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PREr'ACE

The SLAC Summer Institute on Particle Physics met again in 1978
to concentrate on Weak Interactions -- Present and Future. Three hundred
and twenty-nine theoretical and experimental physicists, representing
fourteen countries, sat through seven days of pedagogy broken by afternoons
of speculation on future machine possibilities. As in previous years, this
was followed by a three-day topical conference with presentations on state-
of-the-art experiments.

None of the speakers from the panel which led the discussions on the
machines of the future chose to render thelr opinions in writing for inclusion
in these Proceedings; therefore, without mention here, the reader might never
know that these sessions took place. Thosc who participated were E. Picasso
(Chairperson), R. Schwitters (Introduction and Large Electron-Positron
Colliding Rings), R. Diebold (High Lnergy Proton-Proton Colliding Rings),

M. Davier (Electron-Proton Collidi:y R.rngs), F. Sciulli (Fixed Target High
Energy Experiments), and, halted momentarily in intraplanetary flight,

C. Rubbia (Antiproton-Proton Colliding Beams). These were lively and well
atternded sessions, and we thank both E. Picasso for chairing them and the

panel members for sharing their {ceas.

The topical conference was again a very good meeting with lots of
exciting new data and vigorous interchanges of ideas among the proponents,

It was, as usuai, crashed by several unregistered physicists, all unidentified
in the list of participants. The supply of these Proceedings will closely
match the uumber of registered participants, so we expect that in future years
such behavior will be a less frequent problem.

Finally, we would like to thank the Institute's Coordinator,

Martha C. Zipf, who once again survived the circumstances that arise at such
meetings, managed to keep the sessions going, and provided the smooth operation
and friendly atmosphere that has become the trademark of these meetings. She

joins us in thanking all of you for making it what it was!

Frederick J. Gilman and David W, G. S. Leith

Program Directors
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ACCELERATOR NEUTRINO EXPERIMENTS

0.H. Perkins
Department of Nuclear Physics
Oxford.

1. INTRODUCTION

These lectures are not intended to be a comprehensive review of
accelerator neutrino physics Instead, I have selected three widely
disparate topics in the field, on the basis of current interests and
developments, and blind personal prejudice.

To introduce the subject I first discuss briefly the production
and monitoring of neutrino beams, and the characteristics and limitations
of the detectors employed. Esnecially row that single experiments can
accumulate thousands or even hnndreds of thousands of events, sources
of systematic error which one could happily ignore at the hundred event
‘evel, become crucially important in the more detailed analyses which
are now possible.

Next I consider the su-called inclusive charged-current neutrino
rerctions:- v, v + nucleon + muon + anything. For such reactions, the
weak interaction itself is very well understood, being of the V-A form
mediated by single vector particle (wi) exchange. Here, the emphasis is
cn using neutrino beams as a tool to probe the structure of the nucleon
target, that is, to study the nature of the strong interactions. The
particular advantages of neutrino beams are well known. Since thNSO GeV,
the propagator term does not damp down the cross-section for qZ up to
100 GeV? or so, in contrast to the l/q* propagator in electron and
muon scattering. The second peculiar advantage of such beams is that
they are naturally spin-polarized, the left-handed neutrinos scattering
preferentially off quarks, and the right-handed antineutrinos off anti-
quarks. Hence, the contributions of quark and antiquark constituents to

the scattering can be separated. Another feature of inelastic lepton



scattering is that, whereas the scattering of electrons and muons is

determined by the square of the target charge, the neutrino scattering

is determined by the change in the isospin (third component) or strange-
ness of the target, according to the Cabibbo (or GIM) coupling. The

neutrino results thus complement those from electron scattering.

First results from the analysis of differential deep inslastic
cross-sections, the structure functions and their moments are in sur-
prisingly good quantitative agreement with the simplest (first-order in
us) predictions of quantum chromodynamics (QCD) describing the quark-
gluon constitution of hadrons. Other, more tentative, predictions of
QCD relate to the distributions of secondary hadrons, interpreted as the
fragmentation products of the struck partons (gluons and quarks) from
the primary collision. There is a lot of activity, both theoretical and
experimental, in this sector. Theoretically, it is not straightforward
to separate the perturbative, calculable QCD effects from the non-
perturbative (and non-calculable) contributions and the best that one
could claim at present is that there do seem to be broad trends in the
data which, qualitatively at least, are not in disagreement with the
model.

The next major topic discussed is the subject of neutral weak
currents. There has been considerable progress over the last year oTr so
towards analyses of inclusive neutral current reactions on nucleons which
are less susceptible to uncertainties in the hadron models assumed and
there is now a whole range of data, from inclusive, semi-inclusivé and
exclusive reactions, all consistent with the SU2 x Ul (Salam-Weinberg)
model with sinzew = 0.20-0.25. The study of the isospin amplitudes of
the neutral current (i.e. the isovector/isoscalar admixtures) is on some-
what less solid experimental grounds but again points strongly to the SW
model. The cleanest test of models is, however,‘in the lepton sector, in
The numbers of events

the process of neutrino-electron scattering.

-0~

however are modest, because of the very small cross-sections. The

recently-reported large vue- cross~-section from the CERN Gargamelle

the data are consistent with the most popular model ani the above
value of sinzew. However, especially in view of the conflicting results
from atomic physics experiments, it is far too early to conclude that we
are home and dry on a unified theory of weak and electromagnetic inter-
actions.

Non-conservation of the "strong" quantum numbers is one of the
hallmarks of weak interactions, and neutrino experiments nave always
held out the promise of the discovery of new quark flavours, signalled
by their leptonic decay and the observation of multilepton events.
Dilepton events - now running into hundreds and thousands -~ seem to be
very well described in terms of charmed hadron production. Trimuon
events, on the other hand, seem to be well described in_térms of con-
ventional sources. The production of muon pairs at the hadron vertex
at the rate observed in hadron-hacron collisions can account for most of
the events, aﬁd the electromagnetic process of inteinal bremsstrahlung
of a muon pair at the lepton vertex, an accurately calculable QED process,
for the remainder. Like-sign dimuon events, at a level significantly
above background from pion and kaon decay, might indicate the existence
of cascade decay of heavier quarks (e.g. b + ¢ + s); however, at the
present time a singal is not positively established.

Finally, I shall discuss briefly the phenomenon of prompt single
lepton (neutrino) production in hadron collisions.

beam dump experiments are not too easy to interpret in terms only of pair

The results of these
production (followed by leptonic decay) of charmed particles. In ény
case, the bizarre situation that the best present evidence for charmed

particle production in hadronic ccll*zions, via the detection of neutrincs



(and of muons) from the leptonic decays, can hardly go unmentioned in a

review of neutrino experiments.

2. CHARGED- CURRENT NEUTRINO REACTIONS

2.1 Neutrino Beams

Neutrino beams at proton accelerators are produced by decay in
flight {(m + HY K~ w, K+ ﬂeve) of secondary pions and kaons generated
in a target irradiated by the external proton beam. There are three main
components to the beam: (i) the proton target, followed by momentum
selecting/focussing elements to direct the pions and kaons from the
target down (ii) a decay tunnel in which a proportion (5-20%) of these
particles decay in flight; and (iii) a steel (and/or rock/earth) muon
shield, whose function is to absorb the hadrons by interaction and muons
by ionization loss, leaving a neutrino beam with minimum background (i.e.
the hadrons and muons generated by, and in equilibrium with, the neutrimo
beam as it traverses the shield).

Three types of beam are in common use; the so-called narrowband,
wideband and highband systems. For the narrowband (or dichromatic) beam,
dipole and quadrupole magnets downstream of the proton target seiect and
focus a beam of pions and kaons with a narrow (5% typically) momentum
range (see Fig., 1). For a truly pencil beam of unique energy E, there
is a one-to-one correspondence between the decay angle, 8 in mu2 or Ku2
decay and the neutrino energy: E = Ev(max)/(l + Yzez) where EVK(max) =

v

0.97E and E\)'rr (max) = 0.42E, and Y = E/m At a fixed distance r from

o
the detector axis, the neutrino spectrum has a width determined by the
relative length of the decay tunnel L and shielding D (L~ D for optimum
flux), the momentum bite of the parents and their angular and spatial

divergence. A typical energy distribution of events (assuming

o(total) « E) as a function of radius is shown in Fig. 2 for the CERN
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Fig. 1(a)  CERN narrowband beam optics. C2/C3 is the momentum-defining

collimator. The neutrino beam axis is at 11 mrad with
respect to the incident proton beam in both horizontal and
vertical planes (to reduce wideband background).

(b) Layout of CERN SPS neutrino area. The steel muon shield is
shown shaded, with gaps for muon flux monitoring.
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150 - - -
100
1 d

50

150

§ 100

50

E Gev

Dependence of energy on distance from beam axis in CERN NB

system, for neutrinos from mu2 and Ku2 decay. The dashed curves
indicate the limits inside which 90% of events should lie. The
dots represent measured event energies in the BEBC experiments.
Some events in the ''valley'" are due toneutrinos from Ku3 decay.

=

Decay tunnel

Detector

|
1

z Sl i
|

beam. (Not shown in this plot is the background between the nu2 and

Ku2 contributions, due to Ku3 decay - of the order of 4%). The whole
point of a narrowband experiment is to have information un neutrino
energy, within the limits indicated. For this purpose it is necessary
to know the momentum bite, composition (K/w ratio) i¢nd angular divergence
of the parent beam quite accurately, and this is discussed below.
Wideband beams employ aluminium sheet conducvors (horns,
reflectors) pulsed with currents of order 0.25-0.5 megamps, providing
magnetic fields with field lines which are circles about the beam axis.
These focus secondaries of one siym, and defocus those of the opposite
sign, over a broad momentum band. The optional design of horn and re-
flector shapes is a highly technical subject which T do not discuss here.
It is actually possible to achieve neutrino fluxes (allowing for secondary
absorption in the horus, vrzflectors etc.) which are within a factor of
two of '"ideal focussing', i.e. that which would be obtained if all
secondaries from ithe target emerged along the axis. The fluxes are,
of course, much larger than in the narrowband beam, but peaked to low
energy. A comparison of narrowband and wideband spectra is shown in
Fig. 3. Wiéeband beams are essential for experiments involving detectors
of low mass (e.g. hydrogen bubble chambers) or in high statistics experi-
ments.

The drawback of wideband be=mc is that the flux peaks at low energy,

and this constitutes a useless background in an experiment which is
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oriented to the high energy part of the specifum. The highband beam ) I T 1 I 1 ]
is designed to optimize the high energy flux and consists simply of a O.Imrad

triplet of magnets downstream of the target, to focus and sign select éADIAL DEPENDENCE OF MUON -

A )
the high energy secondaries. A comparison between the FNAL highband 4q Q15 FLUX , COMPARED WITH PRED!CTIONS _|
$.0.175 * AS FUNCTION OF BEAM DIVERGENCE

beam and CERN SPS wideband beam is given in Fig. 4.
The monitoring of neutrino beams has been carried out by a variety . 0.2
of methods. One approach, feasible only wi&h narrowband beams, is to
measure the total intensity of the parent beam (e.g. by means of a beam
current transformer) and the constitution (proportions of pions, kaons,
protons) by means of differential gas Cerenkov counters. The neutrino 3
spectra from pion and kaon decay are then computed from the decay kine-
matics. A second method, which can be used for any type of beam, is to
measure the radial distribution of muons as a function of depth in the
shield. For a narrowband beam, for example, the muon radial/depth
-— NORMALIZATION
distribution depends on the beam energy and angular divergence, as well
of course on the ionization loss and multiple scattering of the muons in
the shield. Fig. S shows, as an example, the determination of the beam | +— -
divergence from the radial muon distribution in the CERN SPS experiment.

Absolute calibration of the solid-state muon counters is achieved by track

counting in nuclear emulsion (see Fig. 6). Since the muon energy from

decay of a pion beam of energy E varies from O.58E to E, while that from 0 { 1 1 ] - ! 3

a kaon beam varies from 0 to E, the muon counting method gives a O 5 10 V|5— 2_0 25 30

measure of the pion flux, and the K/7 ratio has to be determined by - '.RAD|US Cﬂ;

another method (i.e. with a Cerenkov, as described above - see Fig: 4) Fig. § Radial dependence of muon flux at 30m depth in shield, compared

with predicted flux as function of m/K beem divergence

The errors associated with neutrine flux measurements, even with (8 = 0.1 + 0.3 mrad]

the most elaborate monitoring techniques, are in the region of 7-12%.
The lower figure applies to neutrinos from pion decay, and the latter to

those from kaon decay, where errors in the K/7 ratio are dominant.
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Wideband beams and highband beams, which rely entirely on focuss-
ing action for sign selection, always contain contamination from "wrong-
sign" background (v flux in a v beam, and vice-versa). For horn-
focussed beams, this varies from ~1% at low energy to ~10% at high.energy.
Because of the dominance of uvu decay modes of the parent pions and kaoms,
accelerator neutrino beams consist mostly of v, or 3;, with a background
of order 1% of Ve (or Ge) from ¥e3 and p-decay. These features are
illustrated in Fig. 7.

2.2 Detectors

Because of the small neutrino interaction cross-sections (v10™38E
cn? nucleon ! GeV 1), detectors must be massive, and a corollary of
this is that they are usually of limited resolution.

Counter devices, such as those used by the HPWF, CITF and CDHS
groups, have effective target m sse. of order 100-1000 tons. For ex-
ample the HPWF apparatus, comsists of (i) a target/calorimeter of
1iquid scintillator, in which the interactions take place and the energy
of the secondary hadrons is mezsured (ii) magnetized iron toroids
fur mzasurement of the muon momentun. In the CDHS experiment, the solid
sc'ntillator is sandwiched between magnetized iron plates so that the
whole volume serves for a target, calorimeter and for muon momentum
measurement, (see Fig. 8).

Economy has dictated the use of magnetized iron spectrometers for
muon momentum measurement in all the counter experiments and the precision
attainable is therefore determined by multiple Coulomb scattering in the
iron; in practice, Apu/pu = 10-15%. The hadron calorimeters can be
calibrated with hadron beams, and give hadron energy resolution
AEH/EH = 100//E;'%, where EH is in GeV. Severe fiducial volume cuts are
required if the nuclear cascade is to be contained inside the calorimeter,

without substantial cnrrection factors.
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The large bubble chambers (15' FNAL, 12" ANL, Gargamelle and
BEBC (CERN)) used in neutrino physics have useful sensitive volumes up

to ~15 m3 and thus target masses of order 1 ton with hydrogen filling

and around 10 tons with heavy liquid (eg Ne/H2 mixture). The muon
momentum resolution is superior to that in the counter experiments.

For example BEBC (35 kgauss superconducting magnet) has Apu/pu =4%
for E)J = 100 GeV, and 2 m of track length. Muon seconda}ies are identi-
fied with the help of external muon identifiers (EMI) consisting of one
or more planes of MWPCs (150 m? area in the case of BEBC, separated
from the chamber by ~1 m iron absorber). The muon momentum resolution
is improved by using the fringe field of the chamber and the EMI hit
coordinates. In comparison with the calorimeters, the hadron energy
resolution in the bubble chambers is rather poor at high energy. The
charged hadron energy can usually be well measured, but some of the
neutral energy may be "lost'" - for example, high energy y-rays from
n°-decay may originate in,but convert a long way from, the primary
vertex, and could therefore be confused with y-rays from secondary

vertices. To avoid double-counting, distant y-rays therefore have to

be ignored in measuring hadron energy. Furthermore, the energy of
charged hadrons interacting closeto the primary vertex must be
estimated from the visible energy of the products of the interaction,
and this also leads to underestimate of the true energy. Fig. 9
illustrates the method employed in the BEBC NE/H2 experiments. Firstly,
in charged-current events, the transverse momentum relative to the beam,
of the muon and of the hadrons must balance. Suppose e = {visible
hadron energy)/(true hadron energy). In a sample of events, an arbitrary
value of € is chosen, and thus, from the corrected values of Ev =

E, +Ey4 (visible) /e and from P, -

u the expected angle BH(calc) of the

hadron momentum vector can be computed. On average, the true hadron

0.50
i E(hadﬁon) GeV
! 1
50 100 150
151 (®)
10
!
1.2 1.4

-t

T 1 t | \

c.2 0.4 0.6 0.8 1.0 1.2 €1A.

Fig. 9 (a) Mean value of c= visible hadron energy/true hadron
energy, determined from Pr balance in BEBC charged
current events.

(b) e distribution in 7C GeV pion interactions.

(c) e distribution in 110 GeV pion interactions.
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direction cannot be affected by missed energy Hence, the best value of
€ is that which make: the mean difference eH(vis) - eH(calc.) zero. The
mean value obtained was € = 0.82 * .02, apparently independent of hadron
energy. This correction factor was checked by measuring, in the same
chamber and by the same technique, the total visible energy in inter-
actions of 70 GeV/c and 110 GeV/c negative pions, as shown in the
figures. What is important in these corréctions is that, although the
rms error in the hadron energy is ¢ = 20%, the distribution is non-
Gaussian and skew. This is confirmed by observing the distribution in
the transverse momentum ratio of the muon to that of the visible hadrons,
in individual events.

The corrections for energy losses and resolution effects are of
particular importance in determining absolute values of structure
functions, especially at high x where the function is falling steeply
as (1-x)3. Since x = qz/ZMEH, quite small errors in EH can have
relatively drastic effects.

There are still eminent physicists in the world who believe the
fundamental limitation of accelerator neutrino experiments, on account
of the low cross-sections, is of a statistical nature. The fact is that
the low cross-sections have dictated the use of massive and relatively
crude detectors and the important limitations arise from systematic
uncertainties about the detector resolution and biasses, as well as
of the neutrino fluxes. The sort of things that can go wrong when these

problems are not fully understood is well illustrated by the sad Story

of y anomalies,

~-10-

2.3 Total and Differential cross-sections in the Naive Parton Model

In conformity with our experience from weak decay processes, we
can describe the inclusive process
v + nucleon + u + anything
in terms of the interaction of two currents (J(lepton) ani J(hadron)) via

¥
single vector particle (W) exchange. Provided we do not specify the

momentum of an individual E

E'=E-v
hadron, the kinematic

variables can be formed

from the independent hadrons

b T~

q.P and k.P; q? = q.q, Ej=v

Lorentz invariants q.q,

Mv = P.q and ME = P.K ,where k, P, q are the 4;momenta ol the neutrino,
nucleon and exchanged boson, v is the energy transfer .un tne nucleon
rest-frame (lab. system) .nd E is the laboratory neutrino energy. The
dimensionless "scaling viriables" are x = 2Mw/q? = 2P.q/ﬁ3 and
y = v/E = P.q/P.k. We negle:t lepton masses (k12 << qzj.

The exéhanged Wt bosun has 3 helicity states (11, O) and, if the
target nucleon is unpolatired, the cross-section can therefére be
described in terms of just 3 unknown structure functions describing the

(D

hadron vertex. Each must be a function of the two independent scalars

2

containing q: q° and v, or, equivalently, q2 and x:-

42" G2 MXy, v, 0 oy L Yo VY.
Iy C (1-y-—=g)Fy" " (x,q%) + 5 2xF, 77 "(x,q%)
i} (z.1)
4 Vs 2
£ y(1-Pxr " Px,02)
Fl’ Fé'and F3 are different for neutrinos and antineutrinos, and

for proton and neutron targets. F3 is the V-A interference term, which

changes sign for neutrinos and antineutrinos. In general therefore,

there are 12 unknown functions. A great simn}ification occurs if we



consider only AS = AC = O processes (i.e. set the Cabibbo angle 8. = 0)
and isoscalar targets. Then from charge symmetry we obtain

=P P o, 2,03
1 1 1 1

or F.VN - F.vN

i i
so that, to the extent that AS = 1 or AC = 1 processes are suppressed by
a factor tan29‘= 0.05, and targets used in inclusive reaction studies
are complex nuclei with approximately equal numbers of neutrons and

protons, we can describe both neutrino and antineutrino cross-sections in

terms of just three structure functions:-

v, VN

d%s _GhE Mxy. 2y L Y2 5 2 y N
et [(l—y— 30 Fp(x,0%) + 5 2xFy (x,q%) £ y(1-9)xF (x,q%)| (2.2

Since the irreducible error on neutrino fluxes is at the 5% level

at least, this approximation is well justified.

