this background, we are going to install large toroidal magnets in the final focus
tunnels to bend the muons away from the detector. These toroids, some of which
are modified toroids from Fermilab and others of which are newly built at SLAC,
will be ready for installation in September, 1988. It is estimated that these
toroids will provide a reduction of about a factor of ten in the number of muons
reaching the Mark II detector. This may also provide us with the possibility of
collimating more of the beam in the final focus system, increasing the muon flux
but reducing the electromagnetic component of the background at the IP.

5. Vertex Detectors for the Mark II

Currently, there are no vertex detectors installed inside the central drift
chamber. However, two devices are nearing completion and will be ready for
installation by the end of this year: a three-layer silicon strip detector™™ and
a high precision drift chamber.” Altogether, the tracking system will provide
an impact parameter resolution of about 4 um for high momentum tracks. The

- multiple scattering term contributes an extra (32/p) um where the momentum p

is measured in GeV/c. The existing beam pipe and wire scanner are incompati-
ble with the vertex detectors. A new beam pipe has been designed and is under
construction. It should be ready by the end of the year. It will contain two wire




assemblies for measuring the transverse beam size about 20 ¢m on either side of

the IP.
5.1 SILICON STRIP DETECTOR

The silicon strip detector consists of three layers at radii of 30, 34 and 38 mm.
Each layer consists of 12 separate detectors as illustrated in Figure 10. Each
detector consists of 512 strips giving a total of 18,000 channels which are read
out by custom VLSI chips. Each 6 mm x 6 mm chip reads out 128 channels,
integrating and storing the charge deposited on a strip and multiplexing the
analog signal onto a serial bus. The strip pitch varies between 25 and 33 um and
the strip length varies between 75 and 94 mm. The vertex detector covers 77%
of the solid angle.

Each detector is assembled into a module which consists of two readout chips
wire-bonded at each end and a hybrid circuit which provides the control lines, a
switchable capacitor bank for power and a differential amplifier and line driver
for the analog output signals. These modules have been assembled and are ready
to be installed in the mechanical support structure which is in fabrication.

Prototype tests have demonstrated that the signal-to-noise ratio is about 18,
the spatial resolution per strip is 5 um, and the double track resolution is less
than 150 um. To take advantage of the high resolution provided by the strips,
their location must be known to better than a few microns. The intermodule
alignment procedure will use a collimated x-ray beam. Preliminary tests of this
procedure have been successful. The position of the silicon strip vertex detector
with respect to the high precision drift chamber will be monitored with capacitive
Sensors.

5.2 VERTEX DRIFT CHAMBER

The vertex drift chamber consists of ten jet cells which extend radially be-
tween 5 and 17 cm and each provide 38 measurements with an expected resolution
of about 30 to 40 um per measurement, averaged over 2 cm of drift. The chamber
will operate between two and three atmospheres pressure and will use a gas with
a slow drift velocity between 5 and 10 um/ns. The double-track resolution is
expected to be about 1 mm.

All hardware components are complete and the ten jet cells which are strung
separately have been installed and positioned in the support structure. The de-
tector, with the final gas system, electronics and readout system, will be operated
outside the Mark IT until installation at the end of this year.
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Figure 10. Schematic drawing of the silicon strip vertex detector.




6. The Polarization Project

One of the important advantages of a linear collider is the possibility of pro-
ducing longitudinally polarized electrons at the IP. This allows one to measure
the left-right asymmetry Azg which quantifies the difference in coupling between
the Z° and left- or right-handed electrons. Apr can be related to parameters
of the standard model such as sin? 8 and Mz. The forward-backward charge
asymmetry Arp can also be related to these parameters but has several disad-
vantages as a measurement compared to the left-right asymmetry. First, the
left-right asymmetry is independent of the final state fermion and therefore the
total Z° cross section contributes to this measurement. The forward-backward
charge asymmetry is different for fermions of different electric charge and weak
isospin. It will probably only be possible to measure App for Z° decays to muons
and taus (3% of the total Z? cross section, each) and perhaps b quarks (about
14% of the cross section). In addition, App is changing rapidly across the Z°
pole resulting in a measurement which is very sensitive to radiative corrections
and accurate knowledge of the center-of mass energy. Also, Arr changes much
more slowly than App resulting in smaller systematic errors. Finally, Arg is
expected to be around 0.12 (for 50% polarization) while App is expected to be
only a few percent for muon pairs.