(2)

The conjecture of Bjorken in 1968 was that in the limit

q2 > « the structure functions would be scale-invariant:-

e F(x,9%) > F; () (2.3)

q% + =

i.e. only depend on the dimensionless ratio, x. Immediately SLAC-MIT

(3

data on e-p scattering showed that, to within the then experimental

precision of ~10%, the data supported Bjorken scaling, at least for

qQ%® > 1 GeV2. In the case of neutrino scattering, hypothesis (2.3)
implies that, if Mxy/2E is small (implying that for the secondary muon,
the angle of emission in the LS is such that cosz(eu/Z) = 1), the x and

y dependence in (2.2) factorizes. Hence, integrating we get

3+ A - 2B
T3 AT B (z.4)

F dx[} +

v,% GZMEJl
¢ = 2
0

B,.
*3h

>
ajar

where A = JZxFldx/Jdex, B = JXF3dx/JF2dx. These cross-sections, instead

of being written in terms of Fl, F2, F}’ can be expressed equally in terms

of the cross-sections o for absorption of virtual bosons with

1> °r* %

helicity -1, +1, 0. Since these o's must be positive definite, there
exist positivity constraints

2xF xF
AT SRS S (2.5)

2 (1 + 4m®x?2/q%)  f1 + an?x?/q?

The main prediction of (2.4) is that og(total) = E, and this was

(4)

verified in the early experiments in the 1.2m heavy liquid chamber at

the CERN PS (1968) and subsequently in the Gargamelle experiments(s) at
the PS, although the mean emergies involved (<E> ~ 4 GeV, <q2> ~ 1 CeV?)
were very low - see Fig. 10. A second very important result was that

G/o = 0.38 + 0.02 over the range E = 2-10 GeV. From (2.5) we see that
A 2 B, hence the proximity of ;/0 to 1/3 implied, from (2.4), that

A~ B~ 1, i.e. the V, A interferer :e term xk, was maximal.

3
The interpretation of scale invariance in terms of the pointlike
nucleon constituents, or partons, .f Feynman(é) is well known. Scale
invariance follows if these constituents are regarded as quasi-free

so t!at transverse momenta are neglected. In a reference frame where the
nucleon has a large 4-momentum P, the partons move in a parallel stream in

>
the direztion P. Let the struck narton carry a 4-momentum EP. Then

nucleon - llq, v= E-E!

(EP + q)2 = - (2.6)
where m is the mass of the parton. If q2 >> w2 or M1(= -P2) it follows

that
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NEUTRINO

ANTINEUTRINO

~
% +*
4
Vel
2 4 6 8 0 12 14 16
. E GeV —>
10 Neutrino and antineutrino total cross-sections

measured in wideband experiments at the CERN PS,

using the Gar%@melle chamber filled with CF3Br.
2

Units are 10" cm per nucleon.
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2 2

L= g T W

= X (2.7)

so that x equals the fractional nucleon momentum, £, carried by the parton.
Alternatively, one can view the absorption of the current in the parton
rest-frame, when q2 = 2myand thus § = x = m/M i.e. £ or x is the frac-
tional mass of the nucleon carried by our hypothetical free parton. If

we do not neglect the masses in (2.6) then the posiiive root is:-

v+ AT+ gf ¥l _ MZx2 - m§+
q

£, = . cxx [1- (o e ] (2.8)
Just retaining the target (nucleon) mass we then obtain the
Nachtmann(7) (or light-cone) variable

2x M2 x2
£ - = x(1 - —g—+ ... )
Nachtmann (1 + /T 7 aZTE) q

2.9)

which we shall refer to later on. The main point is that the Bjorken

x variable has a simple interpretation only if q2 > M2, m?2. For
modest values of g2, M’ capnot be neglected and £ < x; this is also the
case when the recoili- g parton emerges with appreciable mass, as in the
transformation of a d-quavk constituent to a c-quatk (charmed particle

production).

2.4 Physical Interpretation of the Structure Functions

Since we shal! be dealing at length with the behaviour of the
functions Fl’ FZ’ F3 it is perhaps worthwhile discussing the physical
meaning of these functions. For Fl and FZ’ it is easiest to start with
the analogous process of inelastic electron scattering, for which the form
analogous to (2.2) is obtained by the substitution G2/ + 8wu2/q“, and

dropping the term sz (since electromagnetic interactions are parity

conserving): -



42¢°P _ 4ma? o, Mxy, - ep % ep
Tl [ -y - —EEJFZ (x) + F2XE 7V (x) 12ME (2.10)
or
ep
F
d26°P _ 4nq? Mxy. 2 y? 5o ep
e - gz -y - g g T () 21D

in the limit y - O, that is, forward scattering 8 ~ 0O, we get

e

(do ) 4na? Jl FZ p(x)dx
S = - [ S
dq 6+0 q x

which is the Rutherford pointlike scattering formula, so that
sz(x)dx/x = XQiZ = sum of squares of the parton charges.
Next, we write down the Dirac cross-section for the elastic

scattering of an electron by a spin } particle of g = 2, charge ze and

mass m
do - 42 E'(C czﬂ - j;_ Sinzi) 22 (2.12)
dq2 Dirac q E 0373 2m” 2 ’

Using the fact that q2 = 2EE' (1 - cos@) = 4EE'sin0/2 = 2MExy,

m? = x2M?2 for free partons of mass m, we obtain

do ) 4ma? My, | ¥%, .2
= = —— [(1 -y - )+ 5 ]2
(dq Dirac a 2E 2

and, comparing with (2.11) gives

ZxF1 = F2
Thus, 2xF1/FZ = g/2 = 1 for free, spin }, pointlike partons; in other

(8)

words, the Callan-Gross ratio A= 2xF1/F2 measures the relative

magnitude of magnetic and electric scattering, the ratio being unity for

a Dirac fermion with g = 2. This equality is supported by the early

electron scattering data, for which 0.8 < xFl/F2 < 1.(9)

For the case of neutrino scattering, the formula (2.1) or (2.2)

can be usefully compared with that for the V-A scattering of neutrinos

(10

(ve) by electrons via Wi exchange, which has the form for E >> m:-

-13-

do’® _ do”® _ 2G%mE | (2.13)
dy ~ dy T .
" do"®  26%nE )
- = _ . 2
e UL (2.14)
and
oV = 0¥® = 36V% = 35V | 26TuE/n

vhere y = Ee/E’ the fractional recoil energy of the electron. The
difference in the cross-sections (2.13) and (2.14) is easily understood

on the basis of helicity arguments. The diagrams indicate the

v —> e v -< e

J, =0 J_ = +1
z z

CMS momenta and spin projections of LH neutrino (RH antineutrino) and
LH electron.

In the Ve case, JZ = 0 and the scattering is isotropic, with a
flat y distribution as in (2.13). For the ve case, Jz = +1 and back-
scattering (i.e. Jz(final) = -1) is impossible. The angular distribution
of the scattered antineutrino is of the form (1 + cosd*)2, corresponding
to a y distribution of the scatterea electron as in (2.14).

Thus, for an assembly of spin } pointlike particle/antiparticle

tar¢ets, the neutrino cross-section will be

- P a0 + a0 (1-0)2)dx (2.15)
with the antins .tiino cross-section obtained by interchanging q+«+q.
Here x = m/M is the ratio of target mass to nucleon mass and q{(x), q(x)
are the particle/antiparticle densities at x.

Since the neutrino data indicate A = ZXFl/FZ ~v 1, let us assume
and re-write (2.2) in the form

ZxFl = FZ

v, N 2 F_ & xF
do _ G°ME [( 2 3 (2.16)

dy LS



in the approximation E >> M, and comparing with (2.15) we obtain

F2 sz _
2xq(x) = ——— F (%) = 2x{q(x) *+ q(x))
(2.17)
_ F2 - XFS _
2xq(x) = ———" XFo(x) = 2x(q(x) - 4(x))

CDHS E =30-90 GeV

To summarise; assuming the weak currents are of the pure V-A

form for both leptons and partons (i.e. they are both pointlike, spin v o
i objects}), the quantity Fz(x) measures the fractional momentum content of .
vV e

the sum of partons and antipartons at x, while xF3(x) measures the

difference. In particular, a value /0 = 1/3} implies q/q << 1 so that

the majority of the partons must be fermions rather than antifermions. { .
= - ~ ——
From (2.15) we have, with Q = Jx q(x)dx, Q = qu(x)dx:- Q(V){ \ §*§\§
e ] e Ve _____{ .___.: —t——t—
Y@+ Q = (R1/(R#2), R=0/0 (2.18) \ ,
For R = 0.40, the relative momentum content of antipartons is E
Q/(Q + Q) = 0.07. This fraction can also be measured from the y distri- \\\\
butions. The value of do/dy at y ~ O measures (Q + Q), while at y ~ 1 O 5 }\
it measures Q for neutrinos and Q for antineutrinos. Typical results )
Antineutrinos i\i
Q ~-
Neutrinos
0 R
of
o ; 1 o ; 1 0 { ] |

from the CDHS experiment are shown in Figs. 11 and 12. For y > 0.8, the
x distribution for antineutrinos will be typical of antipartons q(x) and -

Fig. 11
is seen to be peaked to smaller x than the corresponding distribution

qf{x) for neutrinos.

~14-
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2.5 Neutrino Cross-Sections in the Quark Model

The hypothesis that the partons can be identified with quarks is
best tested by comparing neutrino and electron scattering from nucleons.
For neutrinos and antineutrinos, the fundamental processes on non-strange

u and d quarks are

(2.19)
- +

v+u=>qpu +d

v+a *Aﬁ: +
so that from (2.17) we obtain (wi.h eCabibbo =0):-

F, P = 2x(d(x) + u00)

FZ"“(,;) = 2x(u(x) + a(x))
or FZ"”(x) = x[u(x) + d(x) + a(x) + A]  (2.20)
where u(x), d(x) ... refer, ty convention, to the quark densities in the

proton, and, by charge symmetry, u(neutron) = d(proton), etc. If we do
not neglect the Cabibbo angle and stay below charmed particle threshold
(2.20) is modified to

£, N0 - xﬁu + 1+ @+ A][1-4sin’6] +sine[s + 51} (2.21)
while dbove charmed threshold

szN(x) =xflu+d+u+d+s+s+c+c] (2.22)

. - vN
where in the last two expressions, F2 represents the average of F2 and

szN - which are not equal, as they are in (2.20).
The structure functions in electron scattering are given by the
quark densities weighted by the squares of the quark charges, as

indicated under (2.11). Thus

—
—

BP0 = x[Go + @) + 2+ D) + X5 + 5

R0 = x[gd « &)+ Glu s §) ¢ 56+ ) ..



FZeN(_) - i—g—x[(u+d+ﬁ+a) + —g—(s+§) . ] (2.23)
Comparing (2.23) with (2.20) or (2.21} we obtain
N g %erN(x) (2.24)
(11)

The early Gargamelle results at low energy (2-10 GeV) were compared

with the MIT-SLAC data'?) 4t 16-20 GeV with the results

SLAC-MIT Jl ®Nix)dx = 0.15 * .01
~Q
LY 3 N VN
GGM-PS JOFZ W dx = gt + 0N
= 0.49 * 0.05
or JszNdx/JerNdx = 3.3:0.4%18/5 (2.25)

Further verification of the quark-parton model is provided by data

on the Gross-Llewellyn-Smith sumrule(13). From 2.17 we obtain

N
xF, Y (x)dx
Lt E ——ii—;——-—— =(u+d-u-4d) =

(2.26)
q?e

for the number of valence quarks per nucleon. As described later, a
lower limit of 2.7 + 0.4 is obtained for q2 > 3 in the BEBC/SPS

experiment.

2.6 Deviations from Scaling in Neutrino Reactions

As long ago as 1973, evidence was presented for small deviations

from exact Bjorken scaling, in inelastic muon scattering.(14) By now,
all groups involved in lepton (e, u, v) scattering agree, at least
qualitatively,

that the deviations are there. Hints of these effects

can be obtained without a sophisticated analysis. Fig. 13 gives a
compilation of data on total cross-sections o/E and §/E by various
groups. While o/E seems to be fairly constant for antineutrinos, there

is an apparent decrease with E in the value for neutrinos. A second
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example is shown in Fig. 14, displaying the value of <q2/E> = 2M<xy>
as a function of energy. For exact scaling, this quantity should be
constant. The straight lines on this graph - corresponding to
<q?/E> = E'0'1* _ are from empirical fits to electron and muon

data(ls)

As a third example, we refer to Fig. 11. From this we see that
6, as measured with neutrinos at low q2 (y ~ 0) is significantly smaller
than that for antineutrinos at high g2 (y ~ 1).

To discuss these effects quantitatively, we refer back to equn.

(2.2) in which

N 2
Fy Fi(x,q ) (2.26)
Thus, if we accept the current-current form of the weak interaction,

the structure functions can depend only on the 4-momentum of the exchanged

boson, i.e. q2

and v, or, equivalently, x and g2. In principle (2.26)
therefore contains allbthe information on deviations from scaling, and
it is therefore more appropriate to consider the q? dependence of the
cross-sections at fixed x, than energy dependence of y distributions,
cross-sections etc.

The first determination of the structure functions Fi(x,qz)

has been made by the ABCLOS collaboration(16)

, analysing both BEBC
Ne/H2 events obtained in the SPS NB beam (E = 20-200 GeV) and the
older GGM events (CF3Br filling) in a WB PS beam. Their procedure

was to evaluate the numbers of events expected for arbitrary values of
Fi(x, g?), by integrating over the known neutTino (antineutrino)

fluxes ¢ (E) (or #(E)). Thus, in (2.2) if we set 2xFy =1, F, = xF, = 0

2 3 i

we obtain, in a given bin of x » x + AXx, q2 + g2 + qu

-17-

GZME y2
2y = STNE Y
N, (x,9%) S” — 3 ¢(E)dEdylx,qz

where S = number of nucleons in target. Similarly

i G*ME Mxy
Nz(x,qz) = SJJ—jr—(lﬂy - 7§ﬂ¢(5)dEdY'x,q2
! _ G2ME vt
N, (x,92) = 5”—" O - 7 I0(EYEY] oo

with similar expressions for antineutrinos. Thus, in the (x,q2) bin

the observed number of events is given by

N N,.2xF, + N,.F, + N,.xF
obs 1 1 2772 3 3 2.27)

Nobs = N1.2xF1 * NZ'FZ - NS,,XF3

Assuming, firstly, that sz1 = Fz for all x, q2, the observed
numbers of neutrino and antineutrino events then give values for F2 and
xF3. The raw event rates have first to be corrected for the finite energy
resolution, This was done by generating events via a Monte Carlo program,
using as input, the neutrino and antineutrino fluxes and describing the
x and y dependence by simple test functions known to reproduce, approx-
imately, the experimental dist:ibutions. The effects of energy resolution
and losses and nuclear Fermi motion were then applied and the 'smearing
factors" (ratio of unsmeared to smeared event rates, in a given, x, q2
tin) evaluated and used to correct the data. The smearing corrections
were <10% for x < 0.6, and £30% for x > 0.,6.

The resulting values for Fz(x,qz) and xFZ(x,qz) are given in
Figs. 15 and 16, with G and BEBC data points shown separately. Where
the two sets of data overlap, they are in satisfactory agreement. This
is a direct demonstration of the validity of the current-current assump-

2 and not on E (for which the average values are

tion; Fy depends on x, q
<E> ~ 4 GeV for Gargamelle and <E> ~ 90 GeV for BEBC). Also shown in

Fig. 15 are the ~lectrun and muon data on FZEd(,qz) for experiments in
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deuterium at SLAC ancSFNAL(IB). These have been multiplied by the

quark model factor FZeN/FZ"N =518 (= FZEd/Fz““), The dashed lines

(15)

give the slopes of an early empirical fit to the electron/muon

data:-

0.25-x

2
Fy(a?,x) = Fz(qoz,x)(ggz) g% = 3GeV2  (2.28)

These lines come down to the axis at the pion threshold, qz(min) =
mﬂ(ZM + mw)x/(l - x). The neutrino data show the same general pattern
of scaling deviations as the electron and muon data; namely, a decrease
with q? for x > 0.3, and an increase at small x, It perhaps should be
emphasized that the neutrino data have been interpolated to the bin
centres in all cases, using (2.28); these centre-of-bin corrections are
always quite small in comparison with statistical errors. The two sets
of data (v, and e, p) are in remarkably good quantitative agreement with
the fractional quark charge assignment, even for small x in the dominantly
"'qq sea" region.* The values of sz(d{x) in Fig, 16 show a similar
behaviour to FZ' Note that, for small x, sz < FZ’ as indicated by the
dashed lines, which are the same as in Fig. 15.

Values of FZVN(qZ, x) have also been given recently by the CDHS
collaboration(lg); their results are shown in Fig. 17. The trends in
the results are similar in form to, but show a somewhat weaker qz-
dependence than, the BEBC data,

All these values for Fy and sz have been derived from (2.27) under
the assumption A = 2xF1/F2 = 1. To obtain experimental values for A,

the y distribution at fixed x,q2 must be analysed. Referring to (2.2)

* The factor z%E(l-isinzec) % 3.6 for an SU2 symmetric sea; for an SU3

symmetric sea (a = @ = s), the factor = 3.0.
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‘

we note that (do/dy + do/dy)/E depends on the combination

] :r _C_’ (1-y)F, +(y2/2)2xF1, and (do/dy - do/dy)/E on xFo(y - y2/2). These
E distributions are given in Fig. 18, from the ABCLOS (BEBC) analysis, for
3 L : a é selected values of g2 and x (the cross-sections again being interpolated
E S o> to fixed q2, x). From the shape of the upper distributions, best values
: of A can be fitted. There is no observable dependence of A on q2 and x,
J1 é; (=] because the errors are large. The average value observed was
f . o <A> = 0,89 + 0,12 (.08) (g2 > 1) (2.29)
E - where the figure in brackets represents the possible systematic error
E (arising from interpolation and flux uncertainties). F»om this data, any
B I~ i —:g i‘ deviations from the asymptotic (q2 + =) Callan-Gross relation A = 1 are
: below the 20% level, Alternatively the ratio can be recast
' R = US/UT = (1 + aM2x2/q2 - A)/A
o
giving
— : e <R> = 0.15 * 0.10 (.04) (2.30)
: © The lower plots in Fig. 18 are in excellent agreement with the
i | F_+_; E o 4 .f expected y-dependence of the sz ~erm, Fig. 18 tterefore supports our
: e o~ " original assumption that the cross-sections (2.2) c:n be described in
: terms of just 3 structure functious.
o The effect of changes in A, from the value 1.0 assumed in the
- previous analysis, is fairly small for F2 and negligible for XFB' For
’ -~ A = 0.8 for example, F2 increases from the A = 1 value by between 3 and
?E 10%, while xF3 de 'reases by up to 2%.
=
1t 15
K 2.7 Possible Causes of Scaling Deviations
3 Thére may be several sources of deviations from Bjorken scaling in
o

o the data., Among these could be:

(spun 'quo)J/(Apipp+Ap1oPT -3/

he)

12p-4Ap1oP)

-20-



(i) "Trivial'effects

The rise of F eN

, in the low q2 region (q? < 1 GeV2) at small x is

expected from conservation of the vector current; in fact F, = %?GT+US)
and must therefore vanish as q2 + 0 for finite x (or v). (For neutrino
scattering, the axial contribution does not vanish as q2 -~ 0, becoming
proportional to o(m, N) at energy v). Vector dominance models also

predict F,(x,q%) rising with q2 at small x.