Figure 11 summarizes the precision with which the standard model can be
tested for three measurements at the SLC {(Mz, Arp and Arg) as a function of
the number of observed Z° decays. The shaded regions indicate present precision
and proposed sensitivity from measurements of My and Mz, and v scattering
experiments. To test the standard model, we need two or more measurements
of comparable precision. It can be seen from the figure that with only a few
thousand observed Z° decays, we reach the systematic limit on the My measure-
ment corresponding to an uncertainty on sin® f of less than 0.0005, far better
than the precision of existing measurements. A measurement of Arp for muon
pairs requires more than 10° observed Z° decays to become competitive with
existing measurements and reaches a systematic uncertainty on sin? By of about
0.002 for more than 107 Z%s. With a longitudinally polarized electron beam
with polarization P, equal to 45%, one can measure sin? f more precisely than
existing measurements with a few thousand observed Z° decays. The availability
of this polarization is equivalent to about a factor of one hundred in luminosity
for precise tests of the standard model. The systematic limit on ALg depends on
how well one can measure P.. A fractional error of AP,/ P. = 3% should not be
difficult and an eventual precision of 1% should be possible. A 1% precision in
the measurement of P, will result in similar systematic errors on sin® 8y for the
measurements of Ayp and M.
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The layout of the SLC including special components for providing longitudi-
nally polarized electrons at the IP"™ is shown in Figure 12. The longitudinally
polarized electrons are produced by irradiating a GaAs crystal with circularly
polarized light. The electron gun has been installed and the laser system is being
commissioned. Three superconducting magnets are needed to rotate the spin
before and after the damping ring. These magnets have been delivered to SLAC
and are undergoing testing. A Mgller polarimeter for measuring the polariza-
tion at the end of the linac has been installed. Another Mgller polarimeter for
measuring the polarization in the extraction line is ready to install. The best
measurement of the polarization is expected to come from a Compton polarime-
ter just downstream of the IP. It should provide a measurement with 1% precision
in less than a minute. A prototype detector for this system is in place for back-
ground studies. A vent shaft leading to a counting house above ground is ready
for the installation of the laser and optical system.

7. Conclusions

Commissioning of the SLC is proceeding. Colliding beams have been estab-
lished but the efficiency is still quite low. Although each beam parameter is
within a factor of two to five of design, the luminosity achieved to date is about
a factor of 400 less than design. Improvements are being implemented to in-
crease the efficiency for colliding beams and to improve the beam parameters.
New techniques have been developed for monitoring beam sizes and positions to
micron precision at the interaction point.

Spectrometers for measuring the beam energy in the extraction lines have
been installed. Preliminary measurements indicate that they will surpass the
design goal of measuring the beam energies with a resolution better than 25 MeV.

The response of the Mark II detector under colliding beam conditions has
been studied. Beam-related backgrounds fluctuate over time. In relatively quiet
runs, triggering is not a problem for the charged-track trigger and the Bhabha
trigger. However, low energy neutral triggers result in unacceptable deadtime or
require unreasonably large thresholds. Efficient offline reconstruction of charged
tracks, Bhabhas and energy clusters of a few GeV in the endcaps should be pos-
sible. However, the lead/liquid argon calorimeter and the time-of-flight system
suffer from the beam-related backgrounds. A set of toroidal magnets will be in-
stalled in both final focus tunnels to attenuate the muon background by about a
factor of ten.

In the near future, two high precision vertex detectors will be installed inside
the central drift chamber providing excellent impact parameter resolution. Also
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nearing completion is a project to provide longitudinally polarized electrons at
the interaction point. These last two features represent significant advantages of
a collider over a storage ring.
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1. Introduction

The Collider Detector at Fermilab is a general purpose magnetic
tracking and calorimetric device designed to study the products of
proton-antiproton collisions at {s = 1.8 TeV. I report here on results
derived from an integrated luminosity of 30 nb™ collected during the
1987 data run at the Fermilab Tevatron Collider. After a brief
overview of the detector and the 1987 data set, I will present results
on vector boson production, jet physics, and inclusive charged particle

density and spectra.

2. The CDF Detector

The CDF apparatus is described in great detail in Ref. 2, and 1
present here only a brief overview based on Fig. 1. We use spherical
coordinates with the beam line as the polar axis, § as the polar angle
and ¢ as the azimuthal coordinate. It is convenient to substitute for
the polar angle the “pseudo-rapidity” %, given by n=-In{tan(6/2)).
Some convenient comparisons: 7 & 1 for §=40° , and g = 4.0 for 6=2°

The detector is built around a 1.5 Tesla superconducting solenoid
coaxial with the beam. Within the magnetic volume is a cylindrical
central tracking chamber (CTC), with 86 layers of sense wires
distributed over a radius of 1.2 m. The resolution per wire is of order
200 pm, and the transverse momentum resolution is measured to be
8p,/p, ® 0.002p, for p,22.0 GeV/c and Iplsl. Lying between the CTC
and the beryllium beam pipe are a set of 8 vertex time projection
modules (VIPC) which provide R-z reconstruction of charged particles
and a measurement of the event vertex position and quality.

Outside of the coil, the tracking measurement is complemented by
almost 47 sampling calorimetry based on a projective tower geometry.
The calorimeters are divided into three regions based on very natural
geometric constraints: the central region, I9l<1.0, the plug region
1.0<!nl<2.2, and the forward region, 2.2<19!1<4.0. In all cases there is
a mechanical segmentation into an inner electromagnetic part, with lead
absorbing plates, and a larger outer hadronic part, with steel absorbers.