(ii) Electromagnetic radiative corrections

The neutrino cross-sections have not been corrected for radiative
effects from the charged particles accelerated in the reaction - of

(20)

which the main contribution comes from the muon. Detailed calculations

(21) show that the main effect is to lead to an underestimate of the true
cross-sections at large x (the factor beinge1-0.2x). However, the
q2-dependence of the correction at fixed x is very weak (<5% for q2 = 2 » 100
GeV2). It appears that radiative effects cannot account for the strong
q2-dependence of FZ"N for x > 0.3. (In any case, such considerations
would not account for the deviations in electron/muon scattering, for
which the cross-sections have been radiatively corrected)

(iii) Threshold effects

The excitation of new quantum numbers (c, b, t quarks) would
enhance the neutrino cross-sections, predominantly in the “sea region'
at small x and large v. The magnitude of such effects would be expected
to be quite a strong function of incident energy, and to be different
for electrons and muons, on the one hand, and neutrinos on the other.
Yet, the observed dependence of F, on g2 and x seems to be independent
of energy and to have a common source for all types of lepton beam. It

is difficult to see why threshold excitations should strongly decrease

the value of F, at large q? and large x.

-21-

(iv) Failure of the Naive Parton Model

We have already anticipated that, because of the neglect of
particle masses and inter-parton interactions, one would not expect
Bjorken scaling to hold exactly =t finite values of q2. At the present
time, this seems to be the most lixely major source of the deviations.

There are two principal sources of scaling deviation associated
with the couplings of quark constituents via the gluon field. One
source is kinematic in origin, and has to do with the neglect of masses
in comparison with q2.

The effect of including masses, as indicated in

(2.9), is to modify the scaling vaziable. This effect was actually

investigated empirically a long time ago by Bloom and Gilman(zz), who
observed that deviations from scaling at low q2 and low W? were reduced
by use of x' = qZ/CZMv + M2) = x(1 - sz/q2+ .), with a similar
behaviour to that of the £ parameter, i.e. a correction term mM’Yqz.
However, we know that mass terms alone cannot account for all the

deviations observed,(zs)

and particularly not those at high x and
high g2 which mainly concern us here.

The other source of deviations from the naive parton model
przdictions arises from the interactions of the quarks; the inter-
quark interaction modifies the najve scaling predictions, based on
firee, non-interacting constituents. The rest of the section on

charged curreits is devoted to this topic.

2.8 Predictions on Scaling Deviations from QCD

We begin the discussion with a brief outline of the QCD pre-

dictions, already derived in the lectures of John Ellis.



(i) Screening in QED

|
In quantum e’ sctrodynamics, the potential between two charges Q

|

and Q' separated by distance r is modified by virtual pair-production

(vacuum polarization) as follows(24’ 25):-

V(r) = %‘ [1+§_: Le'”/%(l + %2)!(1 - 2-2) izz— + 0(a?)... ]

where o is the (physical)} fine-structure constant, ko = X/mc is the

(2.31)

reduced electron Compton wavelength. When r >> Ao the exponential in
the integral dominates and the potential follows precisely the Coulomb
form* - how else would we define Q and Q'? However, when r << Ao’ the

potential falls progressively relative to the Coulomb value, as r

increases:-
A
- @ 2o 0 5 2
viry = & [ =(in2 - 2 - 1.781) + 0(a?) ... ] (2.32)
The screening effect due to virtual pair creation arises
\
-+ -
e t
QL - + —l+
r <—“\“‘~*I 4'&‘2
e {

from the resulting polarization of the vacuum, so the effective charge at
distance r is Q - 6Q.

Evaluation of successive terms in (2.32) becomes

progressively more complicated - see, for example, the diagrams for the

* For r large, any possible deviations from the Coulomb potential are

measured to be miniscule. For example, limits on a Yukawa-type term

-r/R 5 k7 . . .
V=oe /r are R >1p km ( photon mass < 10 gm.) For details (including

the inadvertent discovery of Coulomb's (1785) law by B, Franklin in 1755)

(50)

see the excellent review article by Goldhaber and Nieto
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l

a3 terms (Fig. 19) involved in computing (g - 2}/2 for the electron/muon

(and recall that it took ~15 years to get them right!)} To avoid these

difficulties, approximations can be made. To lowest order in pertur-

bation theory, the r or q2- dependence of the effective coupling
a(q?) can be written as

2 2
a(a?) = o) [1 + Ly (2.33)

where q% = u? is some arbitrary normalization point. In higher orders,

one gets terms of the type an(lnqz/uz)r with r £ n. If one retains only
those terms with r = n - the "leading log approximation" - the series
can be summed exactly and one finds
a(1?)

+ 0(a?)
1 - 20%0n(q2/42))

a(q?) =

(2.34)

where terms suppressed by factors of 1ng2/u2, (ind?,/u2y i.e. by

2

a, a“... relative to the first term are neglected. To the extent that

’

2 j.e. for a

a(u?) is small, this equation tells us that for g2 > u
probe of shorter waveleagth, the new structure whichk is revealed in the
form of additional vertex currections etc. as in the second diagram,

is equivalent to re-definirg the vertex coupling as a(q?) as in (2.34).
q}-,ﬁLt.
c!(;dg

A}°((Q}) ;‘

« ()

g >p

(%)
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The q2~ dependence a(q2) is indicated in the sketch.

. In the

infra-red region (large r, small q2) a is well-behaved, while the simple

formula (2.34) gives a singularity in the very far ultra-violet, when

2 _

q? = uZexp[3m/a(u?)]710%8u2. Note that the slope of the Inq? dependence

is small (a = 1/137).

(ii) Screening in QCD

In quantum chromodynamics the interaction between quarks is

mediated by a massless vector field - the gluons - which transmit the

strong (colour) forces.

QCD, is non-Abelian, the gluons (like the

quarks) carrying the colour charges, unlike QED where photons are un-

charged.

to the vacuum polarization.

is given by(zs’ 27

2 N
ag(a?) = a 01 + 250 1n(@2/2) . (c v ¢y v v L

where C1 = 2m/3 is the qq contritution (m is the number of

ard C, = 5 is the contribution €rom
trensverse gluons. Both lead to
screening of the strong charge, as
in OED. The third term, C3 = -16
involves longitudinal gluons and gives
an antiscreening effect. Thus

c. +¢C

N 2 * C3 = -(33-2m)/3, which is

negative for m g16. The result

analogous to (2.34) is then
as(uz)

1+ Bas(u )In(q%/u%) ; = 1on

a (q?) =

This means virtual gluon pairs as well as qq pairs contribute

"le coupling constant analogous to (2.33)

-]

(2.35)



If one defines A = uzexp[-l/BaS(uz)] then +his can be written

ag(a®) ~ 12
. (33-2m)In{q?/v7)

(2.36)

which is a first-order perturbation theory expression for the quark-
gluon coupling constant, valid when us(qz)/ﬂ << 1. us(qz) increases
with increasing r or decreasing qz, and the singularity occurs in the
IR region rather than the UV. aS(qz) > 0 as q2 + = - hence the term
"asymptotic freedom'. The low q? singularity which appears in the
first-order expression for ag is possibly connected with the phenomenon
of quark confinement. It does not seem possible to give an intuitive
picture of antiscreening in QCD, but it is as if, in electromagnetism,
unlike charges repelled and like charges attracted. Presumably,

as(qz)m 0.1-1 at q2 v~ few GeVz, so that the q2 dependence should be

much larger than in the QED case.
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(iii) The structure functions and their moments

The effect of strong radiative corrections on the form of the
structure functions, i.e. quark momentum distributions, can be easily
understood qualitatively. As qL increases, more structure is revealed

as the wavelength 1/q of the probe is reduced. For example, a quark at

—24—

x = x, at q2 = q; may resolve, at q2 >> qoz, into a quark of momentum

1
X, < Xy and a gluon of momentum (x1 - xz). As the (electromagnetic or
weak) current cannot be absorbed by gluons (which, have by definition,
only the strong colour charge), the result is a shrinkage of Fz(x) towards
the origin. Since gluons can form qq pairs, radiative processes will
however increase F2 at very small x.

The processes taking place can be quantified oy writing integro-
differential equations for the evolution of the quark and gluon densities.
Let PAB(z)dxdq2 be the probability that a parton A emits a parton B
with fraction z-z+dz of its momentum, when q2 is changec to q2+dq2.
Suppose for simplicity that A and B are valence quarks (as measured in
practise by sz). The change in the number QV of val.nce quarks in

x + x + dx is then

B

=2y

Q.
TR(-2) ¥

2y =
a (q%) (=1

X, dx
PPy v ratdy

0 (2.37)

dQ

2_V 2 -
q aaz(X,q Jdx = —- |
Yy=X

where z = x/y and us/Zw defines the probability that A radiates a gluon

with some fraction (1-z) of the momentum of A. Multiplying both sides

of (2.37) by A1 ing integrating:-

2
25(q )fl N-1 jl
x dx| Qu(y,q?) Pyl
0 Vv QQ

1
d N-1 X, dy
28 2 =2
q dqz{ox Qv(x,q Ydx -

Yy
Upon replacing x by yz the RH side becomes
2y N1 N-1
¢ ’{ J Yy ou(r.a2)2" gy () az
T ‘0’0

where the limits of integration are z = O+ 1 and y = 0 + 1, as in the



diagram. Defining
1 4= — -~ — =
A = J zN_]P (z)dz //'1
o W oz 1.~
1
1 N-1 3 '/// [
M(N,q?) = [ X lq, (x,q2)dx
o 1
L
(o] 2 4
the evolution of the valence quarks
is therefore expressed by
A
d 2y - s 2y o A M(N,g?)
- Tingz MHaR) = G MN.aD) = o T;aféxy
using (2.35) and (2.36). Hence
2y - 2/52y9
M(N,q%) = C/(1nq2/7%) (2.38)
where C = const. and d = -A /2%xB is the so-called anomalous dimension

associated with the valence quark moments. The simple prediction of
QCD about structure functions is therefore that their moments should

vary as known inverse powers of 1nq2/A2. To find the value of A (hence

d ), we need to know P Q(z); but this is the same as PQG(I-ZJ, which

Q
is known from the Weizsacker-Williams formula for the virtual photon
distribution in an electron (with a change in constant, due to colour).
As explained in the lectures of John Ellis, the development of

quark, antiquark and gluon distributions with g2 follows from suitable
evolution equations similar to (2.37). Equn. (2.38) deals with the
simplest case, applying to the valence quarks (i.e. the moments of sz)
which are flavour non-singlets. F,, which measures both valence quarks
and sea-quarks (and antiquarks), contains two flavour singlet terms in
addition to the non-singlet; there are three terms in the moment
expression, each with a different power of 1nq2/p2, with three unknown
coefficients Ci on top. To find these, one has to experimentally
determine the moments of valence quarks, sea-quarks and gluons at some

fixed value of q2 - or, equivalently, the value of the F2 moment at

25~

three values of qz.

2.9 Moments of the Structure Functions in Neutrino Scattering

The structure function momerts with respect to the x variable

are defined by the Cornwall-Norton ru¢lations
1
M. (N,q?) = J X “F. (x,q2)dx (2.39)
1 0 1

where F, = F, or xF,. Values deduced from the BEBC/bGM data are given
in Fig. 20, for N = 2-7. In order tc get rid of kinematic effects due
to the target (nucleon) mass at finite qz, however, it is better to use

the Nachtmann variable (2.9):-

x
g = —————= -
1 + /1 + 4mZx</q?

(2.40)

In terms of £, the correspcnding (Nachtmann) moments have the

form
, 1,81 pz(x,qz)[nizw+z-3(N+1)/TIZHY§Z7GY+N(N+2)4M2x2/q2]dx
My IN.a%) - Jo % HIeE)
N+l
2y = | B 2y [1+(N+1)/T+aM?x?/q% Jdx
My (N,a?) = E —xF(%,92) el (2.41)

These are shown in Fig. 21. For qz > 3 GeV?, the differences

between the Cornwall-Norton and Nachtmann moments are less than the

experimental errors.
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(1) Moments of the non-singlet function xF.; first-order analysis

The QCD prediction for the moments of the structure functions
in general results in three terms
3

Moment = I Ci/(lnqz/Az)
i=1

i (2.42)
corresponding, crudely speaking, to the contributions of the valence
quarks, quark-antiquark sea and gluons, respectively. The gluons and
sea-quarks are flavour (SU(m)) singlets, while the valence quark term,
familiar in the classical unitary symmetry schemes, is a non-singlet.
As explained above, the developmental equation for the non-singlet is

very simple and the moment has the single-term form
dNS
M3(Nq2) = const./(Inq2/A%) (2.43)

where the anomalous dimension

d

4 2 Ny
Ns T @oemt CNeen t 4 i 7! (2.44)

The term outside the bracket depends on the number of colours and
flavours in the gauge symmetry, while the square bracket depends on the
nature of the colour field. In particular the last term in this bracket
is typical of a vector field. For scalar gluons, this last term would
be absent.

The experimental data from the ABCLOS collaboration (BEBC/SPS +
GGM/PS data) has been used to test the QCD predictions in various ways. The
first prediction from (2.43) and (2.44) is that the moments for different
N values should be related by power laws, i.e. M(Nz)xM(Nl)(dz/dl).
Fig. 22 shows typical experimental results covering the range
2 .

q% = 1-60 GeV? and Table 1 a comparison of the best-fit slopes with the

predicted coefficients. Note that the predicted ratios (dz/dl) depend
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only on the contents of the square bracke* in (2.44), and thus are
independent of both A (provided In(q%/4%?) is large) and the numbers
of flavours and colours. There is rather spectacular agreement betweeen

experiment and QCD theory; scalar gluons, for example, are excluded

by the data.
TABLE 1
Observed

Moments Coefficient QCD (vector gluons) Scalar Gluons
N1 =4, N2 =6 1.29 + 0.06 1.29 1.06

N1 =3, N2 =5 1.50 % 0.08 1.46 ‘ 1.12

N1 =3, N2 =7 1.84 ¥ 0.20 1.76 1.16

N1 = 2, N2 =6 3.00 £ 0.45 2,53 1.43

These results cover the range q2 = 1-100 GeV2. They are

apparently strong quantitative support for QCD. It is perhaps worth
emphasizing that more than one theory of scaling deviations could give
the straight-line plots of Fig. 22. For example, a field theory with an
ultra-violet fixed point (i.e. ag =+ non-zero constant as q2 -+ @) would

also result in power-law relations for the moments, but with arbitrary

Up_F un) R

slopes. 2

A similar analysis can be made with the moments of (F2
also a non-singlet measuring the distribution of (uv—dv), rather than

(31)

(uv+dv) - as measured in muon and electron scattering. The slopes

obtained are also in accord with QCD, over the available range
q® = 1-22 GeV? - see Fig. 26.
Some caution in interpretation is required however, for several
reasons: -
(1) the results for N = 3-7 do not test either the small x(<0.1)
or large x (>0.8) behaviour. The restriction N 7 was made to

avoid possible errors in smearing corrections at large x, as

well as the large statistical errors due to the low event rates

-28—

in this region.

(ii) The N = 2 moments, when compared with higher .ioments, give
slopes which are about one standard error larger than the QCD
prediction. This is also apparent in the muon scattering data.

These effects may have nothing to do with QCD, but arise from

threshold phenomena (excitation of new quantum numbers) at small

x, which would make M(2, q2) decrease less rapidly with q2 at

large q2. The small x behaviour is of course suppressed when

we take higher moments.

Postponing these and other problems to later discussion, we
continue with further analysis of the data in terms of first order QCD
predictions. The second test which can be made is of the prediction,

from (2.43), that

Y
[MS(N,qzi NS = const.(1ng? - 1nA2) (2.45)

and is shown in Fig. 23, for even and odd moments. The linear dependence

of M'l/dNS on lan’is contirmed (within the large errors) by the data,
for q2 > 1 GeV2. The linearity is a test of the lugarithmic q2-dependence
of the QCD moments, which is typical of the asymptotically free gauge
theory. A fixed point theovy for example would give a stronger
dependence on qz. The intercept of the straight line (2.45) gives an
estimate for the parameter A. The following table shows values obtained

for the N = 3, 5 and 7 moments:-

TABLE 2

FIRST-ORDER FITS TO A (GeV) (m = 3)

g% > 1 q% > 2 (q2 > 1 No Elastics)
N=23 0.70 £+ .08 0.85 + .18 0.34 £ 0.11
N=25 0.77 £ .07 0.70 £ 0.18 0.20 £+ 0.13
N=7 0.75 + .07 0.95 £ .20 0,01 + 0.05



Nachtmann moments of xFy

200

150

100

50

{a) Even moments

T

1 T

{b) Odd moments

Fig. 23

L 200|
T 1, NS NS
- 74 1
M3(N,q? My (N, q2)~ @
B J1s0l
/ 7
7/ e
L 100r , e
rd
q2A? , q2= A2
R ’ } 50
¢ ] F¥ -7 N30
- /
/ - ¥ 1
# --c 351zt
£ =45 ¢%5-0.305 e
4;£§T’*':§f—}{;§:7 L = 1 |
1 10 100 1 10 100
g2 GeVZ —» q? GevZ —o

~29-

Thus, averaged over all three moments (taking into account that
these are correlated) one obtains
A=0.74 £ .05 GeV

(9?2 > 1) (2.46)

where the error is statistical. Possible systematic errors, from
uncertainty in spectrum shape (i.e. the K/m production ratio)
corrections etc. are estimatsd as 0.03 GeV. The choice of the number
of flavours (affecting the value of dNS) has a small effect; A
decreases by 0.04 GeV per added flavour.

It is important to emphasize that elastic events of the type
v, v + N> ut + N make a substantial contribution to the moments. If
these are excluded, the value of A is nnt stable with N or q2, and
the x2 of the fit becomes significantly worse.
rii)

Second order corrections; high twist contributions.

The agreement between the experimental data and the linear
predictions in Figs. 22 and 73 from lowest-order QCD is somewhat
unexpected, since the condition as/n << 1 is not fulfilled. Thus, with

A = .74 GeV, a_/m = 0.34 for q%2 = 2 GeV? and 0.15 for q2 = 10 GeV2,
and asz terms should therefore be significant.

For the non-singlet function XFS’ the coefficient functions C
and the anowmalous dimensions dNS have been computed for the asz terms,

by Floratos et 31(28) (29)‘

and Buras et al Unfortunately, there were
errors in these calculations and so the asz corrections computed by the
ABCLOS collaboration(16), based on these papers, were incorrect.
Meantime, Bardeen et al(so) have re-computed the usz corrections, and
on the basis of these, the most recent analysis gives the numbers shown
in Table 3, where, in the first column, data down to q2 = 0.7 GeV? is
included. The value of A is much smaller, and the x% of the fit is

slightly better than the first-order fit (Table 2).
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TABLE 3

FITS TO A INCLUDING asz CORRECTIONS

q? > 0.7 q? > 1.0 q? > 2.0 q? > 3.0
N=23 0.37 * 025 0.36 + .03 0.39 = .07 0.32 £ 0.14
N=5 0.43 £ 025 0.43 + .03 0.42 £ .06 0.32 + 0.13
N=7 0.41 + 025 0.42 + .035 0.40 = .07 0.28 + 0.13

The average over the three moments gives

A= 0.40 = .025 GeV (g% > 1) (2.47)
to be compared with the first-order value (2.46). Despite the drastic
change iﬁ A due to the asz corrections, the linearity nf the logarithmic
moment plot (Fig. 22} is virtuwally unaffected. The revised version
of Fig. 23 is shown in Fig. 24.