The central region uses plastic scintillator as sampling medium, and is
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segmented into towers of size A¢=15° and Ap=0.1. The central
electromagnetic compartment has a depth of 20 radiation lengths and a
resolution o, /E = 14%/{E; the central hadronic compartment is 5
absorption lengths deep and has o /E = 70%/{E. The plug and
forward regions use gas proportional sampling with a tower size of
A¢=5° and An=0.1.

Muon coverage in the central region consists of 4 layers of drift
chambers behind the hadron calorimeters in the region 191<0.7. The
system is essentially 100% efficient for muons over 3 GeV/c. In the
forward regions on both sides are muon spectrometers consisting of
large magnetized toroids with drift chamber planes and triggering
scintillation counters.

Two sets of scintillation counters are mounted on the front of the
forward electromagnetic calorimeters in the region 3.2S151<5.9. These
“beam-beam” counters (BBC) are used for luminosity measurement and

triggering.

3. The 1987 Data Set

The Fermilab Tevatron Collider supplied colliding beams of protons
and antiprotons in the period from February to May 1987. Average
instantaneous luminosities of order 10%° cm!s’! were achieved. CDF
logged several kinds of data sets, depending on triggers and beam
energies. The “Level 1 Buffet” data set contains high transverse

momentum physics selected by the following calorimetric and tracking

triggers:
Jet: EEt >20-45 GeV in towers with 1.0 GeV or more.
Electron: 1 tower in EM calorimeter with E, >(7.0-12.0) GeV.
CMU: Central muon stub matched to a trigger track.
FMU: Track candidate in forward muon road.

Valid Level 1 triggers consisted of any of the above conditions in
combination with the presence of hits on both sides of the beam-beam

counters during & 15 nsec window centered on the beam crossing. The Et
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thresholds were roughly adjusted with luminosity to maintain a constant
data acquisition rate. Approximately 30 nb! of the 70 nb’! delivered were
written to tape.

Another low bias or “minimum bias” data set was collected with a
trigger requiring only coincidence of hits in the beam-beam counters in
time with the beam crossing. Approximately 56,000 events were recorded
at 1.8 TeV. In addition, a smaller sample of 9,400 events was recorded
at ¥s = 0.63 TeV.

4. Vector Boson Production

Intermediate W bosons are produced in pp collisions via the Drell-Yan
process and then identified by their decays into charged leptons and
neutrinos.® The W bosons were studied at CDF in two parallel analyses, ane
based on the missing transverse energy associated with the
unreconstructed neutrino, and the other on the identification of isolated
electrons. Both paths start from a common data set of 25.3 nb™! culled
from runs that are free of gross detector malfunctions. The two
approaches have very different systematics, but converge on the same
sample, providing a powerful cross-check on detector performance and
efficiencies.

The missing Et analysis is outlined in Fig. 2. We defined Etmi" as
the magnitude of the vector sum of the transverse energy over all
calorimeter towers in the region 17l less than 3.6 and required events to
have Etm'i" greater than 25.0 GeV. A jet clustering algorithm was applied
to the calorimeter tower array, and events are required to have a jet
cluster with Et greater than 15.0 GeV in the region Iyl less than 1.0.7
A total of 1614 events passed these cuts.

We next selected on the quality of the Etmi“ signal. Cosmic rays and
main ring splashes are suppressed by requiring that less than 3.0 GeV of

the central hadronic energy deposition occur outside of a 20 nsec window

‘centered at the beam crossing. Mismeasured QCD dijets were suppressed

by requiring the absence of any jet with Et greater than 5.0 GeV in the
¢ cone of 180°:30° opposite the leading cluster. Finally, we evaluate the

significance of Etmi“ by comparing it to the size of the overall random
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error from calorimeter fluctuations. This is well measured in minimum
bias events, where the distribution of Etmi“ is found to be Gaussian with
width 1.0 ,[EtP—C where EtPC is the scalar sum of the transverse energy
in the central and plug calorimeters. Events were required to have a
significance of Etm""/rl?PCSZ.B.

After these Et’m" quality cuts, 115 events remained. These were
searched for electron-like clusters according to the rather loose
requirements of E°®/E'**>0.85 along with a matched track of momentum
p such that E'*/p<2.0. Twenty-two events contained such electron
signatures. A typical such event is shown in Fig. 3, where the R-¢
projection of the CTC is at the top of the page, and the LEGO
representation of the calorimeter is beneath. In the CTC, we see one stiff
track with Py = 28.3 GeV pointing to a tower of the electromagnetic
calorimeter recording 39.0 GeV. (The rectangle is a cursor in the
interactive display program.) In the LEGO plot, we see that the tower
actually has Etem:27.2 GeV in an otherwise unoccupied event.

The distribution of Etm’“ vs. Etm’“ significance for the electron and
non-electron events is displayed in Figs. 4a and 4b, and shows a clear
separation between samples. Most of the events in the non-electron
sample were found to be the kinds of missing Et backgrounds described
above. One of the two events at large Etm‘" in Fig. 4b is a mismeasured
tri-jet, which passes the dijet cut; the other contains a narrow hadronic
jet and is consistent with the signature for W + 7v followed by hadronic
tau decay.

The W analysis based on electrons, outlined in Fig. 5, begins with the
selection of events containing an isolated electromagnetic cluster in the
central region Inl<1.0 with cluster Et>15 GeV. An “electromagnetic”
cluster has the ratio Eh“’l/E'm less than 0.05, a value determined from
calorimeter test beam data. If we let Etc‘"le be the total transverse energy
in a cone of radius R =[Ap?+4¢%"/2=0.4, centered on the electromagnetic

cluster, the “isolation” is defined to be:
cone clus
Ey - By

Is=s
clus
Et




Fun 7311 Evenl 5613 _CsADAT CLEAN V44 B2EL4 12APRE? 18 37 96 21JULBE
Pt PHL cor
28 3 93 8.8

xl 39 8 Cev 7 l l "
6+ (a) S oo -
2 ‘e 3O
W Sp .. 1
~ L .. LI o
-
o+

{ |

0 30 40 50
g (Gev)

oMY w Es
T
1

95
tra e 73 Fig. 4a Et““" significance vs. Etm’“ for the electron sample.
Run 731) Event 5613 CsADAT CLEAM Wad B2EL4 12APRA7 18 37 B6 ZlJULﬂ‘

9AIS E transverse Eta-Ph. LECO Plot
Mox tower Ex 27 2 Mun tover £ @ 3B N clusters

HETS Etotal = 432 2 Cev. €t(scalerds 63 3
El(missd>s 34 9 at Phux 299 8 Deg

2] ~
T
=
1

N
T
[
o
L]
!

DS
T
1

W
T
[ )
Y
L ]
1

€t Threshold
Clusters
€M HA  Nr

~ofyY

ﬁT(GeV)

Fig. 4b Et“‘i“ significance vs. Etmi" for the NON electron sample.
Fig. 3 A generic W + ev event.

-419-



Electron Analysis

"Good" Runs ax10° events

-1
£=253nb

%

EM Cluster 4521 events
E, > 15GeV

|net] <10

eMode®™ 505

1(R=0.4) < 0Q.lo

|

Track Match
>1 CTC track with
EC|/ptrk< 2.0

™~

209 EM Cluster

175  events

Missing_ E £, > 3GV
B > 256V ghadeem 505
dijet cut

I(R=04) <05

* |

21 evenis 6 events
w sample Z° sample

Fig. 5 The W boson analysis based on isolated electrons.

820~

We required I less than 0.10 and found 4521 events which pass both
cuts. In these events, we further demanded that a charged track of
momentum p extrapolate to the electromagnetic cluster, and that Ed“’/p
be less than 2.0. Of the 175 passing events, 6 were found to have a
second electromagnetic cluster and a large mass for the cluster pair; these
were removed to a separate Z° study. One such event is depicted in Fig.
6.

In the remaining 169 events we then demanded the relatively loose
missing Et signature of Etmi“>25.0 GeV and the anti-dijet cut as
described above. Twenty-one candidates were found. The distributions of
the electron variables in these events are presented in Figs. 7a,b,c and
show rather clean electron characteristics, with distributions apparently
unbiased by the selection requirements. And most happily, ALL of these
events were in the sample identified via the missing Et analysis.

We take the 22 events from the Etm‘" analysis as our final W
sample. The distribution of electron p, has the anticipated Jacobian form,
as seen in Fig. 8. The distribution of transverse mass

M, = [2B%E" (1 - costg, '/
is shown in Fig. 9a; the smooth curve is the ISAJET result for
My,=83.0 GeV/c*

The cross section for this process is derived from the measured
luminosity in the beam—-beam counters and various corrections for
efficiency, acceptance, and backgrounds. The effect of the rapidity cuts,
calorimeter cracks, and thresholds were studied via Monte Carlo; all other
efficiencies were derived from the data. The net efficiency is estimated to
be about 30%. Backgrounds from jets were estimated from jet data and
the background from the sequential decay W + 7 + v was estimated from
Monte Carlo; The total background contribution is less than 1 event. We
find for the cross section:

0B = 26 + 06 + 04 nb
where the first error is statistical and the second is systematic. Our
result is displayed along with previous results in Fig. 9b, and shows good
agreement with the theoretically calculated increase of W production for
{8 = 1.8 TeV.5S
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5. Jet Production

At {s = 1.8 TeV, we expect the final states from our high EEt
triggers to be dominated by hadronic jets resulting from hard parton-
parton scatterings and associated gluon bremsstrahlung. A typical two-jet
event is shown in Fig. 10.

a. Jet Reconstruction

The jet kinematics are reconstructed by applying to the calorimeter
array an algorithm which associates locally deposited energy into clusters:
the jet direction is measured by the cluster centroid, and the jet energy
by the total cluster energy.’