One cannot of -6urse consider that k2.47) is the valée of A,
since even higher-order corrections (a: ....) are not included, but
presumably the estimate (2.47) s much better thaa (2.46). There are,
in addition other urcer%ainties of a theoretical natur:. These are the
so-called "higher-twist" corrections, which are expected to contribute
factors of the type

F=(1+ BN/qz) (2.48)
with 8 of the order of the square of the transverse momentum per parton
i.e. B~ 0.1 GeV2. However, there is mo solid theoretical deri?ation
of (2.45), or of the constants in it.

d,/d
Fig. 25 shows the ABCLOS data on the moment ratios MZ/(MI) 21

against g?. The solid curves show'the QCD predictions, including 052

effects; the dashed curves the additional effects of a term of the

type (2.48). The data set a limit |8] < 0.5 Gev2.
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(iii) The Gross-Llewellyn Smith sumrnls:

At finite qz, the QCD prediction to the GLS sumrule (the N = 1

moment of xFSJ is

{1 -1 oo 2~ 2 PR l:“S -
J X .xrsLx,q‘)ax =31 - —+ ... ] (2.49)
0 . ™

Experimentally, the main difficulty in measuring the integral
is that the integral peaks near x &~ 0. At fixed g2, Xoin = qZ/ZMEV > 0;

so, the measured integral is a lower limit, with x_._ a function of g2.
1Ly :

min
Data from a recent analysis by the ABCLOS collaboration is shown in
Fig. 27. These results also indicate a rather low value, A = 0.3 GeV,
for the strong interaction parameter. Note that, for A = 0.4,
a /n = 0.24 at g2 =1 GeVZ. Hence the asz term in (2.49) is really
down at the 5-10% level, as compared with the first term of unity. In
this sense, the deviations from the GLS sumrule should give a reliable
means of measuring A; since, according to (2.48), high twist effects

should be smaller at small N, systematic uncertainties on this score

should also be minimized.

(iv) Criticism of the analysis

The main criticisms of the above analysis must be that much of
the data is in the low q2 (1-5 GeV?) region, where
2

(1) a_. is not very small, so that o

s corrections have dramatic

effects
(ii) the value of A depends crucially on the contribution from a
single exclusive channel - the elastic channel

(1ii) l/q2 effects can be important.

~32-

Regarding the dominance of the elastic channel, what is the
nature of the criticism?. One may argue that the p.imary interaction
is between a neutrino and a quark, as described by V-A theory plus
QCD; what happens thereafter, for example whether the struck quark,
plus the remaining quarks and gluons choose to recoil coherently as
a nucleon or other low-lying resonance, is treated as a final-state
interaction, (FSI). The FSI can enhance (or depress) the cross-

(22) ensure that the moments

are averaged over, then duality arguments
will not be affected. However, if the elastic contribution to a
particular moment exceeds, say, 25%, these conditions would hardly be
fulfilled.

All the above prohlems can in principal be side-stepped by
going to higher q2. For example for A = 0.4 GeV, inq2/A? changes by a
factor 3.1 as q2 varies from 1 to 60 GeV?; starting from q2 = 5, one
would however require an upper value of g2 = 7700 GeV2 to achieve the
same factor. Over the pr:sently accessible range q2 = 5-100 GeVZ, the
range of lnqz/A2 would be halved and the experimental precision would
therefore have to be doubled. Although the contribution of any 1/q2
term, relative to l/lan/A?, has decreased, its magnitude relgtive to
the experimental precision has h-rdly changed; other uncertainties,
for example in electromagnetic radiative corrections, have become
larger in relation to the experimental errors. So, precision

experiments at high q2 will not be without their problems.
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(iii) The Gross-Llewellyn Smith sumruls’

At finite qz, the QCD prediction to the GLS sumrule (the N = 1
moment of xF3) is

[+

1
J x"l.sz(x,qz)dx =31 -2+ ... ] (2.49)
o

m

Experimentally, the main difficulty in measuring the integral
is that the integral peaks near x ~ 0. At fixed q2, Xiin = qz/ZMEV > 0;
so, the measured integral is a lower limit, with Xpin 2 function of q2.
Data from a recent analysis by the ABCLOS collaboration is shown in
Fig. 27. These results also indicate a rather low value, A = 0.3 GeV,
for the strong interaction parameter. Note that, for A = 0.4,
as/w =0.24 at q2 = 1 GeV2. Hence the a52 term in (2.49) is really
down at the 5-10% level, as compared with the first term of unity. In
this sense, the deviations from the GLS sumrule should give a reliable
means of measuring A; since, according to (2.48), high twist effects

should be smaller at small N, systematic uncertainties on this score

should also be minimized.

(iv) Criticism of the analysis

The main criticisms of the above analysis must be that much of
the data is in the low q2 (1-5 Gev?) region, where

2 corrections have dramatic

(1) ag is not very small, so that o
effects
(i1) the value of A depends crucially on the contribution from a

single exclusive channel - the elastic chamnel

(iii) l/q2 effects can be important.
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Regarding the dominance of the elastic channel, what is the
nature of the criticism? One may argue that the primary interaction
is between a neutrino and a quark, as described by V-A theory plus
QCD; what happens thereafter, for example whether che struckquark,
plus the remaining quarks and gluons choose to recoil coherently as
a nucleon or other low-lying resonance, is treated as a final-state
interaction, (FSI). The FSI can enhance (or depress) the cross-
section and hence distort the QCD picture; provided several resonances

@2 ensure that the moments

are averaged over, then duality arguments
will not be affected. However, if the elastic contrivution to a
particular moment exceeds, say, 25%, these conditions would hardly be
fulfilled.

All the above problems can in principal b= side-stepped by
going to higher q?. For example for A = 0.4 GeV, 1nq?/A? changes by a
factor 3.1 as g2 varies from 1 to 60 GeVZ; starting from q? =5, one
would however require an upper value of g2 = 7700 GeV? to achieve the
same factor. Over the presently accessible range qz = 5-100 GevZ, the
range of lnqz/l\2 would be halved and the experimental precision would
therefore have to bc doubled. Although the contribution of any 1/q2
term, relative to 1/1nq?//2, has decreased, its magnitude relqtive to
the experimental prescision has hardly changed; other uncertainties,
for example in electromagnetic radiative corrections, have become
larger in relation to the experimental errors. So, precision

experiments at high q2 will not be without their problems.



2.10  Moments of Fz(x,qz) and the Gluon Distribution

As explained before, the first-order QCD expression for the E,
moment consists of three terms

c c c
M,(N,q%) = NS + v -

d
(1ng2/p2) 8 (1ng2/A2) *

q (2.49)

(1nq%/A2) ~

where the C's are arbitrary coefficients and the d's are known functions
of N. If Q> Qo and G0 represent the moments of the quarks, antiquarks
and gluons at some reference value q2 = qoz, then, for an isoscalar

target and with Gc By 0, it can be shown that

c

NS ! =, 1
st B E{Qo * Qo) - EMZ(N’qoz)
(1nq ?/4%)
<, =30 - AQ@ + Q) + B, ] (2.50)
+— 73 Ny T % N .
(1nq 2/A%) "
C_ 2 R
d = E[AN(QO * Qo) - BNGO]
(Inq?/A%) ~

where A, and B, are cormbinations of the d parameters and are given in the

N N
o (3

paper of Hinchliffe and Llewellyn-Snit The above equations

can be conveniently re-written in the form:

2y = 2 2
YM,(N,q°) = M, (N,q %) + X.G(N,q_?) (2.51)

where 1 1{2 d+ X dNS) . ZAN( d+ ] d_)
Y©3 X X 3 X X

5 d,  d_
X =B -x )
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and
X = (Inq_?/A%)/(inq?/4?%)
Equation (2.51) expresses the q° dependence of the Nth moment
of F2 in terms of the moment of F2 at qo2 and that of the gluons, G,
also at qoz, and if we plot YM2 against x, the slope of the resulting
distribution should give G(N,qoz) - see Table IV and Fig. 28. The
quantities X and Y are known functions of g2, 9,7, Nand A - the last
TABLE IV

GLUON MOMENTS G(N,q.%); q.2 = 5 GeV2 (ABCLOS Collaboration)

2

q Energ{ ) Moment
N G(N,qoz) range Sumrule of xFg
2 0.62 £+ .15 (.03) =20 0.45 £ .03 0.45 £ .07
3 0.12 £ .05 (.02) 1-100 - 0.12 + .02
4 0.03 ¢ .02 (.02) 1-100 - 0.045 + .01
B 0.02 £+ .01 (.02) 1-100 - 0.027 = ,007

being taken from the first-order result (2.46). The errors shown on the
gluoi: roments show the statistical errors (+), and, in brackets, the
systematic error arising from the uncertainty in A.

The N = 2 moment of the gluon distribution measures their
mcmentur: content, which is known independently from energy-momentum
conservation® c:z,qoz) =1 - M2(2,q02)(1 + €) where ¢ v~ .03 takes
account of the momentum content of the s, S quarks of the sea, and
whose contribution to F2 is suppressed by the Cabibbo factor, sinzec.
£ 1s estimated from dimuon data, and discussed in a later section. The
two independent measures of G(Z,qoz) are compatible within about one
standard deviation. All the measured gluon moments turn out to
be positive, and roughly comparable in magnitude with the moments

of the valence quarks (i.e. of sz)‘ The positivity of the gluon
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/
moments arises because experimentally, the F2 moments fall of less rapidly

with q2 than do the xF, moments; this must be true generally, and not

3
only for the first order analysis described here.

Alternatively, assuming the N = 2 gluon moment G(2, qoz) from
energy/momentum conservation, eq. (2.51) can be solved to give a
value

A =0.68 £ 0.10 GeV (2.52)
compatible with (2.46).

Finally, we note that conclusions from Table IV depend on the
validity of the first-order QCD analysis which is all that is presently
theoretically available.

2.10 Distributions of Secondary Hadrons

(i) Fragmentation functions

The description of the process of deep inelastic leptog scattering
as elastic scattering off an individual quark, naturilly led to a
description of the secondary hadrons of the collision as quark fragment-
ation products. Hadroms :r..velling forward in the hadron centre of mass
(or, more precisely, in the parton Breit frame) were in the 'current
fragmentation" region, those travelling backward were the result of
"target fragmentation'. Early electron and neutrino scattering
experiments established empirical form of the current fragmentation
functions(34’ q ) Dg(z) for the probability that a struck quark Q
fragments to a hadron h carrying a fraction z of the quark energy,
z = Eh/v).

system, the form and magnitude of the D-functions for ep, pp, vp and ete”

(i.e.
For comparable values of the invariant mass W of the hadron
processes are observed to be very similar. Fig. 29 shows examples of
the D-functions, averaged over positive and negative hadrons and over u
and d quarks.

Essentially z > 0.2 refers to the current fragmentation

region.
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The most important prediction which QCD makes about the D-

functions is that, just like the structure functions F, they should be

q®-dependent, i.e. D = D{z,q2). /his is a clear prediction, since both
quarks and gluons fragment into hadrons - with however quite different

D-functions - and the relative energy content of the quarks and gluons

is q2~dependent. For example, we expect the non-singlet moment

M, (N,q2) = JiozN‘Z{D"+(z, q?) - 0" (2,42) )4z (2.53)
to have a g2-dependence precisely the same as that of xF3 - see
eqn. (2.43).
There is some data from *he 15' chamber by the FIMS
collaboration(zs). At present, the errors are too big to draw any
conclusions about a qz-dependence. Tuese scaling deviations in the D

functions have to be there if QCD is a correct description of strong

interactions.

(ii) Angular and transverse momentum distributions

In the ipproximation of exact Bjorken scaling (q2 + =) the
neutriio-nucleon collision is cue-dimensional; we can view it in the
curieat-jarton. 3reit frame, in whith the current is purely spacelike

and the parton momentum is reversed. (see diagram (a)):

e

q=(~2xP,0,0,M -xP
-2 . Q_i_y
NSNSy T
< > €«
(a) (b)

In the Bjorken limit the parton (quark) has helicity +1 so that only

the current cross-sections 9, and % are involved. Og cannot contibute,

and in this situation



C . 1 _1+g2/2
AR R e R

(2.54)

At finite qz, the quarks have finite interaction and thus an

intrinsic transverse momentum, implying that both og and o.. are finite.

T

On dimensional arguments, one expects the transverse momentum due to the

process of hard gluon emission to be given by

<pf?> = q%/(1ng?/A%) (2.55)

where the divisor represents the probability, ac, that the quark emits a

gluon. The finiteness of 65, o, and CIN has implicatioﬁs for the azimuthal

distribution of the hadrons in the current fragmentation region. The
- - . . g .
azimuthal angle ¢ is measured about the current direction Py and relative

to the lepton scattering plane. If three helicity states are present, the

current amplitude will be

If we consider secondary pions emitted at azimuth *, the appropriate
current amplitude will become

a(¢) = aLe_1¢ + aRe+1¢ + ag

and the intensity

1 = aa* = A + Bcos¢ + Ccos2¢ (2.56)

Thus, in principal one can obtain left-right asymmetries (<cos¢> # 0)

as a result of a, ag or ap, ag interference; and also hadron emission

preferentially in the scattering plane (<cos2¢> > 0) as a result of a,

ag interference.* These effects result purely from the vector (axial

vector) nature of the current, and were pointed out some time ago by

Ravndal(37).

A cos2¢ effect is well known in Compton scattering of real photons;
the scattered photon is emitted preferentially in the plane normal to the E
vector of the incident photon.
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The first-order QCD contribution to the coefficients of cos¢ and
cos2¢ in (2.56) can be coﬁputed<(B/A and C/A being of order us) and their
measurement has been proposed as a '"clean" test of QCD.(38) Unfortunately,
there are non-perturbative contributions corresponding <o the intrinsic
pTQ of the quark constituents, in addition to the calculable effect due to
and effects due to the transverse momentum

single hard gluon emission;

F of the hadron relative to the fragmenting quark. Thus the non-perturbative

Pt

terms will give a ql-independent hadronic p; of the ferm

; F
p,2(hadron) = zz(pTQ)2+ Py )2 (2.57)
yielding finite values of <cos¢> ~ [(pTQ)z/qz]i and <cos2¢> ~ (pTQ)Z/qz,
in contrast to the 1/1ng? dependence of the hard gluon contribution. The

(39)

data on charged hadrons from the BEBC ABCLOS colla! sration are shown

in Fig. 30; the errors are so big that we can leamvery little; further-
more, the value of <cos¢> from the first-order QCD calculation depends
somewhat on the (unknown) relative fragmentation probabilities of gluons
and quarks (denoted by‘o in the figures).

Investigation of the pg distributions of the hadrons seems to be
slightly more promisinyg. It is however important to eliminate trivial

kinematic effects. For example, as shown in Fig. 31, <pr” of a_hadron with
respect to the resultant hadron voo.tor increases slowly with W, the mass
of the hadronic final state.

Since W2 = 2MyE + M2 - q2 it follows that W becomes small and Py 7 0
as q2 - qz(max), for fixed beam energy, E. Fig. 32 shows the different
q® dependence of <pT2> for E < 100 GeV and E > 100 GeV. Fig. 33 shows the
component o; py out of the p, v scattering plane (which is experimentally

well determined, and free of possible biasses which plague the measurement

of P in the plane, relative to a resultant hadronic vector which requires
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correction for lost riergy etc.). Also shown‘is the prediction from a
"limited Pr plus longitudinal phase space" Monte Carlo. There is scme
evidence for an increase of <pT2> with g2 and the data are not inconsistent
with the QCD prediction (40) for the increase(l}pT2> with g2 as indicated
in (2.55).

The data on hadronic distributions can also be analyvsed in many
other ways - gluon jets, distributions in spherocity, thrust etc. etc.
In the naive parton model (i.e. in the limit q% » =) we expect the intrinsic
quark transverse momentum to be negligible and the hadrons from the
target and from the current fragmentation processes to appear in the CMS
frame, as two oppositely-directed collinear jets of small angular spread.
In other words if we define the thrust as

ZZpi(forward hemisphere)
T = -

(2.58)

Zpl
then T ~ 1 for 2-jet events. According to first-order QCD, we also expect,
at high but finite g2, a widening of the angular distribution due to gluon

bremsstrahlung, and the form of the cross—section(41) is found to be

2a
140 s 2(3T2 - 3T + 2) 2T - 1
—==68(1 -T) + — | in
I ' 3m T - 1) ( 1< T) (2.59)
2-jet

| 3(3T-2)(2-T)
1-mn

]+ O(u52)+‘..

Fig. 33 shows that the observed T distribution is much broader than
expected according to the lowest-order QCD formula. Again, this éemonstrates
the importance of the non-perturbative (and non-calculable) contributions
to the cross-section.

As a second example, we mention the predictions of Sterman and Weinberg(Az)
for the angular distributions of jets in ete” annihilation, but which can
presumably be carried over to thelepton scattering case. They give a

formula for the fraction of events with € of the total secondary energy

~38—
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outside a cone of semi-angle §, as defined with respect to the current

direction in the CMS.—

%% (LIng + 4insinZe +n/3 - °/2) (2.60)
3m (1 + as/w) .

which is expected to hold only when us/w << 1 and ¢ is small, and F ~ 1.
Basically this is a statement that the typical angle containing the energy
flow is of order /:E;Z;7EZSN 1/(1nq2/A2) i.e. it shrinks logarithmically.
The beauty of the Sterman-Weinberg Formula is that it is free of .infra-
red divergences of the type which plague the calculation of <cos¢>,

for example. Equation (2.60) can be re-cast as

1 _ L
Tt G aee
2 12
= 52(5,5)(111%[ + S350 (2.61)

so that plotting 1/(1-F) against lnq2 should give a straight line inter-
cepting the x-axis at q2 =A2exp(-12/27), for m = 3 flavours. This approach
does not require a knowledge of the & and e dependence of (2.60), only

the dependence of F on ag and hence on Ing?. Fig. 34 shows typical results
from the CERN BEBC experiments.(ds) There is a comparatively feeble
dependence of 1/(1-F) on qz; for limited Pr jets, one could expect a much
stronger q2 dependence. Again, all that one can say at present is that the
data are not in contradiction with QCD, provided q% is taken to be large

(42 > 10 Gev?).

2.11 Conclusions on Charged-Current Interactions

Measurements of neutrino/antineutrino differential cross-sections
on nucleons, and the structure functions Fl 2 3 seem to be in good accord
»2,
with the analogous measurements of electron and muon scattering. Further-

more, absolute values in the two cases are in excellent agreement with the
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predictions from the quark charge assignments. Deviations from exact
scaling i.e. Fi = Fi(x,qz) at finite g2 are also in quantitative agreement
with QCD predictions. It is important to emphasize that, for the most

part, these are lowest-order (qs) predictions. More accurate data especially
at high q2 is badly needed, but the preliminary signs are encouraging - one
might almost say that things look a bit too good.

Regarding the secondary hadron distributions, the QCD "predictions"
are nowhere near as clean and must be considered qualitative. Until more
quantitative predictions are forthcoming, it is hard for the experimentalists
to know exactly how to analyse their data. In any case, early hopes
of dramatic phenomena, such as well-defined ''gluon jets" have long since been

dashed.
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Recently there have been
subject of neutral currents and
the experimental side, there is

on the theoretical side I refer

this Institute;

) .

of Sakur

ai

(46

to the review by Sehgal

a number of excellent reviews on the

their connection with gauge theories.

a historical review by Scuilli

and

(44)

you to the lectures of Helen Quinn at

(45},

On

This means that I can be fairly brief and concentrate on

recent experimental aspects of the subject.