The validation of the jet energy scale has been pursued with great
industry. The central calorimeter has been calibrated in test beams of 50
GeV pions and electrons. The calibration is tracked forward through

movable internal Cs'®7

sources and a variety of flashers and lasers, and
has an anticipated absolute accuracy of about 2%. We have studied
various unavoidable effects which contribute to errors in the measured
energy. The nonlinearity of calorimeter response at low energies was
measured using isolated tracks reconstructed in the CTC. Charged
tracking and Monte Carlo were used to study the effect of fragmentation
fluctuations; Monte Carlo was also used to study the effect of leakage
and cracks. The net correction due to these effects varies from 33% to
20% of the cluster energy as that energy goes from 40 GeV to the
highest measured jets of about 250 GeV. The error on this correction
varies from 12% to 4% over the same interval.

After all corrections are applied, we measure the intrinsic jet Et
resolution via the momentum balance in two-jet events.® For a jet Et:50
GeV, we find the distribution of opposite jet momenta has a Gaussian
distribution with 0=9.0 GeV.

b. Inclusive Jet Cross Section

The apparent differential cross section, da/dEt, can be computed from
the measured luminosities and the number of jets at each Et' The true
cross section was derived by deconvoluting the jet Et resolution from the

apparent cross section, a procedure whose uncertainty is estimated to vary
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Fig. 10 A generic two-jet event.




from 25% to 5% over the jet E, interval 40 GeV to 250 GeV . In Fig.
11 we show this corrected differential cross section averaged over the
fiducial central eta interval 0.1 < il < 0.7. Events used in this analysis
have a good vertex located within 60 ¢m of the detector center, and
have good timing in the sense described in the missing Et analysis. To
insure a well understood acceptance, we also required a central jet with
Et greater than the ):Et threshold. The errors in each bin include the
statistical error as well as systematic contributions from uncertainties in
the luminosity and the corrections discussed above. The full systematic
error ranges from 70% to 34% of the cross section over the 40 GeV to
250 GeV interval.

Also shown in Fig. 11 is a range of predictions from the lowest order
QCD calculation. This calculation uses 2 + 2 tree graphs, evolved
structure functions and running a. The family of curves arises from the
choice of structure function and the a, momentum transfer scale.® The
normelization is absolute. Within errors all calculations show good
agreement with the data.

The CDF result is compared with experiments at other energies in
Fig. 12.1% The increased sensitivity to large E, as a result of increased {3
is apparent. At the highest jet Eh’ this distribution is a probe of possible
quark substructure. The well known parameterization of quark constituent
scattering as a 4-fermion contact interaction predicts an enhancement in
cross section as the jet B approaches the compositeness scale A*.}! The
best current limit is from the UA experiments, which find that A* is
greater than about 400 GeV, based on about 600 nb'l.1® In Fig. 13 we
show that this is obviously confirmed by the CDF data; analysis in
progress will move this limit out to about 700 GeV, based only on 30
nbl of data.!? In this case, the advantage of higher energy is seen to far
outweigh the advantage of a factor of 20 in integrated luminosity.

c. Jet Angular Distributions

The distribution of the jet center of mass scattering angle has been

measured in botly two and three-jet events. In the two-jet case, the predominant

t-channel subprocesses of quark-quark and gluon-gluon scattering are

expected to occur with the characteristic Rutherford form:
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where 8* is the center-of-mass scattering angle and § is the subprocess
momentum transfer. In the three-jet case, since the third jet is usually the
result of gluon bremsstrahlung, 8* of the leading jet is expected to again
have the Rutherford form.

We studied jet angular distributions using a sample which satisfied the
quality cuts of the inclusive jet analysis and the additional requirement of
a second jet with Et 2 10 GeV in the azimuthal interval of 180°:30°
opposite the leading jet. The passing events were boosted into the
longitudinal center-of-mass frame, and 6* was taken to be the angle of
the jets with respect to the beam axis.

We controlled the effect of limited detector acceptance by cutting on
the interval y* = 0.5y, - y,|, where y, and y, are the jet rapidities.
To study the effect of this cut, we examined the three requirements ly*| ¢
0.7, 1.0, 1.2. The acceptance corrections were determined via Monte
Carlo, and are small for the first cut and of order 20% for the third
cut.

The angle 6* is obtained from the relation cos@*=tanh(y*). The
distribution dN/dcosf* for the three in the two-jet data sets is displayed in
Fig. l4a, along with the curve from a first order QCD calculation. Note
that the combination of the finite angular acceptance with our Et trigger
thresholds produces effective two-jet invariant mass thresholds of 114, 140,
and 164 GeV respectively. All three data sets show good agreement with
the QCD prediction, in spite of different acceptances.

A similar analysis has been done for three-jct events. See Ref. 13 for a
discussion of the additional care required regarding uniform detector
acceptance in this case. In Fig. 14b we show the distribution dN/dcosg*
for the leading jet, and the QCD calculation from the previous plot.
There is, again, good agreement between theory and data, indicating that
most three-jet events can be described as the result of a 2 + 2 subprocess

supplemented with initial or final state gluon bremsstrahlung.
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d. Jet Fragmentation

The excellent track finding efficiency and resolution afforded by the
CDF central tracking chamber allows study of the charged particle
fragmentation in hadronically produced jets. Track quality requirements
for this study are similar to those discussed briefly in the section on
inclusive charged p, spectra in Sec. 6. Studies in which real track
measurements were overlayed with Monte Carlo events provided an
estimated average tracking efficiency of 90% in jet events, and 85% in
the dense jet core.!*

We measured the rapidity y of the jet tracks with respect to the jet
axis inferred from the calorimeter cluster centroid. Figure 15a shows the
efficiency corrected distribution dN/dy for a large jet sample, binned
according to three sets of dijet invariant masses. Note the suggestion of
“rapidity plateau” that broadens with increasing jet energy. We used the
number of tracks having y 2 2 with respect to the jet axis as a rmeasure
of the jet core charged multiplicity. The rapidity cut eliminates a small
bias due to the p, cutoff in the tracking (400 MeV/c) and the effect of
the underlying event. The jet multiplicity as a function of di-jet mass is
shown in Fig. 15b, along with results from other experiments.!®
Hadronically produced jets at very high energies are seen to have a mean
core multiplicity which is consistent with a smooth extrapolation from

ete” results at much lower energies.

6. Minimum Bias Physics

One of the most familiar results from high energy hadron collisions is
the rapidity plateau in charged particle production. The rapidity is
defined as

E+opy
y =0.51n .
E - py

For light particles this is approximately a function of polar angle alone,

which we define as the “pseudo-rapidity”:

y 2 7 = -In(tan(8/2)).

Rapidity distribution vs. di—jet mass
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Fig. 15a dN/dy for charged particles in jets. Rapidity y is
measured with respect to the jet axis.
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At CDF, the VTPC chambers measure the polar angle distribution of
charged particles with good efficiencies between rapidities of £3.0. The
uncorrected distribution of dN/dg vs. g for the minimum bias data
sample is shown in Fig. 16, along with results from UA5.!® The CDF

data shows a plateau out to the limits of our acceptance at g = 2.8.

The effects of reconstruction efficiency, decays, conversions, and secondary 2 CDF 1.8 TeV
interactions are under study; preliminary results indicate that the total

. . . . 6 ¢ CDF 0.63 TeV
correction will be less than 10%. The slight dip at small 5 can be

understood in terms of the difference between y and 7; the distribution of A VA5 0.55 TeV

w

dN/dy is flat. The central densities are measured to be:

dN/dr]),,=0 = 295 t 0.3 at 630 GeV

dN/dr]),]:0 = 3.98 + 0.4 at 1800 GeV
The 630 GeV result is in good agreement with results from UAS5, but
the 1800 GeV result lies above the best In(s) fit to the lower energy

data.!?

——, —
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The inclusive charged transverse momentum distribution in the
minimum bias samples was measured in the central tracking system.
Tracks with momenta down to 400 MeV/c were included if they passed
certain quality requirements, including the traversal of all CTC layers
(17! less than 1.0), and an extrapolation to within 5.00 of the event %: 5% 08 ¥ > 24 28

vertex in R-¢ and to within 5 em in z. The track finding efficiency in

this sample was estimated via several methods to be approximately
99%.18
The observed p, spectrum was corrected for decay in flight, neutral
decays, and conversions, with no correction larger than 5%. The Fig. 16 dN/dp for the CDF minimum bias samples and other
uncertainty due to misreconstruction and the distortion due to finite experiments.
momentum resolution were found to be negligible. The invariant cross
section follows from the p, spectrum and the measured luminosities. All

particles are assumed to be pions.

Our result is shown in Fig. 17 for the two center-of-mass energies
0.63 TeV and 1.8 TeV. The smooth curves are a fit to the

parameterization:
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Our results, and a comparison to UAL are as follows:

1.8 TeV  0.63 TeV 055 TeV (UAl)
P, 1.3 GeV/je 1.3 GeV/c 1.3 GeV/e
8.28:.02 8.89+.06 9.14£.02
0.45¢.01 0.33+.01 0.46+.01

=}

We find that p, and n are highly correlated, and simply fix P, value
above. The fit result was found to be independent of the lower p, cut-
off. Our result at 0.63 TeV is in reasonable agreement with the UAl
result;?? our result at 1.8 TeV shows that the Py distribution continues
to flatten with increasing c.m. energy as observed in other

experincxents.z0

7. Conclusion

Anslysis of a small preliminary data set has produced significant
results on W boson, jet, and inclusive particle production, as well as
establishing the power of the CDF detector for reconstructing physics
at {s=1.8 TeV. Realistic expectations for the next Tevatron Collider
run in the Fall and Winter of 1988/1989 foresee an integrated
luminosity of more than one inverse picobarn, and CDF stands poised

for the opportunity to go right to the Top.