Neutral currents were first established in 1973 by observing

"muonless events'" interpreted as vy, ¥ N » v,

+ am thing.

The analysis

of the weak coupling itself was however complicated by the fact a model

was required to describe the hadron vertex.

As I have tried to explain

in the previous section, we can hardly claim that the hadron model is

well understood.

For these reasons, it is clear that the cleanest analy-

and to the monumental works

sis of neutral currents rests on experiments on purely leptonic processes -

just as the best numbers for charged-current (V-A) coupling came from

studies of u-decay.

3.1 Leptonic Meutral Currents

The only processes of interest in neutrino experiments are those of

neutrino-electrcn scattering, as indicated by the following first-order

diagrams

Ve




+
proceed via both charged (W) and neutral (Z°) currents, while vue

scattering (at accelerators) can proceed only through Z° exchange

and its existence therefore constitutes an acid test of neutral currents.

The cross-sections in both cases are of order 2mEG2 ~ 10742 cm?/electron
at 1 GeV; this is what has made their study very difficult.
The effective Lagrangian describing these pointlike reactions has

the form, assuming V, A coupling:-

6 - -
eff = /—2_- vy, (1 + vV (e (gy + vgg,)e) (3.1)
leading to a differential cross-section,

do _ GZmE 2 _Cmy.
ol —5;—[A +B(l - y)° -1l (3.2}

where E = neutrino energy, m = electron mass, and y measures the recoil
electron energy (y = E(electron)/E). The existence of 3 terms follows,
as in the nucleon case, from the 3 helicity states for the exchanged
vector boson Z°, Wi. The coefficients A, B and C = /AB are giver. in
terms of the vector/axial-vector coupling constants 8y> &y in the table,
so that neutrino and antineutrino coefficients are related by the sign
change 8a 7 "8y Note that, for a given type of neutrino (ve or vu),

and that if the C term is not measured (i.e. m/E + 0), then there is a

TABLE 3.1
A B c

2 - 2 - 2

Vo T Ve (gy * gy} (gy - 8y) (gy - 2,9

9 9 - 2 2 2 2

Voo Ve (gv - gy (gy + gy gy - g%

4-fold ambiguity, i.e. do/dy is invariant under the transformation

gy 8y and gA,V<+*"gA,V' It turns out that if one considers Ve scattering
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as well as vy and Gu’ there remains a Z-fold ambiguity.

The theoretical values of the r~pefficients 8y and 25 depend on the
neutral current model. The only model of interest here is the standard
SU2 x Ul model proposed first by Glashow in 1961. Recall the Gell-Mann/

Nishijima formula for hadrons

Qhadron = 13 + (B« 5)/2

One can invent, for leptons, a 'weak isospin" and 'weak hypercharge" so

that e, v appear in an isospin doublet:-

I, Y Q
_ . weak weak v +} -4 O
Qlepton =l v Y b~ -1 (3.3)
su2 U1 e

The chargechanging weak current comes from the (x + iy) component
of the weak isospin, the neutral cu.rent from a combination of the =z
component of the weak isospin, plus the electromagnetic current. Thus,
according to the prescriptions of Bludman, Weinberg, Salam, Ward etc. etc.

we write

cc_ 1. .2 =
J)‘ = J)‘ + 1J>‘ = J)\

NC 3 .
=3y - J§m51n26w (3.4)

3 3 em .
= Ly - 2
1V + A - JyTsin%e

where Bw is an arbitrary angle (usually called the Weinberg angle)

ano, in the last expression, the first term (Yf + Af) corresponds to the
vector and axial vector components, coupling to the isospin, while the last

em . . . . s
term (JX ) will couple charge. Hance, with appropriate normalization
factors taken care of, one can write for a lepton of type "i'':-
i_ i il o
8y 13 2Q sin 8,

i (3-5)
Ba ™ 73



so that for process vue' > vpe_ we finf

- in2
8y } + 2 sin 8

ve +ve (3.6)
_ u ¥
gy = -}

while for vee_ he vee- we have to include a charge-changing contribution

(gA =gy = 1) as indicated in the previous diagram:-

1 = 1 in2
8y = 1+ gy =1 * 2sin ew i i
ve *v.e (3.7)
U =
8a 7 8y ©
when (3.6), (3.7) are inserted in Table 3.1 we obtain the predic-
ted cross-sections in terms of sinzew, and these are plotted in Fig. 35.
Note that the Gue- process is sensitive to sinzew ~v 1 and vue',

to sinzew n 0; when sinzew = 0.25, = 0 and the neutrino and anti-

8y

neutrino cross-sections are equal.

3.2  Early Observations on Leptonic Neutral Currents

The reaction Ge +e” -+ vt e~ has been observed by Reines et al

(47)

using antineutrinos from a reactor. The reactor spectrum is

very soft, peaking at 0.5 MeV and falling off exponentially by a factor
of 103 by 8 MeV. To reduce the effect of reactor-associated backgrounds,
only the high energy tail of the spectrum {recoil electrons >1.5 MeV)are
used, and the effective cross-sections are minute (wlo'“scmz/eleétron).
In two different energy bands the Irvine group obtained the results

1.5 < Ee < 3 MeV [+ = (0.87 + 0.25) Sy

3 <E_ < 4.5 MeV
e

[=}
n

(1.70 + 0.44)0,,

where Iy is the charged current cross-section in diagram (b) above.

The reactions Gu +e - ;u +e v, e > vt e were studied

at the CERN PS (<Ev> n 2 GeV) by the Gargamelle collaboration(48) and

(49)

by the Aachen-Padova Group; the results are given in Table VI. The
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Aachen-Padova experimeni was carried out with A€ spark-chambers, without
a magnetic field, and consequently the background level is higher than
in either the reactor or Gargamelle experiments. Fig. 36 shows the
TABLE VI

CERN PS v e, GMe EXPERIMENTS

No. of
No of Background
Group Target Reaction Events Events U(xlO“zcmz/E (GeV))
aem®| cr p v e~ 3 0.4 £ 0.1 1.0%%1 ‘
3BT Ve .4+ 0. 00.9 ( s0%
CL
Ve 1 0.3 * 0.1 <3
Aachen-{ Al v el 17 741 2.2+ 1.1
Padova "
(%9 Ve 32 21+ 2 1.1t 0.6

Irvine and GGM data on 2 and Sy Note that, from (3.2), neglecting

the C term, one obtains the equation of an ellipse in the g,/g,, plane:-
AT By

2 e gy + g2 * 2z, - 82 (3.8)
The elliptical contours in Fig. 36 correspond to the 90% CL limits
on the cross-sections. The two experiments together place gp and gy
inside the shaded area; un the case of the Weinberg-Salam model, the
two experiments give sin26w = 0.26 * 0.06. The Aachen-Padova experiment,

alone, gives a somewhat larger value: sinzew = 0.35 ¢+ .08. However,

all three experiments are compatible within the large errors.

3.3 Recent Results on Leptonic Neutral Currents

(1) Characteristics and background

At the higher energies at FNAL and the CERN SPS, the backgrounds
typical of CERN PS energies (10-30% for GGM, 40-70% for Aachen-Padova)
are greatly reduced, and thus much more definitive experiments are

possible in principal (i.e. if the experimental resolution is good
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enough to exy.oit the more favourable‘conditions)

First, the low cross-section for the purely leptonic processes
are to some extent compensated by the nature of the signature, con-
sisting of a single electron projected in the very forward direction.

For E >> m, kinematics gives

6 = 2m  2m
e E E
e v
or E68 2 < 2n (3.9
ee
As previously stated, the cross-section for the reaction
v +e >y +e (3.10)

o H

is ~10™“2E cm? GeV. Single high energy electrons may also be produced

by the charged current processes on nucleons, e.g.

Ve * M e (+p) (3.11)
vetn->e (+p + %) (3.12)
where the proton and the y's from n°-decay are not observed (e.g. the

proton track may be too short, or it may be absorbed in the nucleus).
The forward cross-sections do/dg* for the reactions (3.10), (3.11) and
(3.12) are all of order G2/m. The rates of the last two reactions are
suppressed by (i) the requirement that the proton or y's be unseen
(ii) the 100-fold smaller flux of Vg, a3 compared with vu The contri-
butions of both (3.11) and (3.12) can be monitored by observations on
the reaction

v, 10 +/u:(+p, m°...) (3.13)

ratio 9‘,‘. /¢%

A second source of background arises from single y-rays (from,

and using the known flux

for example, neutral current m° production) giving Compton electrons or
very asymmetric pairs. Since the Compton cross-section, and the proba-

biiity that the e’ branch of a pair should be invisible (E_ <5 MeV),

—hhm

are both proportional to EY—l, this is a small background in high energy
experiments; it can be cdmputed.from the observed number of single
y-rays and the experimentally determined asymmetry probability for y-rays

from normal {(charged-current) events.

(€8]

(ii) The Columbia-Brookhaven experiment

The experiment of Cnops et al was carried out in the 15' FNAL
chamber with 64% (atomic) Ne/H2 mixture (radiation length 0.4m).
They observed 11 single e”, 5 single e’ and 22 v ~ e'e” events of
energy E > 2 GeV, 6 < 3°, in a total of 134 K pix containing 106K
charged current events. Electrons were identifie? (a) on the basis
of associated bremsstrahlung y-ray conversions or (b) energy loss
followed by "spiralisation'’; 1in either case, th’ negative sign of
charge had to be established on the initial section of track. 1In

cases where an ear’y bremsstrahlung conversion mide this impossible,

/o
brems spiral E
g >
Ve
7/ d E+
p/
sign sign E!
no sign
(a) (b) (c)

as in (¢}, the event was still taken as a single electron event if
E, < 0.25 E_ and the second negative was energetic enough to exclude
a y-ray-on an asymmetric pair. All other possible e~ events were

treated as ambiguous with v's.



From these criteris and the observed number of single y-rays, » GGM DATA
11e vy background was calculated as 0.1 events and therefore negiigible. R et AMBIGUOUS
Ffom a total of 22 e p or e pr° events, the background from reactions 51

(3.11) or (3.12) was found to be 0.7 events. The scanning efficiency

was rather low, of order 60% per single scan (85% in double scan). FQ N

. +
Some check on this was obtained from the 5 e events; from the total

positron rate, i.e. for GeN + e+X, (with 108 * 23 events) a figure
of 6 single e’ events was expected. Fig. 3.7 shows the distribution
in E82 for the e, e’ and Yy events; the et and v events have a [fo]™ a) SINGLE ;' -
distribution which is much broader than that of e , which is consistent,
within the errors, with the limit (3.9). Results on the cross-section

are given in Table VII.

(52) 0 1 ! i 1 1

(iii) The Gargamelle-SPS experiment

Like the Columbia-Brookhaven experiment, the Gargamelle experi-
ment was carried out in a WB beam. The filling was CSHB/CFSBr

(radiation length 0.6m). First results of this Bari-~CERN-EP-Milan-
162

b} SINGLE e*

I 147 N I 3 L N In

EVENTS / | MeV

Orsay collaboration were published early in 1978 by Alibran et a

They observed 10 e- events in 128K pix containing 25K events of the
type qu + b X. This is 4 times the rate observed (later) at ol
Columbia/BNL in a similar beam. This very large cross-section implied, ”
on the Salam-Weinberg model, a value sinzew > 0.74 at 90% CL, that is c) SINGLE ¥

incompatible with the value “0.25 determined from the semi-leptonic S -

- +
reactions. The relative numbers of e*, e and y events of 8 < 3°

and E > 2 GeV in the two experiments were however in fair agreement:- o (] \ rT rT . r1 .
. . 0 5 10 15 20 25

e L A4 E8%(MeV)

8 2

GGM-S8PS 13 Fig. 37 Distribution in E8? for single electron events in Gargamelle

BNL-Col. 11 5 22 (top) and for electron, positron and gamma events in the 15!

chamber (Celumkia/BNu)
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The reported single-scan efficiency in the GGM experiment (85%) was
higher than the BNL-Col. value (60%). It does not seem possible to
ascribe the difference in rates to misidentification of y's as
electrons, since the GGM group did very careful measurements of
ionization density at the track beginning.

Since the earlier publication, the GGM collaboration have
scanned 40% more film and have obtained 1 more e  event; but, with
the use of new e” identification criteria, have re-classified 2 of
the old e  events as ambiguous. The E82 plot is shown in Fig, 37.

(54}

The present situation with regard to e” scattering at FNAL
and the CERN SPS is given in Table VII, which also includes data from

TABLE VII(54)

Beam vu Vu

Expt. GGM-SPS 15' FNAL BEBC-SPS 15" ENAL
(BCEMO) (Col/BNL) (BBBERSU) * (FIMS) **

Filling C4Hg/CF (Br Ne/H, Ne/H, Ne/H,

X, (m) 0.6 0.4 0.4 0.4

X WN - uX 35K 106K 7.5K 6.3K

X e events 9 11 <1 0

X background] 0.2 0.8 0.4 -

X events for

sinZ6 = 0.25 2.4 9 1.5 1.5

o{units

107%E) 5% 2 1.8 £0.8 <3.5 <2.9

90% CL adf/cL

* Bari, Birmingham, Brussels, Ecole Polytechnique, Rutherford, Saclay,
UCL.

** FNAL, Moscow, Michigan, Serpukhov.
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antineutrino runs. The two antineutrino experiments have not found
any sure e events; however, if it were true that Sin?ew = 0.75 as
suggested by the earlier GGM-SPS result, these two experiments should
have seen 20 events (recall that the Gu cross-section is large at
large sinzew). So, 3 of the 4 SPS/FNAL experiments are consistent
with the 2 PS experiments, with a value of'sinzew in good accord with
the semi-leptonic data. Leaving aside the GGM-SPS result as an.
incredibly large statistical fluctuation (probability <1073) the
values of sinzew from the other experiments are summarized in Table
VIII:-

TABLE VIII

VALUES OF Sin26w FROM PURE LEPTONIC SCATTERING

Experiment Beam sinzew
Reines et 31(47’ 55) Ge 0.25 + 0.05
com ps (48 vy, 9, 0.25 % 0.15
Aachen-Padova(49) vu, SP 0.35 £ 0.08
_gnp 01D +0.16
Col.-BNL \:]J O'ZO—O.OB
or
(0 57+0.07)
(°°’-0.17)
BEBC-SPS Gu < 0.45  (90% CL)

3.4 Hadronic Neutral Currants: Inclusive Reactions

In this section we consider inclusive processes of the type
V,v + N+ vy + . 3.
YV N W X (3.14)
where N denotes an isoscalar target, so that no isospin information is

obtained. In principle, we can have V, A, S, T or P operators in the

Lagrangian, which are distinguished By tHe y distributions they generate:-



V,A 1, (1-y)}? combinations
P,S y2
T (2-y)?

The dominance of P and/or S interactions is certainly excluded
by the data, which is consistent with a V and A admixture. Indeed,
the strength of the S, P couplings relative to V, A is found to be
<16% at 95% CL in the CDHS experiments(SGJ and <6% at 95% CL in the
BEBC ABCLOS experiments.(57) However, any V, A combination cah
always be mimicked by a suitable combination of S, T and P, although
this is a very unlikely possibility. In what follows, we assume V,A
interactions only, for the very simple reason that at present there
is absolutely no evidence for anything else.

If we describe the nulceon targets in (3.14) in terms of the
quark-parton model, then in analogy with (3.2) for an electron target

a2 came

dxdy 2w

zix{Cg; s g2+ B amn?

—

(3.15)
i i i i
ey - g2 002 F 1)
with the antineutrino cross-section obtained by substituting gp e gy
In this expression, fl(x), ?l(x) represent the densities of quarks and
antiquarks of type 'i', and g; and g; their couplings. It is usual to
express these in terms of the chiral coupling constants for the u, d,
: u u u uy _ .
s ... quarks i.e. (gv + gA) =20, (gv - gA) = 2Up etc., and in terms
of parameters g, g  and f:-
= 2 2
g = U+ D

UR2 + DRZ (3.16)

= p 2 2
f = DL + DR

e
]

here g~ and g+ measure the strengths of the V-A and V+A couplings,
and in the third expression, f denotds the s, 5 quark coupling which,

according to the GIM model, will be the same as the d-quark coupling.

Thus

azg"N G2ME - _ . ) + 5

Gay | T T % [F @ @ A2+ g () (1-9)2 ¢ (ued))
NC

+£.25(1+(1-y)2) ] (3.17)
with the antineutrino cross-secticn obtained by the substitution
g'*ﬂ-g+. The couplings of the u, d, s quarks in the Weinberg-Salam
model are given in Table IX, using (3.5). This model gives for the

quantities in (3.16):-

- S i 4. _ 12
g =4+ gsin’e -~ sin ew
+_2.4
g = gsid ew (3.18)
1 2 .4 b0
f 7t gsin ew 38in ew
TABLE IX

NC QUARK COUPLINGS IN SW MODEL

(gy = I3 - 2sine ; gy = 13)

i i i i i R 1
Quark I, Q gy gl (y*g,) (gy-2,)
' 2 1 4 2 1 o4 _ 4.2
u, ¢ ﬁf +3 2 §s1n ew 2 (1 351n ew) 351n ew
_1 _1 1,2.2 i 2.2 2502
d, s 5 3 -3 + zsin ew -3 ( 1+ %sin ew) + 351n ew

From (3.17) wé obtain for the v-v cross-section difference

N N
d26¥" - 4% _ G2MEx, - + - 2
T e T W gl G- D0 A (519

On the other hand, we have for the charged-current cross-sections

(with 6 -+ 0)



N 2
d2” G2MEx - 2
&dy Vo= T (werd+ (u+rd(1 -7
i.C
N
a20" G2MEX, - . ~ 2
e = (u+d- (u+dQA-y)°)
dxdy cc m
hence
2 VN 2 VN 2 _
(ﬁ g d’o ) B L d-0-3a- - (3.20)
dxdy L
cC
So, (3.18) and (3.19) together give us the important relation
wN VN
Sl (g - g
(dovN ~ dovN)Cc
(3.21)

= (! - sin?
(3 sin ew)

5%)
which, as pointed out a long time ago (1973) by Paschos and Wolfenstein€

is largely independent of the hadron model, and involves only more
general hypotheses, (strong isospin invariance).
The traditional analysis of neutral current inclusive cross-

sections is based on measuring the ratios of event rates (so as to be

flux independent)

_ NC,CC - 20 . 4
R=¢ /o = (3 - sin ew + >5sin Sw) + ..

(3.22)
Ro= M55 = (4o sinte + Dsinta ) + ...

These relations follow from (3.17)-(3.20), if one neglects QQ
sea contributions. Furthermore, it is necessary, experimentally, to
impose a minimum hadron energy to eliminate neutron background. Anti-
quark contributions, and the effect of the hadron energy cut, modify
the relations (3.22), to an extent which clearly depends on quark
distribution functions. In practice, since sinzew ~ 0.25, then from
(3.18) we see that the (V+A) coupling g+, is small compared with g~

(V-A); hence since comparison is made with the (V-A) charged currents,

-4

the effect of cuts, sea contributions etc. is not too severe. All
this, of course assumes that one really knows hor to describe the
charged curret cross-sections in terms of Q, Q distributions. Table

X lists values of R and R and the values of sinzew deduced from them,

correcting the raw values for the Eh cuts, and using (3.22) suitably

TABLE X

INCLUSIVE NC/CC CROSS SECTION RATIOS

(corrected for Eh cut}

Experiment Beam R R sinzew

GGM PS WB 0.26 = .04 0.39 + .06 0.32 £ .04
BNL 7! WB 0.25 £ .05 - 0.36 =+ .09
HPWF WB 0.30 + .04 0.33 % .09 0.23 + .06
CITF NB 0.27 + .02 0.40 + .08 0.32 = .07
CDHS NB 0.28 + .01 0.35 = .03 0.24 £ .02
BEBC NB 0.33 * .05 0.36 £ .07 0.22 £ .05
BEBC NB y distributions - 0.19 * .03

modified for Q, O sea contributions. The value of sinzew is determined

-

largely by the value of R, ratner than R, and it is remarkable that 2
experiments (CITF and CTHS) with virtually the same value of R‘never—
theless come up with quite different values for sinzew. In particular,
it is certain that the values deduced from the low energy (GGM PS and
BNL 7') experiments are strongly suspect, since the analysis involved
application of the naive parton model in the region of only a few GeV
incident energy.

(56}

The very accurate CDHS data is shown in Fig. 38, where R is

plotted against hadron energy E, for different radial distances from

H

the narrowband beam axis (corresponding to different neutrino energies};
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one sees that R is independent of E or E The BEBC ABCLOS(57) narrow-

"
band data quotes absolute values of the neutral current cross-sections
(subject to the cut EH > 15 GeV) using events within different radial
regions and hence in different enefgy ranges (see Fig. 39). Their
result for sinzew comes, not from R and R but by measuring the
difference ratio (3.21) directly; thus it is much more model-
independent than the other determinations.

The cross-sections or rate ratios R, R do not utilize all the
information available. Recently, the BEBC NB collaboration have fitted
the absolute differential cross-sections do/dy', where y' = (measured
hadron energy)/(muon kaon neutrino energy at that radius), to curves

(60)

computed by a Monte Carlo method, using the Buras-Gaemers quark-
antiquark parameterisations, flux data and missing hadron energy
distribution (Fig. 9)}. The results are given in Fig. 40, showing the
distribution for CC events (used =2s & proof of the method) as well as
NC events. This analysis(57) gave sin29w = 0.19 * .03, with a systematic
uncertainty (from flux normalization etc.) also of 0.03.

In summary, the most reliahle inclusive data on neutral currents
seewms to be consistent with a unique ‘alue of sin%é = 0.20 + 0.25.
Fig. 41 shows the world average data on g and g_ from Sciulli's

(44)

rev.ew.

3.5 Isospin Analysis

The discussion about the semi-leptonic neutral currents has so
far been concerned with inclusive reactions on isoscalar targets. Judg-
ing from experience with charged current weak reactions and from
neutral current electromagnetic reactions, we expect both isovector
(I = 1) and isoscalar (I = 0) currents to be present. Again, there

is no evidence for anything exotic, like isotensor (I = 2) currents,
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and we do not consider such possibilities. The assumed V, A and

1 = 0, 1 structure leads to four
(61)

amplitudes which we denote in the

Sakurai notation

Y vV I=09

8 A I=0
|l||11||l|111|11||l|||1
1 In the quark model, terms like (uu - dd) are isovector,
. -3
Weinberg —Salam T while (ub + dd) is isoscalar. The effective interaction Lagrangian
-~ can thus be written
0.8 . 2 - . _ ]
sin gw B Leff .G VYu(l + YS) uyu(u + Bws)u - aYp(a + Bys)d
1 22
v — + uyu(y + Sys)u + ayp(y + Gys)d + ] (3.23)
ure B -
P ector ~ where + ... stands for contributiuns from s, s ... quarks. a, B,
0.6 - Y, § can be expressed in terms of the chiral coupling constants
. defiined previously:-
- L 1
] U sgla By v 8) Dp=gl-a -B+y+8)
0.4 ] AR P bl gy gy O
] R = 7l y - 68) r = 70-e Y - 8}
X 0'2 T For an isoscalar target, we obtain
!lllllJJ[Ji!lllL S
A .2 3 q 5 ¢ - N - + 2.n 2 2 2
: ooy A A e S
g_ o -G :
isoscalar

Fig. 41  World average data on g, and g_ (after Sciulli)

1
= (a8 + ¥8)
+ +
I=1 I=0

GNC . 8NC 1 ) )

- g__*g9 __ = 22 2

cc ¢ /. Fo® + BT+ vT + 89
[ + 0 isoscalar

so that one measures the V/A interference and the overall strength, but
obviously not the I = 1/I = O interference (i.e. a term of the form

ay + BS).
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There is now considerable evia:hce that the neutral current

cannot be isospin pure. For example, study of the semi-inclusive

pTOCeSS(Gz)

v, Ve N+, v+ o+ X (3.25)

was made in Gargamelle (CFsBr filling) for events of E > 1 GeV and
pions in the "current framgentation region™ 0.3 < z < 0.7. Kluttig

et al found

+, -
v 0.77 £ 0.14 (7 /7 ); = 1.64 $0.36 (3.26)

while a pure I = O or I = 1 coupling would predict unity for an iso-
scalar target. Since n/p = 1.19 in freon, and there could be
problems with neutron contamination in the neutral current sample,
this result is not cast iron.
o L (63) .
However, Gargamelle propane (C3H8J results on the cross-

sections for the single 7° production
o(vr°p) - o(vr’n)
o(vr'p)

comm +n serahlich denerglard Icovecrtar intere
S€€m TO €&stdaoiisn Lau)\.axax/ 1sovector intere

secondary nuclear effects should be much smaller than in freon.

From the inclusive reactions described previously, and a detailed

(64}

analysis of the semi-inclusive reactions (3.25), Sehgal was able to

2

extract the values of ULZ, URZ, DLZ, DR . For example, the process

wN + vr'X has a cross-section
do + 1 nt 1 *
_d9 o 2 2 2 2 b
d Xdz(vN+vw X) (UL + 3UR )u(x)Du (z) + (DL + 3DR )d(x)Dd (z) (3.28)

+
A . ki
where the fragmentation functions Du etc. can be found from charged-

current neutrino data, as well as ep and ed scattering data. So,
with different combinations of UL’ UR’ DL and DR from equations like
(3.28) and (3.17), the chiral coupling constants can be extracted.

However, in the future, it will be important to check this analysis

.

“52-

with higher-energy data, where the concepts of current fragmentation
are more believable than they are at PS neutrino @nergies.

The determination of the squares of the couplings in (3.24)
does not determine o, B, y and § unambiguously. in fact, there is a
4-fold ambiguity; the squares of the couplings are invariant under

the interchange V<> A, and I = O+> I = 1. These correspond to

(61)

the four solutions A, B, C and D of Hung and Sakurai which are
listed in Table XI (with the most recent data included(és)}.
TABLE XI
NEUTRAL CURRENT COUPLINGS

[ B Y [
Solution V, I =1 A, I =1 VvV, I =90 A, I =0
A +0.58 * 0.14 +0.92 + 0.14 -0.28 * 0.14 +0.06 + 0.14
B +0.92 +0.58 +7.06 -0.28
c -0.06 +0.28 -0.92 -0.58
D +0.28 -0.06 -0.5% -0.92

Solutions A and 3 are isovector-dominant, and are strongly

f avoured by

(63)

two pieces of evidence. First, in the GGM propane

data , a A signil is clear.y visible, as shown in Fig. 42.

Secondly, there is evidence from results on vp +~ vp and Vp + vp
(66)

scattering. The :lolurbia-Illinois-Rockefeller experiment gives

R = o{vp > vp;

o~ Slun +cp) = 0.20 * 0.06

(67)

and of the Harvard-Penn-Wisconsin collaboration,

R_=0.11 * 0.02
p

R = alvp + \-)E)

- Bl =019 1 .05
Pogip » un)

The relative magnitudes of Rp and RP turn out to favour solutions A and B.
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(68,69) which go further and obtain a

There are also analyses
uniqué solution - solution A above - by considering the Gargamelle
C3H8 data in the light of the Adler model of pion production.
However, caution must be exercised in interpretation of pion charge
ratios in heavy liquids involving complex nuclei, and further
experimental checks are needed.

Solution A is, indeed, exactly what we would expect from the

Salam-Weinberg model; from equn. (3.4) we have, decomposing into

isoscalar and isovector parts:-

NC_ 3 3 R ) em
JA = (Vk + AA ) 2sin Gw.JX \
1 o
I=1 (V.3 « 2v.%)
+A 3 A*

I =1 I =0
so that we obtain the following 1lues of a, B, y, §, to be compared

with Solution A:-

Salam-Weinberg value sinzew = 0.22 Solution A
afl = 1,V) = 1-251n2ew 0.56 0.58 + 0.14
B(I = 1,A) =1 1.0 0.92 + 0.14
v(I = 0,V) = -%sinzew -0.15 -0.28 + 0.14
(7 =0,A) =0 0 0.06 *+ 0.14

3.6 Conclusions

Since they were first observed, some 5 years ago, considerable
progress has been made in understanding hadronic neutral weak currents.
They consist of V, Aand I = 0, I = 1 admixtures, with the couplings
a, B, Yy and 6 closely in agreement with the predictions from the Salam-
Weinberg model (with sinzew = 0.22). All the most recent inclusive
data, including model-independent analyses, are consistent with a unique

value of sinzaw = 0.20 - 0.25.
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In the leptonic sector, the vewy high cross-section for v,e

scattering from a Gargamelle SPS experiment seems to be an unusual
statistical fluctuation: the other experiments are very consistent

with the Salam-Weinberg model, with the above value of sinzew

4, MULTILEPTON EVENTS AND CHARM PRODUCTION

4.1 Opposite Sign Dileptons in Counter Experiments, and the GIM Scheme

Over the last 2-3 years, of order 10,000 dimuon (u'u+) events have
been accumulated in counter neutrino experiments, and of order 300 u_e+,
u+e_,u+u_ events observed in bubble chambers. These events are described
by theteactions vyt N>y + 2%+ X, Gu eNaut T e

All the observed characteristics of the opposite sign dileptons
seem to be consistent with the expectations from the standard GIM scheme
(70), in which the weak Cabibbo couplings, characterized by the Cabibbo

angle B are described by the quark doublets

u < \
ssiné + dcosh R scosf - dsiny ) (4.1)

resulting in cancellation of the unobserved A™ = 1. AC = 1 neutral
currents. To orient the discussion, we first discuss the p}edictions of
the scheme, regarding single production of charmed hadrons in neutrino
(antineutrino} reactions. The typical reactions expected are given in
the table below. Fcr neutrino beams, charmed particles can be produced
by collisions of both valence and (strange) sea quarks, while for anti-
neutrinos, only rroduction of sea quarks is possible. The relative
contribution of sea quarks and valence quarks is denoted by e. 1In

the subsequent disintegration of the charmed hadrons, decay into strange

particles is enhanced:

c+s +du cos?8
+d + du sin?g
+ 5 + E+ + v (4.2

c+s5+ 28+
Leptonic decay of charmed hadrons is expected to have a branching ratio

B v 20%.



“9/p°9 ¢ty & d ‘wnjuswow uonw wo INd IY3I 03 AI2ITIUI INp S £819ua yitm aseaiour jusiedde ayj pue

F3o uo130919p Yz Jo sduspuadap LJisus

‘[D‘.[

‘semiaz pue [B3ysg jo [2pow syl woij peindwod ‘4Lous

ay3 103 aie saaInd oyJ °*A319Us OUTIINAU JO UOTIDUNI B SB 238X Judad uonu sydurs/uonmiq 4 ‘814

*§3U23A9 UONWIP OUTIINAUTIUE () OUTIINaU (B) 103 A][EIUOZTIOY WNIUIWOL

(ea13150d) 2atje8au ay3 jsutede ‘A71EDTIIsA unjudwow uonw (Iarjedau) ar3Tsod 2yl Jo sIold €Y +314

¢y 314

w7y 814

Ey, (Gev)

w
~ -
<

m
<
i m E
[ #
>
°o
k-3
Events /5 GeV
3 3 8
n
@ m
£ i :
B
B
] : N n s s s "
Ey, (GeV)
3 g
s & B
n A
3 »
- 14
7| - 1«
= #
-
9 3
Ed
Events /S GeV
~ »~ o -3 3
n s
. =
£ £
P . ; " s . s
Dwnuon /charged current rato (%)
° o
- ]

A9

0%

PR

Detection effciency (')

—55-

TABLE XI11

CHARM PRODUCTION IN GIM SCHEME

Quark Target

Reaction Ac (Valence V, Sea S) Rate (do/dy)
v+d+ru o+uy 0 v cos2g

v +d »/,47 +C 1 \' sin2g
vtSsS oy +c 1 s ecos28

(+8) (+3)

Srusq o+ d 0 v cos?p(1-y)?
D+ E ey 8 1 S £cos 29

(+s) (+s)

These considerations suggest <he following characteristics of

dilepton events:-

Final State Ratio (u2¥/u’)

L ts+ v Btan2p

u_ﬂ+ +s+5+,, S Be (4.3)
+ - -

uwe +s+s+ .. S 3Be

so that the predictions are fairly clear cut:-

(i1)

(iii)

Opposite-sign dilepton events should predominate. In all
experiments, opposite-sign indeed outnumber same-sign events by

at least a factor 10.

In neutrino reactions, the negative muon, from the lepton vertex,
should have a much larger momentum than that of the positive lep-
the converse

ton, which should be characteristic of hadron decay;

should hold in antineutrino reactions. This is illustrated in

Fig. 43, showing the CDHS data.(71)
Because of transverse momentum conservation between the u and

the hadrors<, the azimuthal angle (about the Dbeam axis) between



the u~ and Z+ should be large. In the CDHS experiment, ¢ ~ 1300,
confirming the g as from the hadron, rather than the lepton vertex.
(iv) The x distributions of antineutrino-induced dimuon events should
be characteristic of sea nuarks (i.e. predominantly at small x-values);
that for. neutrino events, of a combination of valence and sea
quarks, and thus broader. This is confirmed experimentally(71)
(Fig.44). As indicated in Table XII, the y distributions for both
neutrino and antineutrino dimuon events should be similar, and
this is also observed (the flat y distribution expected is in fact
modified at finite energies by threshold and acceptance effects).
(v) Experimentally(71) it is observed (Fig.45) that the ratios
(dimuon rate)/(single muon rate) are essentially the same for
neutrinos and antineutrinos. From 4.3 this implies £ ~ /tan?@ = 0.03
for the strange-particle sea. The curves in Fig.45 show the

E-dependence expected(72)

purely from acceptance considerations
(i.e. both muons were required to have P, > 4.5 GeV/c to be
identified as muons by their penetration).

Taking account of this, it is seen that the true dimuon/single muon
ratio is roughly constant for E > 20 GeV, and = 0.5 - 17 for both
neutrino and antineutrino beams. For a muonic branching ratio

B/2 = 107, we expect a u-u+/u- ratio B(e + tanzo)/% = 1%, in good

accord with observation.

This brief review of observations and predictions gives great
confidence that the vast majority of dimuon events are indeed due to
charmed hadron decay. A closer comparison is hardly possible until one
has a better understanding of kinematic problems, that is the precise

effect of thresholds, momentum cuts, etc., on the scaling distributions

~56—-

Events 1 005

Everts 1005

Fig. 44 x distributions of dimuon events produced by

(a) neutrinos (b) antineutrinos. In (b) the
distribution should be typical of the sea quarks,

and in (a) of a combination of sea and valence quarks.
vy distributions for (c) neutrinos {(d) antineutrinos.
In both cases one expects a flat distribution,
modified by threshold/acceptance factors as indicated

by the solid curves.



which are used in computing the expected event rates.

4.2 Dilepton events in Bubble Chambers; Strange Particle Association

To date (July, 1978), a total of 5 neutrino experiments in the 15°'
FNAL chamber, 2 experiments in BEBC and 1 in Gargamelle (at the SPS)
have reported dilepton events. Most of the total of 269 events consist
of u_e+; the average value of the ratio u‘e+X/u_X = 0.5 % 0.1Z. This
is not too meaningful, because different minimum momenta (pe+ > 0.3 GeV/c
or 0.8 GeV/c) have been used in different experiments, but the u_u+ and

n e+ rates were measured for the same p+(min); they were equal (within,
however, a large error).

Only 2 experiments, both at FNAL, have quoted rates in antineutrino
runs. On a total of 16 dilepton events, the average value u‘e+X/u+X =
0.22 + .06%, apparently less than the fractional dimuon rate for neutrinos,
in disagreement with the CDHS findings.

The strange-particle (Vo) rates are the quantities of main interest,
since they are predicted by the GIM model. In general Ki, Etparticles are
not identified, and we have to rely on the VO ‘rates (KO, Ko, A and £°
production and decay. Again, in Table XIII all experiments have been
averaged.

The first point to make is that the dilepton events have a significantly
higher observed v® rate than the events with a single muon; 237 compared
with 6% in the case of neutrinos. Thus the prediction (4.2) of production
of charmed hadrons, and their preferential decay into strange particles is
verified. More than 80% of the V°'s are due to KOS > decay.

Possible KoL decays were not considered here since, even when they are
detected, they are likely to be far from the production vertex and cannot
always be unambiguously associated with it. Taking this, interactions

. - . . o + -,
in flight and the branching ratio for K s > ™ ™ into account, the

corrected V° (=K0) rate is given in the final column of the table.

~57-~

i
TABLE XIIT

V-PARTICLE RATES IN DILEPTON EVENTS

-
Beam No. of experiments # v° # u_l+ Vo/event
averaged
Neutrino 8 74 325 0.70 0.1
Antineutrino 2 9 16 1.8 + 0.7

From the counter data on ¢ in (4.3) the GIM model predicts on
average 1.2 strange particles per neutrino dilepton event, and 1.8 per
antineutrino dilepton event. Making the plausible assumption that
charmed decays to neutral and charged K's are equally probable, it is
seen that the predicted and observed rates are quite compatible. The
difficulty of identifying Kt is un“ortunate; it means that the expected
prevalence of S=-1 (rather than S=+1} products in neutrino dilepton
events cannot be verified. There is soTe evidence that D-meson decays
are involved in the dilepton events. Fig. 46 shows the Columbia/BNL

(78)

O+ . -+ . .
data on the K'e'mass spectrum in p e events with but a single K°.
. R . +
It is competible with that expected from the decay mode D - K%re Y,

which is known to dominate over the decay D » K%ev.

4.3 Evidence for Non-Leptonic Charmed Particle Decay

In summary therefore, the characteristics of the bubble chamber
dilepton events provide strong support for the GIM production scheme,
with charmed mesons (and possibly baryons) generated in some 10%Z of

neutrino events.

A systematic search for the (more abundant) non-leptonic charmed

. (78)
particle decays has been made by the Columbia/BNL group . Ina



Fig. 46

Fig. 47

I~
|

Mkoe* Gev

. . L . 0 :
Distribution in invariant mass of X  and positron in
dilepton events with single v° (Columbia-BNL data). The
expected distribution for D+Krev, the dominant decay mode,

is in good accord with the data.
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Invariant mass distributions of K'm m system in (a) charged-
current events containing a v of p > 2 GeV/c (b) events

without a muon (neutral currents). Columbia-BNL data.

total of 50,000 charged-current evehts in the 15' FNAL chamber(Ne/H2

filling) they observed 1815 examples of K: s and 1367 of A%+ T p,

the majority doubtless due to associated production of strange particles.

s s + - x
As shown in Fig. 47, the K%r" 0 mass spectrum shows evidence for a peak

at the D mass (1.86 GeV/cd) in events with a negative muon (and none in

neutral current events). From the known experimental resolution the group

estimates a signal of 55 * 13 events. Assuming » branching ratio for

0% k%' of 4 they deduce a ° production rate of

-0
g(wN > DX = 7+ 37

g(wN 1 X)

which is comparable with the expected rate of about 10% for charmed

hadron production (of all types} from Table XII.