This work would not have been possible without the dedication,
skill, and hard work of the Accelerator Division of Fermilab. We thank
the staffs of our institutions for their many contributions to the
construction of the detector. This work was supported by the U.S.
Department of Energy, the National Science Foundation, Istituto
Nazionale di Fisica Nucleare of Italy, the Ministry of Science, Culture

and Education of Japan, and the Alfred P. Sloan Foundation.
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1973

1974

1975

THE SLAC SUMMER INSTITUTES ON PARTICLE PHYSICS

DEEP INELASTIC ELECTROPRODUCTION

“Hadron Production in Deep Inelastic Processes”

“Hadron Production in the Collision of Virtual
Photons with Nucleons — an Experimental Review”

“Phenomenological Analysis”

“Asymptotic Behavior and Short Distance
Singularities”

WEAK CURRENTS AND INTERACTIONS

“Raw Notes of Lectures on Current Algebra
and PCAC”
“Experimental Phenomenology”

“Gauge-Theories of Weak and Electromagnetic
Interaction”

“How to Transform Current Quarks to Constituent
Quarks and Try to Predict Hadron Decays”

THE STRONG INTERACTIONS

“Diffractive Processes”

“Amplitude Structure in Two- and
Quasi-Two-Body Processes”

“Resonances: Experimental Review”

“Resonances: A Quark View of Hadron Spectroscopy
and Transitions”

“Lectures on Inclusive Hadronic Processes”

“Large Momentum Transfer Processes”

“Hadron Dynamics”

DEEP HADRONIC STRUCTURE AND
THE NEW PARTICLES

“Leptons as a Probe of Hadronic Structure”
“Lepton Scattering as a Probe of
Hadron Structure”
“High py Dynamics”
“Hadronic Collision and Hadronic Structure
(An Experimental Review)”
“The New Spectroscopy”
“The New Spectroscopy (An Experimental Review)”

1973 - 1987

1976

J. D. Bjorken
M. Perl

F. J. Gilman
Y. Frishman

1977
S. Drell

M. Schwartz
S. Wojcicki
T. Appelquist

J. Primack
M. Kugler

1978

D.W.G.S. Leith
M. Davier

R.J. Cashmore
F. J. Gilman
D. Sivers 1979
R. Blankenbecler

H.D.I. Abarbanel

F. J. Gilman
E. D. Bloom
J. D. Bjorken
M. Davier
H. Harari
G. H. Trilling
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WEAK INTERACTIONS AT HIGH ENERGY AND

THE PRODUCTION OF NEW PARTICLES

“Weak Interaction Theory and Neutral Currents”
“Weak Interactions at High Energy”

“¥ Spectroscopy”

“A New Lepton?”

“Lectures on the New Particles”

“New Particle Production”

QUARK SPECTROSCOPY AND
HADRON DYNAMICS

“Quarks and Leptons”

“Quark Confinement”

“Hadron Spectroscopy”

“Lectures on the Quark Model, Ordinary Mesons,
Charmed Mesons, and Heavy Leptons”

“Quarks and Particle Production”

WEAK INTERACTIONS — PRESENT
AND FUTURE

“Accelerator Neutrino Experiments”
“Weak Interactions at High Energies”
“Gauge Theories of the Weak Interactions”
“Weak Decays”

QUANTUM CHROMODYNAMICS

“Lepton Nucleon Scattering”

“Massive Lepton Pair Production”

“QCD Phenomenology of the Large Pr Processes”
“Perturbative Quantum Chromodynamics”
“Elements of Quantum Chromodynamics”

J. D. Bjorken
S. G. Wojcicki
J

H. Harari

S. D. Drell
F. J. Gilman
M. L. Perl

K. C. Mgffeit
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J. Ellis

H. Quinn

S. Wojcicki

W. G. Atwood
R. Stroynowski
R. Stroynowski
S. J. Brodsky
J. D. Bjorken
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THE WEAK INTERACTIONS

“Gauge Theories of Weak Interactions”

“Neutrinos and Neutrino Interactions”

“Weak Decays of Strange and Heavy Quarks”

“From the Standard Model to Composite Quarks
and Leptons”

“Physics of Particle Detectors”

THE STRONG INTERACTIONS

“Quark-Antiquark Bound State Spectroscopy and QCD”

“Meson Spectroscopy: Quark States and Glueballs”

“Quantum Chromodynamics and Hadronic Interactions
at Short Distances”

“Untangling Jets from Hadronjc Final States”

“Heavy Flavor Production from Photons and Hadrons”

“Design Constraints and Limitations in ete™

“Linear Colliders: A Preview”

PHYSICS AT VERY HIGH ENERGIES

“Expectations for Old and New Physics at
High Energy Colliders”

“Beyond the Standard Model in Lepton Scattering
and Beta Decay”

“Grand Unification, Proton Decay, and
Neutrino Oscillations”

“ete~ Interactions at Very High Energy:
Searching Beyond the Standard Model”

“The Gauge Hierachy Problem, Technicolor,
Supersymmetry, and All That”

“Composite Models for Quarks and Leptons”

“Electron-Proton Colliding Beams:
The Physics Programme and the Machine”

Storage Rings”

M. J. Veltman
F. J. Sciulli

D. Hitlin
H
D

. Harari

. M. Ritson
J. Jaros
J. Marx
H. A. Gordon
R. S. Gilmore
W. B. Atwood

D. Bloom
S. Chanowitz

:E

iedemann

R. N. Cahn

M. Strovink

H. H. Williams

J. Dorfan

L. Susskind

H. Harari
B. H. Wiik
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1983

1984

DYNAMICS AND SPECTROSCOPY AT
HIGH ENERGY

“Jets in QCD: A Theorist’s Perspective”

“Jets in ete~ Annihilation”

“Jet Production in High Energy Hadron Collisions™

“Aspects of the Dynamics of Heavy-Quark Systems”

“Heavy Particle Spectroscopy and Dynamics B’s to Z's”

. And for Our Next Spectroscopy?”

“Review of the Physics and Technology of Charged
Particle Detectors”

“A Review of the Physics and Technology of
High-Energy Calorimeter Devices”

THE SIXTH QUARK

“The Last Hurrah for Quarkonium Physics:
The Top System”

“Developments in Solid State Vertex Detectors”

“Experimental Methods of Heavy Quark Detection”

“Production and Uses of Heavy Quarks”

“Weak Interactions of Quarks and Leptons:
Experimental Status”

“The Experimental Method of Ring-Imaging
Cherenkov (RICH) Counters”

“Weak Interactions of Quarks and Leptons (Theory)”

PIEF-FEST

“Pief”

“Accelerator Physics”

“High Energy Theory”

“Science and Technology Policies for the 1980s”

“Inclusive Lepton-Hadron Experiments”

“Forty-Five Years of ete™ Annihilation Physics:
1956 to 2001”

“We Need More Piefs”

S. Ellis

R. Hollebeek
R. F. Schwitters
M. E. Peskin
M.
J. Ellis

A. H. Walenta
P. M. Mockett

E. Eichten

C. J. S. Damerell
T. Himel

G. L. Kane

S. Wojcicki

T. Ekelof

H. Harari

S. Drell

R. R. Wilson
T. D. Lee

F. Press

J. Steinberger
B. Richter

J. Wiesner

E.
G. D. Gilchriese




1985

1986

1987

SUPERSYMMETRY

“Introduction to Supersymmetry”

“Signatures of Supersymmetry in ete™ Collisions”

“Properties of Supersymmetric Particles & Processes”

“Supersymmetry: Experimental Signatures at
Hadron Colliders”

“Superworld/Hyperworlds”

“Very High Energy Colliders”

“Some Issues Involved in Designing a 1 TeV (c.m.)
e* Linear Collider Using Conventional Technology”

“Wake Field Accelerators”

“Plasma Accelerators”

“Collider Scaling and Cost Estimation”

PROBING THE STANDARD MODEL

“Electroweak Interactions —Standard and Beyond”

“CP and Other Experimental Probes of Electroweak Phenomena”
“Pertubative QCD: K-Factors”

“Experimental Tests of Quantum Chromodynamics”
“Phenomenology of Heavy Quark Systems”

“Heavy Quark Spectroscopy and Decay”

“Some Aspects of Computing in High Energy Physics”

“Data Acquisition for High Energy Physics Experiments”

LOOKING BEYOND THE Z

“Theory of ete™ Collisions at Very High Energy”
“Prospects for Physics at ete™ Linear Colliders”
“Physics with Polarized Electron Beams”
“Electron-Proton Physics at HERA”

“Hadron Colliders Beyond the Z°”

“Physics at Hadron Colliders (Experimental View)”
“The Dialogue Between Particle Physics and Cosmology”

J. Polchinski
D. Burke

R. M. Barnett
P. Darriulat

M. E. Peskin
B. Richter
G. A. Loew

P. B. Wilson

R. D. Ruth & P. Chen

R. B. Palmer

H. Harari

B. Winstein

R. Field

J. Dorfan

F. Gilman

R. Schindler

P. Kunz

M. Breidenbach

M. E. Peskin
G. J. Feldman
M. L. Swartz
G. Wolf

C. Quigg

J. L. Siegrist
B. Sadoulet
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