4.4 Llimits on Single Strange Particle and Chatmed Particle Production

in Neutral Current Events.

No evidence has been found for flavour-changing neutral currents(i.e.

AC=1 or AS=1). Table XIV lists 90% CL upper limits for such reactions, as

Table XIV

LIMI'TS OGN FLAVOUR-CHANGING NEUTRAL CURRENTS (907 CL)

Experiment Reaction EM(GeV) Fraction of total
NC cross-section

oM ps(7) WN + X + £%,z° 2 - 10 <5.1073

cous nel7®) WN + vK + C oyt > 100 <26.10°°

oM ps 77 WN + X + C et 2 - 10 <13.107°

NaL 150 (78 N+ vX + C oe” > 20 < 80.107%

FNaL 150 79 TN > VK 4 C e’ > 20 < 20.107°
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ratios of the AC= AS = 0 reaction cross-sections. Although these limits
ar< only at the few per cent level, and thus not very stringent, they are
at least in support of the GIM scheme, in which such neutral currents are

forbidden.
4.5 Trimuon Events.

Considerable numbers of trimuon events have been observed in counter

experiments by the CDHS(BO) 74 at

group at CERN and by the FHOPRW group
FNAL. As indicated in the table below, the rate is strongly energy-
dependent. Identification of the muons depends on their penetratibn, and

this imposes a minimum momentum of 4.5 GeV/c. It turns out that, for all

Table XV

TRIMUON RATES

Experiment FHOPRW CDHS
Beam Ep=400, quad triplet Ep=350, horn focus
# u—u_u+ 16 76

# utut?t 1 4

# background ~ 1 ~ 6

(m,K decay)

- - - -5 . -5
uu p/p (A1l E) (8 £2).10 (3£0.4).10

- - 7 - -5 -5
vy /e (E > 100) (17 %6).10 (11 £3).10

models of trimuon production, the apparent energy dependence ( as for
the case of dimuons) arises entirely from this acceptance requirement.
The results of the two experiments are compatible; however, it should
be emphasized that the FNAL quadrupole-triplet beam, with 400 GeV

incident protons,is considerably harder than the CERN horn beam, operated

~59-

. - - %
with 350 GeV protons (see Fig.4). For neutrino beams, v u v events
-+ + . .
far outnumber p ¢ p events, all of which can be ascribed to background.
The possible origins of trimuon events have been discussed by a

(59’73). Three main processes have been considered:

number of authors
(i) decay of heavy leptons, (ii) cascade decay of heavy quarks, (iii)
electromagnetic pair production.

We denote the leading w  as ul, the second u as u2 and the v as
u3. The leading u~ is chosen so as to minimize (pTu2 + pTus) relative

to the vector EV - 5 Referring to the distributions in Figs.46 and 47

ul’
for the CDHS data, we consider each porrible origin in turn:-

v+ N> L +x
L» WP+ T+ o

t—)\)+p_+p

(1) Heavy Lepton

+

M and

To obtain the correct distribution in invariant mass, M123’ L-

M are chosen to be 9 GeV and 1.5 GeV respectively. Then, the observed

LO
< . . T T .

distribution in net transverse momentum, (p 2 +p US)’ is found to be

peaked tu .mall values, in strong contradiction with the heavy lepton

hypothesis (Fig.49). The CDHS group estimate <177 of trimuon events can

be duv to heavy lepton cascade decay.

(ii) Heavy Quark Cascade v+ N-+>b@4.5+u +X

— +
¢+t v 4y

SV o+
The leptonic decay chain following b quark production could give
rise to trimuon events, However, the distribution in invariant mass Mz3
(Fig.48) is again too peaked to small values. Obviously, possible
heavier quarks would give an even larger discrepancy. The CDHS group

estimate <107 contribution from such a source.
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(iii) Electromagnetic pain production

The third possibility considered is that one is dealing with

normal one-muon events, in which an extra u+u— pair is produced by either
(a) internal bremsstrahlung at the lepton vertex, or (b) by muon pair
quantum electrodynamics. Fig.49 shows the distribution in ¢, the
azimuthal angle of El relative to 52 + 33, measured about the beam
direction, and it is seen that the absolute rate of trimuons, for ¢ < 600,
is well accounted for in terms of this bremsstrahlung process.

The hadronic muon pair rate (originating, for example, from
oo - u+u_ , the Drell-Yan process, etc.) has been measured in hadron
experiments and, for the range in hadron mass W of the neutrino
experiments, one can predict the distribution in ¢ expected. It is
compatible, in both shape and magnitude, with the trimuon events of
¢ > 60°.

The contributions to the 3u/ly ratios from the two sources considered
here are (0.7 * 0.1).10_5 and (2.10_5) respectively - thus in good
agreement with the CDHS numbers, although somewhat below those of the
FHOPRW collaboration (Table XV).

In addition to the normal trimuons, characterized by one leading
muon and two of lower energy, the FHOPRW group have reported two "'super
trimuons"; in each case E{vis) > 200 GeV, and all three muons have
comparable energies (60 - 90 GeV each). There is at present no explanation
of these events in terms of known processes,

4.6 Like Sign Dimuons

As stated before, like sign dimuons (¢ p ) occur at about 1/10 of the -

rate of the unlike sign (u-u+) events.

The FHOPRW group(74) have measured the rate in targets of three

different densities; on plotting against the absorption length Xabs’ a

-61-

prompt signal is observed at the 2.5 standard deviation level. The CDHS

group do not have data at

different Aa they can only

bs’

4
1 compare their u 'y~

/Aqyb- rate with the
/47 background rate from K,n decay,
based on a Monte Carlo program

using bubble chamber hadron

. distribut

a
AAAAAAAA tions a

caleulated background is equal to

the signal, within a factor 2.
At present, it is not possible to decide if like-sign dimuons exist

as a non-trivial phenomenon. Judging from the FHOPRW data on b, Py: E R

vis

muu distributions, the characterictics of p p  events seem to be very
i -+ ; o

similar to those of u u - suggesting a hadronic origin.

4.7 Prompt Neutrino Production - Beam Dump Experiments

Luring the last year, two "beam dump'" experiments were carried out,
measuring the production of prompt single neutrinos (CERN) or muons (FNAL)
in 400 GeV proton-nucleus collisions.

(a) Tero degree experiment

In the CERN experiment, 400 GeV protons, which normally fed the
beam

wideband[and pointed directly to the detectors, were incident on a copper
block of diameter 0.27 m and length 2 m ({followed by iron blocks).

+ +
Cunventional sources (n°, K*) of neutrinos were therefore suppressed by a

factor f = (interaction length in copperx/(length of decay tunnel)

= 3.107%,

(82)

The dectectors used were the bubble chambers BEBC (filled with

Ne/Hz) and Gargamelle(gz) (filled with CFSBr), and the iron/scintillator

(84)

array of the CDHS group The "wideband background" - i.e. the remnant
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flux of v ,,v , v_and v
H u € e

from normal n and K-decay, was estimated and
the calculation checked by measuring the muon fluxes in the shield.
Table XVI shows the salient features of the events observed in the
different detectors. In BEBC and Gargamelle, secondary ei could be
readily detected*. The observed rate of et, relative to ut events is a
factor 6 greater than that expected. In the CDHS detector, electron events
would appear as muonless events to count as neutral currents, and the
observed NC/CC ratio is a factor three times that in normal neutrino
running. So, in all the detectors, the results are consistent with a

flux of Ve relative to vu which is much larger than for wideband back-

ground; one has to postulate, in addition to such background, an extra,

prompt source of neutrinos, in whichve and vuare cmparable in intensity.

Table XVI: Observed and Expected Eient Rites
(brackets indicate even: numbers)
Detector BEBC Gargamelle CDHS
E_. ) >10 GeV >10 GeV >20 GeV
vis
-, - +, + -+ -+ 4+ -
e /u e /u (e +e)/(uru) Nc/ce u/lu
Expected %.07  0.09 0.07 0.3 0.16
Observed 0.37 0.80 0.56 0.86+.08 - 0.22+.02
(11/20) (4/5) (9/16)
Ve flux per
-8 -8 -8
proton per (7.5£2).10 (5+2) .10 (1.8+0.4).10
usr (64l.8mr)

* The sign of charge (e+ or e ) was not distinguished in Gargamelle.



The last line in the tab.( shows the computed v  flux per incident
proton and per microsteradian of solid angle in the forward direction.
While the BEBC and Gargamelle data agree, there is a factor 3 discrepancy
with the CDHS results, which is not understood. The energy distributions
of the various event types in the BEBC experiment are shown in Fig.50,
where the curves indicate the calculated wideband contribution (w,K decay
in flight in the dump).

Before concluding that the anomalously large ratio of e/u events
signifies a prompt neutrino source, it is necessary to exclude possible
For example, since the ratio of decay

effects from proton beam halo.

modes Koe /Ko = 1,5, a k% source could be responsible. This might in

3 u3
principle arise from the proton beam scraping the vacuum pipe, in a region
upstream of the dump where the proton beam poimts to the detectors, and

there is enough magnetic bending to sweep out charged kaons (which would

give b, >> 6, ). The observed rates however require 1Z of the proton

beam touinterazt with the vacuum pipe or magnets in this way and this
possibility is excluded because no abnormal radioactivity was recorded.
The prompt neutrino fluxes in Table XVI may be compared with prompt
muon fluxes measured in other experiments; for this purpose, the
neutrino fluxes are divided by the corresponding 7 fluxes (computed
from the Hagedorn-Ranft model) into the same solid angle (8 < 1.8 mrad)
subtended by the detector (in this case, BEBC, at the target). The
values are given in Fig.51, together with data on prompt muon production.
Most of the muons are known to be pair-produced (“t) and only ~30% are
single; thus the single neutrino and single muon rates are very
comparable, and it is natural to think of a common origin, namely leptonic
decay of a hadron (e.g. D - nu+vu or we+ve). A recent CalTech-Stanford
(85)

experiment was done at FNAL under very similar conditions to the

T T T T
L _ . 18
> E » 2
() o E 0 S
O ' 2 _]
o3 g 2 8
3 Q o = o @
O Vv
[ B Q
o = (-
N w——
A v I I ! 1
w > o
L og L N
. : g
= E £ g E 2 o}
= £ i O g 3 n g q1e
E 3 g
s . o O ) @ o
» » L L e 4w 48
55 ul
> >
W 1 1
]
1 L { (
o < o ® < 54
SJUBAS §0 1BQUINY
LA BLALIE S S PIHII T X ]1”!1( T v ]ﬂlllll T
m 1+
L2 8 R
R s -
s o B N/
B E - i 8 g i // ]
&2 SJ¢ E -0 f—o—
2K EEE o /
-t + / —
X s }i % o o
L R /
- s a / —1
o o + < D /
/
- —ozo- :
’
V4
-0 J
. IR I | nIH(LLI 1 = NI niHIAAl I =
o) Q Q e} [e)
d
a/ "2

63~

150 200 250 300

100

50

Eyis » Gav

, Gev

fluxes in the BEBC beam dump running, at

0 mrad in

fluxes to '

e
.Cu and at 15 mrad in Be. Data on forward muon fluxes are also indicated.

Fig. 51 (left) Ratio of prompt v

events with visible energy, at 0 mrad and 15 mrad.

and u

Fig. 52 (right) Distribution of e



CERN experiments. The single muon flajes per proton were in very close
agreement with the single neutrino fluxes quoted above.

(b} 15 mrad beam dump experiment

The data above apply to lepton fluxes generated at the dump target
at very smallvforward angle (8 < 4.8 mrad). During narrowband runs, the
400 GeV protons are incident at 15 mrad to the (wideband) axis on a Be
target 1.5 interaction lengths thick and are absorbed also on the
narrowband collimators at larger angles (25 mrad) when negative secondaries
(v ,K") are selected. Thus, the narrowband runs should record prompt
neutrinos emitted at 15 mrad to the forward direction. The distributions
of the "wrong sign" p~ and e events in NB antineutrino runs is given in
Fig.52, together with the zero degree data. Again, an excess of e
events is observed; the corresponding ve/ﬂ+ production ratio is included
in Fig.51. (One should note that the 15 mrad data are for a Be target,
while the 0 mrad data were for Cu). The 15 mrad fluxes provide useful
constraints when we discuss prompt lepton production mechanisms below.

(¢) Interpretation of beam dump results

The prompt neutrino (and muon} fluxes have been interpreted in terms
of production and decay of (pairs of} charmed particles in proton-nucleus
collisions. The model makes the following assumptions.

(1) The parents of the prompt leptons are DD pairs, from which one
expects equal fluxes of Vs Gé, vy and ;; - consistent with
observation.

(ii) The D mesons undergo decays in the dominant mode D - K*ev
(or D ~» K*uv) with 10% branching ratio, as indicated in ete”
experiments.

(iii) The invariant cross-section for D production is given by
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Bdlo/dpd = comst. (1-x)"exp(-bpy)

where x = x(Feynman) = pL/pL(max), P is the longitudinal D momentum in
the CMS and Pr is its transverse momentum. Judging from results on ¢
production by incident protons, we expect n = 3 or 4 and b = 2 Gev_l‘
Study of the energy distributions, at 0 and 15 mrad, of the events
recorded indicate values of n =3 - 5 and b > 2, This results in an
estimate of a mean multiplicity for D-meson production in proton-nucleus

. -3
collisions of <n > = (3 + 6).10 ~ per proton.

D
If we assume 33 mb for the pp inelastic cross-section, and that the

: : . 2/3
D production cross-section on a nucleus of mass number A varies as A /3,

this analysis gives
o(pp = DD + X) = 100 » 200 ub

If, as seems more likely, the DBAprqduction varies as A per nucleus, then

o(pp - DD+X) = 25 + 50 ub. These cross-section numbers refer to the

BEBC and Gargamelle data. As might be expected from Table XVI, the CDHS

results give a cross-section estimate which is smaller by a factor 3. But

in any case, and irrespective of the exact nature of the x and Pr

distributions, the experiment indicates DD cross-sections well in excess
muon (85)

of 10 ub per nucleon. The results yield similar conclusions

(d) Comparison with other data

A large number of counter experiments have been carried out to look
for charmed particle production in hadron collisions. They give cross-
sections, or, more usually, upper limits, which are not in serious
disagreement with the above figures. However, there is a limit of 1.5 ub
from an emulsion experiment searching for pair production, and decay, of

(86)

charmed particles in proton-nucleus collisions In fact, the limit

depends on the lifetime 1 assumed; if 1 is very small,or very large, the

probability of detecting a decay is reduced, as shown in Fig.53. The
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prompt neutrino (or muon) results and the emulsion result would be

compatible if 1 > 1072 or 1 < 107 sec.

The former limit is essential}y

excluded, since measurable gaps would then be found in bubble-chamber

dilepton events. The second limit is hardly reasonable from a theoretical

standpoint (i.e. simple application of the Sargent rule of B-decay,

could hardly be wrong by a factor 103.)

(e) Other conclusions
The beam dump results set interesting limits on other possible

processes. Some possibilities can be discarded immediately. For example
t-leptons are not a possible source of the prompt neutrinos observed; the
lepton pair production cross-section is known from u-pair cross-sections
and its maximum possible value is at least a factor 103 - 104 too small.
Furthermore, 71 - Vo +ﬁ's would lead to Vo interactions,

(vT +N+71+ X > v+ hadrons) and values of NC/CC >1.

A scalar boson called an axion(zz’zs’el) has been postulated in
order to avoid CP violation in strong interactions. Upon interaction
in the detector the axions would give neutral current-like events, with
however p. balance since there is no secondary lepton. The BEBC
grorp(32) quotes an upper limit of <2.10-67 cm4 for the product of axion
productior and interaction cross-sections, about a factor 50 smaller than
that expected for this particle.

In summary, a fraction, perhaps even most, of the beam dump events
may be due to leptons from prompt decay of charmed hadrons produced at
the target. However, the resulting equality of the excess Ver Cé, vu
and CL fluxes is not established and further experiments are required,

Quite different sources of the events are also possible, but heavy leptons

and axions appear to be excluded.
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WEAK INTERACTIONS AT HIGH ENERGIES

John Ellis

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

and
CERN

Geneva, Switzerland

General Introduction

There is a Yiddish saying '"May the Lord preserve you from an inter-
esting 1ife," but we are probably not sorry that life in high energy
physics has been quite interesting lately. Indeed we seem to be passing
through an archetypal sclentific revolu_tion,1 wherein gathering contra-
dictions dissolve into apparent chaos and confusion, and a new orthodoxy
emerges and defines a framework for the next phase of normal accumulative
scientific development. It is not yet clear whether the gauge revolution
will have any indirect effects outside fundamental physics, but its in-
fluence certainly colours the questions we now ask in our high energy
experiments. The purpose of these lectures is to review the phenomeno-
logical implications of the modern spontaneously broken gauge theories of
the weak and electromagnetic interactions,2 and make some observations
about which high energy experiments probe what aspects of gauge theories.
It should be emphasized at the outset that the evidence in favour gf gauge
theories is largely circumstantial-~we have yet to find directly incrimi-
nating evidence for gauge ideas, and these lectures are presented in the

hope that they may furnish useful clues for future detective work. Almost

-70~

no reference will be made to alternatives to the gauge orthodoxy. This
is not because I abhor heresy, but because of a perscnal feeling that the
most fruitful way forward is to take the "standard model" at face value
and use it as a paradigm for generating phenomenological questions and
experimental tests. And the heretic cause is wdmirably served by the
ingenuity and persistence of Bjorken.3

These lectures should be devoted to the weak interactions, but it
would be disingenuous to ignore the 'standard mode)" for the strong inter-
actions-—quantum chromodynamics or QCD.4 On a philosophical level, it
seems quixotlic not to believe that if the gravititicnal, weak and elec-
tromagnetic interactions are described by gauge theories, then so also
are the strong interactions-~QCD is an unaliens.le part of the gauge
package. On a pra.tical level, many tests of gauge theories of the weak
and electromagnet.c interactions rely on the quark-parton model5 for
hadrons at large momeatum transfers. We surely need some theoretical
underpinning for the phenomenological parton mcdel, as a way of exploring
its domain of applicability ~nd understanding how it may break down and
need modification. On a sentimental level, it would be invidious to
exclude the gluon {rom a shopping list of gauge-theoretical desiderata.
Lecture 1 will review some basic QCD phenomenology, including momentum
dependent ef“ective quark distributions,6 the demise of the Pp cutoff,7
and the search for gluons as sources of hadron jets.8

We will then move on to the main business, the phenomenology of weak
and electromagnetic interactioms at high energies. Lecture 2 will review
the status and prospects for the spectroscopy of fundamental fermions

(quarks and leptons), and how fermions may be used to probe aspects of



the weak and electromagnetic gauge theory. Lecture 3 will deal with the
pursuit, capture and investigation of the anticipated intermediate vector
bosons.9 Lecture 4 discusses miscellaneous possibilities suggested by
gauge theories--ranging from the Higgs bosons,10 which lie at the heart
of the spontaneous symmetry breaking mechanism that is supposed to pro-
vide the masses of other particles and hence make massive vector boson
theories renormalizable, to speculations about proton decay.ll

The possibilities discussed in these lectures are generally rather
conservative and minimal. For example, the simplest SU(Z)L x U(l)
Weinberg-Salam model12 is often used to illustrate tests of the unified
theories of weak and electromagnetic interactjons. It has the bare mini-
mm of three massive intermediate vector bosons, one physical Higgs
boson, and perhaps as few as six quarks. All other gauge modeis are
more profligate in their gemeration of new particles and weak interac-
tions. However, we will see that even in this model, the predictable
discoveries alone amount to an enticing cornucopia.

1. Will the Strong Interactions be Weak at High Energies?

1.1 Motivation

Since these lectures are supposed to concentrate on the weak inter-
actions, it may be necessary to present some additional apologia for
first discussing the strong interactions.

The first reason is that it is difficult to discuss manifestations
of weak interactions at high energies without relying on some background
theory of the strong interactions. For example, in e+e— annihilation we

need the parton model of Fig. for total and jet cross sections,13 for
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The quark parton loop diagram for
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+
calculating weak/electromagnetic interferences, estimating W~ and 2° de-
cay rates, and so on. In order f>r the parton model to be a reliable

tool for incorporating hadrons into the calculation of weak amplitudes

and cross sections, we need some way of estimating corrections to the d q
5,13 q q
naive parton calculations.™’ Such a systematic correction procedure
can only come from a theory which explains the apparent weakness of strong it N
— Q%+
] P P p

interactions at high momentum transfers and the basic validity of the

8-78 J462A2
parton model in this limit. As another example, consider deep inelastic
lepton~hadron scattering (Fig. 2), where Bjorken scaling14 is a good
: X . 15
first order approximation to the systematics of the data, but where Fig. 2. The quark parton diagran ror leptoproduction

at large Q2=-q2,
deviations from scaling seem to have a coherent pattern. We must seek

some understanding of these scaling deviations if we are to disentangle
the appearance of new quark thresholds from other effects in deep inelas-
tic lepton-hadron scattering. Another process where it is important to
understand whether the parton model of Fig. 3 is applicable is the Drell-
Yan16 process: hadron + hadron - lepton pair + anything. This process
is being proposed9 as a way to produce the intermediate vector bosons

and Higgs particles in hadron-hadron collisions. We would like to krow

whether the naive parton cross section estimates of Fig, 3 should be b Jz;zg

regarded as reliable, or whether they may acquire large scaling devia-

. : . : 15
tions analogous to those observed in deep inelastic scattering. We

would also like to know whether the differential cross section might be Fig. 3. The quark-antiquark
annihilation diagram
expected to have a different shape from the naive expectations, for for hadron + hadzon
+—.
> LT,

example whether the <Pp? of the produced boson should be 0(1) GeV as -
expected in a naive parton model,5 or might be O(mw) as some field

theories lead you to expect.
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Another reason for discussing the strong interactions was mentioned
in the general introduction. All strong interaction field theories in-
voke some sort of bosonic gluon to hold quarks together (e.g., an octet
of coloured vector gluons im QCD), and these are constituents of matter
as fundamental as the wi, z° or photon. The experimental isclation of
the gluon and determination of its properties (mass, spin, colour) is
therefore of fundamental significance, and it would appear arbitrary and
unfair to exclude the gluon from a list of gauge goodies to be studied.
Present evidence for the existence and nature of the gluon is generally
indirect--there is the classic assignment of the missing fraction of the
nucleon momentum to gluon partons which do not interact directly with the
lepton probes in deep inelastic scattering.17 More recently, there has
been some evidence from scaling violations in neutrinoc scattering15 which

also indicates indirectly that gluons are present in the nucleon,18 and

probably have spin 1. This evidence will be discussed later in this lecture,

but the interested reader is referred to Don Perkins' lectures at this
Summer School for a more detailed analysis. These pieces of evidence
are welcome, but it would be nice to see more direct manifestations of
gluons as hadronic constituents. One possibility for a gluon search is
the conjectured gluon jet,8 which might show up in a hard (high momentum
transfer) process when a gluon is bremsstrahled at large angles as in

Fig. 4. Other places to look imclude the decays T + 3 gluons19 or

20 which are expected in QCD (see Fig. 5). At the end

2 gluons + photon
of this lecture there will be a discussion of the phenomenological pros-

pects of finding gluons in this way.
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Fig. 4. Gluon bremsstrahlung
in ete~ annihilation.

Fig. 5. The 3 gluon and 2 gluon
+ 1 photon decays of a
heavy quark-antiquark
vector meson.



There is a final reason for discussing QCD at the outset of these
lectures. It is that the author and most other theorists have a strong
prejudice that QCD is the correct theory of the strong interactioms, and
this inevitably colours the way in which we discuss the phenomenology
of weak and electromagnetic interactions. ~ The reasons for this consensus
are strong but not irresistible. The only21 field theory which is22
asymptotically free at high momenta, and hence has a chance of repro-
ducing the gross features of the parton model,5 is a gauge theory. Also,
quarks are apparently not abundant as physical particles in the real
world, and QCD is one field theory in which quarks are not obviously
unconfined.23 But as foreshadowed in the gemeral introduction, the best
reason for believing in QCD may just be that the gauge principle seems
to be a common feature of the other fundamental interactiomns, and it is
philosophically tempting to believe that the gauge principle is universal,
although there is no cast-iron motivation for this application of Occam's
razor. It should be emphasized that much of the appeal of QCD reflects
the lack of a viable alternative, and that conclusive experimental evi-
Nevertheless, no alter-

dence in its favour is still in short supply.18

native to QCD will be brooked in these lectures.

The strong interactions result from the QCD lagrangian4’22’24
v 1 _a _auv -1 1
P =- = Wy ( ~ ) 1.1
5 Fqu - q 1YUD mq q ( )

where Fiv is the non-Abelian field strength

P oz PG igfabcAb
v vy H

AS (1.2)
Iny v

and Du is the gauge-covariant derivative
.a
3

A a
D =—— - ig - A (1.3)
CRe—- 2w

7

The theory (l.l1) is characterized by a unique, unknown coupling constant
g to be determined by experiment, and an unknown number of quark flavours
q, with their number and masses also undetermined by theory. QCD con-
tains eight gluons Ai which form an adjoint representation of SU(3) acting
on the three colours of quark: red, yellow anl blue. There are several
well known phenomenological motivations for the colour degree 6f freedom,
which include:

--The fact that the lowest-lying baryon octet and decuplet seem to
have wave functions which are symmetric s-waves in space and symmetric in
spin. For the quarks to have the Fermi statistics approoriate to spin
1/2 particles, they must have an internal degree of freedom wherein the
baryon wave function is antisymmetrized. In the (olour theory, the

Y .
baryon wave functfon contains a factor ¢ qRq qB, and the symmetriza-

25

RYB
tion problem 1s solved.
--The decay rate for 7° - 2y. According t> current algebra and PCAC,
the amplitude fecr this decay is given by the trianzle diagrams of Fig. 6,
The rate for the

2
and is hence proportional to the number of colours. 6

decay 1s calculatec to be

3
(s] mﬂ a N 2 1.4
) = [ E 2 .
T > 70 = G (nf1r 3) (1.4)

where N is *he number of colours. If we take N=3 and f‘,r = 94 MeV, Eq.

(1.4) yields T(x° + 2y) = 7.91 eV, whereas the latest experimental decay

rate is 8.04 + 0.55 eV.27

-ZA related reason for colour is the cancellation of anomalous

triangle diagrams like those in Fig. 6 which is required28 to ensure

29

the renormalizability”” of a gauge theory of weak and electromagnetic



interactions. In the "standard" SU(Z)L % U(1l) Weinberg~Salam model12

this cancellation occurs between doublets, each of which contributes an
anomaly

3 s lioen?y - -1
- Q) = 50D = - 2 (1.52)

and quark doublets, each of which contributes an anomaly

2 2
s=u((3) - (3)) -3 s
If there were no colour factor of N=3 in Eq. (1.5b) we would need three
times as many leptons as quarks, which does not seem to be a good
approximation to the experimental situation!
--The cross section ratio for e+e- =+ Y* + hadrons relative to
e+e_ > y* > u+u_. In the naive parton model5 this 1s calculated from

1

the simple quark loops 3 of Fig. 1 and should be

R = jp+i-_¢ yY* > hairgns) =N E:Qi (1.6)
(e'e > yk>uu) q

In the absence of colour, this ratio would be 2/3 below charm threshold
and 10/9 above. Experimentally, the ratio is about 2-1/2 below charm
threshold and about 4~1/2 to 5 above.30 Allowing for (10 to 20}% sys-
tematic experimental errors and the contribution of a heavy lepton above
charm threshold, these values are not inconsistent with the values of 2
and 3-1/3 expected for R 1f N=3.

——A closely related prediction is the ratio of semihadronic decays of

. 31
the t relative to purely leptonic decays. We would estimate

r(r_ + u—vuvr):F(T‘ - e—vevT):F(r— + hadrons +vT) A 1:1:N (1.7)

if the semihadronic decays could be calculated using a nalve pointlike
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coupling of the lepton decay currents to quarks as in Fig. 7.
32

Experi~
mentally, the ratjos of these decays are about 1:1:0(4), but we would
not expect the pointliké approximation to quark couplings to be exact
at the low Q2 involved in t decay. The fact that the result (1.7) is
even approximately correct indica.es that the couplings of the weak
current to the low mass hadronic resonances which dominate t decayal’32
must somehow average out to look like the pointlike coupling to three
colours of quark. It indicates that resonance couplings have some sensi-
tivity to the number of colours.33
The above arguments indicate *hat quarks have a threefold colour
degree of freedom. QCD4 certainly pvovides colour with something to do,
but 1s there some good reason why -luuns should not couple to the flavour
group® The simultaneous consideration of strong, weak and electromag—
neti~ interactions provides a postiblc answer, in that parity and
strangeness conservation in O(x) :an only be guaranteed 4 if the strong
and ‘veal symmetry groups are disjcint and commute. This condition is
satisfiea by QCD with its couplings to colour rather than flavour. It
1s an example that nontrivial constraints may be imposed on the theory
of the strong interactions by the requirement of consistency with our

12

ideas about gauge theories of the weak interactions.z' Another such

interconnection arises from considerations of CP violation,35 and we will
return to it in the fourth lecture. In the meantime we will concentrate

on purely strongly strong interaction problems.

1.2 The Parton Model and Corrections in Field Theory

In the naive parton model5 of Fig. 2, the collision of a virtual

+
photon, 2% or W with a hadron target is viewed in terms of incoherent
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Fig. 6. The fermion triangle
diagram which gives
anomalies.

VeV

Fig. 7. A parton approximation for
semihadronic decays of heavy
leptons.

collisions with pointlike parton constituents to be identified as quarks.
Because a point has no intrinsic scale, the deep inelastic cross sections
would then exhibit naive Bjorken scaling behaviovr,14 and could be simply
expressed in terms of quark parton distributions q{(x), where x = —q2/2p-q
is the longitudinal momentum fraction of the yuark in an infinite momen-

tum frame. Thus we have the usual deep inelastic structure functions

W 21 =3 Z 0 @ + e
g=u,d,... 4
Wi w,a%) > KN = T ef x(a(0 + 3
q=u,d,...

vw‘z’N(v,qz) > B3N = 2x(d@) + G0 + ..l

[}

VW§N<V,QZ) - FEN(X) 2(u(x) - dx)) + ... (1.8)

Notice that in the naive parton model the Callan-Cross relaticn36 applies:
ZxFl(x) = Fz(x) (1.9)

This relation anc th: scaling of deep inelasti:z structure functions apply.
only because the "ransverse momenta of the partons are cutoff arbitrarilys
--probably to 0 (few hundred GeV). It is also supposed that struck
partons fragment iato final state hadrons with finite transve}se momen~—
ta, producing jets in the final state,13 as indicated in Fig. 8. An
alternative say of expressing the scaling laws (1.8) is to allow for the
possibility that the quark distributions may depend on the momentum

transfer Q2 = —qz by defining

"W§N<"’q2) = 0 ei x(a(x,0%) + 3(x,0D) (1.10)
q=u,d,...



and then observing that the laws (1.8) correspond to

Q* 25 qx0?) = 0
2

(1.11)

We have introduced the logarithmic derivative Q2 —Ef in order to keep the
9Q
left~hand side of Eq. (1.11) dimensionless.

In a renormalizable field theory, the Bjorken scaling predictions
(1.8) or (1.11) do not hold,37 as can be seen by calculating any Feynman
diagram., For example, the bremsstrahlung diagrams of Fig. 9(a) and the
pair creation diagrams of Fig. 9(b) both depend logarithmically on the

Q2 with which the quark or gluon parton is struck. These diagrams

therefore tell us that

23
0 #q° ——33 q(x,Q%) = O(Ts) e
3Q
(1.12)
[¢3
0% ¢ —iz 6(x,0%) = o(-"—s) + ...
3Q

where o is the strong interaction coupling constant a, = g2/4n in QCD,
G(x,QZ) is the effective gluon distribution, and the dots in Eq. (1.12)
include possible higher orcder terms from more complicated diagrams. The
naive parton model5 assumes that as/ﬂ + 0 at large QZ, so that the quarks
and gluons can be regarded as essentially free in this kinematic limit.
The same assumption underlies the parton caleulation of the e+e- total
cross sectlon in terms of the free quark-parton loop13 of Fig. 1.

It is easy to deduce some qualitative physical implications38 from
the character of the fundamental processes in Fig. 9. The effect of both
bremsstrahlung and pair creation is to generate an increase in the den-

sity of partons at small x as the momenta of the parent quark-partons
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Fig. 8.

quark

{a)

A quark-parton
fragmenting into
hadrone.

(b}

Fal)

346249

Strong radiative corrections to leptoproduction
cross sections from (a) bremsstrahlung and (b)

pair creation.



are degraded. Therefore a typical deep inelastic structure function

which is quite broad in x at moderately low Q2 will move in towards x=0

as Q2 + @, decreasing at large x, and rising towards x=0 as indicated

in Fig. 10(a). This process may be envisioned intuitively39 by thinking

of the virtual photon (or Z, or W) probe as a sort of microscope with

spatial resolution Ax = 0(1/Q). Therefore a low Q2 photon will have poor

resolution, while a high Q2 photon will have better resolution. Perhaps

it will resolve a parton seen by the low Q2 probe into a larger number 4
of smaller constituents, each of which has a smaller longitudinal momen-

tum fraction x, as illustrated in Fig. 1l. For example, in 0«:3) in

QCD, a quark may be resolved into a quark + gluon (corresponding to the

- Q¢—o
bremsstrahlung of Fig. 9(a)) and a gluon may be resolved into a qq or

gluon pair (corresponding to the pair creation of Fig. 9(b) in the gluon

Fz (X. 02)

field of the hadron). The fundamental processes at the root of scaling
violation are therefore seen to be radiative corrections analogous to Qz"'"CD
those familiar from high energy electromagnetic showers in QED.

So far we have not made much use of the specific features of QCD--

most field theories have some sort of gluon, and the basic Feynman

diagrams and resulting qualitative picture (Fig. 10(a)) of scaling vio- 278 X 339143

lations is common to many field theories.37’38’39

15,40

Thus the observa-

tion of this general trend as in Fig. 10(b) is not conclusive evi-

dence in favour of QCD rather than any other field theory. However, Fig. 10(a). Deviations from scaling in
leptoproduction—intuitive

there is one feature of QCD which is unique, yields a connection with expectation.28,3
the parton model and enables quantitative predictions as in Fig. 10(c)

to be made--the property of asymptotic freedom.22
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Fig. 10(c).

Deviations from scaling in leptoproduction--
a typical QCD calculation.

3482A10



Q2 Q2

small 3;z::ge

PR ~~
o (T =>4
%’/ ~ G
q q

(a)

Q2 Q?
Lﬂ::nqn é"fr large
= B
D O
- NE= q
ﬁg 43‘11 s
B—-78 ' ( b) 3482AN1

Fig. 11. As Q2 increases (a) a quark may
be resolved into a quark + gluon,
(b) a gluon may be resolved into
a quark-antiquark pair as the
spatial discrimination of the
probe increases.
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The point is that in a field theory the basic vertex g depends on
the momenta q which are fed into it. In perturbation theory as in Fig.
12

g+ g+0( Inq®) + 06> 1 &) + ... (1.13)
Fortunately, in QCD the leading logarithms can Le summed exactly and

give an effective constant which decreases to zero as Q2 = q2 + ® (Ref,

22):

2,2
ag(@®) = E&) & 12r (1.16)

2

Q%= (33-2£) ln<9§)
A

In formula (1.14) f is the number of quark flavours and A2 is an a priori
unknown scale which sets the scale of the Q2 devslof nent of the coupling
uS(QZ). The complication of a Q2 dependent coupling does not concern us
in QED because the rate of change~-O(x 1n Q2)——js very small. In QCD
the scale parameter A replaces the QED paramete:: as a way of specifying

22 4r (1.14) will not be

the strength of th: irteraction. The derivation
discussed in these lectures, though we will see a tantalizing reflection
of it later on in this lecture. Instead we w’ll occupy ourselves with
exploring the consequences of asymptotic freedom. The general effect
will clearly be that perturbation theory for the strong interactions
should become evermore applicable as the typical momentum transfer Q2 of
a process -+ ». However, the relatively slow rate of decrease (l.14) of

as(Qz) means that one does not always recover the naive scaling expecta-

tions of the naive parton model, as we now see.



1.3 Scaling Violations in QCD

In the previous sectlon we saw that naive scaling correspond to

Q2 —éi q(x,Qz) = 0, as in the naive parton modzl, whereas one might
3Q )
expect Q2 —35 q(x,QZ) = O(]?) + ... in an interacting field theory. 1In
a

QCD where uS(QZ) + 0 as Q2 + », we might hope that the 0(75) approxima—
tion to the Q2 evolution of q(x,Qz) might be very good. In this order,
the only contributions in O(;?) are the basic bremsstrahlung and pair
creation processes of Fig. 9, and the rates for them are proportional to
log QZ. The quark parton distribution is characterized by the longitu—
dinal momentum fraction x, and the bremsstrahlung and pair creation
probabilities may be written in terms of the longitudinal momentum frac-
tion z carried by the final state parton as in Fig. 13. We therefore

specify P (z) as the probability of parton A emitting a parton B with

A+B
longitudinal momentum fraction 2z when Q2 is changed by sz: by dimen-

sional analysis

a 2
dp = (—2%) B, ,5(2) dz d—(:)-z— (1.15)

The situation in QCD is analogous to that in QED, where in the Weizsdcker-

Williams equivalent photon approximation41 we talk in terms of the photon

density inside an electron being

2
() (LLI-Z)_) ln(—E-) (1.16)
i3 z m
e
corresponding to
2 -
P =(1+ Loz ) (.17
ey z

The density of gluons in a quark 1s analogous, the only difference being

a group theoretical factor from the colour coupling (1.3) of the gluon

-81-
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Fig. 12. Some contributions to the 3 gluon vertex g.
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Fig. 1J. The basic vertices responsible for the
leading order of scaling violations in
the evolution equations: (a) q - q+G
(b) G + g+g and (c) G + G4G.



field:

a a 2
1 L(L)-N—l_ﬁ
Nza:(2> 2/ 29 "3 (1.18)
so that the final "splitting fumction" for q + G of Fig. 13(a) is:

2
LINOR % [1 + zl"" ] (1.19)

We can42 write down the "evolution equations" of the form (1.12) which

apply in QCD, just by looking at the basic interactions of Fig. 13:

1
@i a0t G & e )+ oD ] a
for quarks and
1
st = (2 & [ o) - sondrel]

for gluons. Because of the slow logarithmic decline (1.14) of uS(QZ),
the evolution equations (1.20) imply that the parton distributions

q(x,Qz) and G(x,QZ) do not scale exactly.

4,22,43
ai

The pattern of scaling violation in QCD is well known, nd

usually expressed in terms of theoretically precise, but experimentally

arcane, numbers called anomalous dimensions. The connection between our

38,39

,43

42
physical picture and the academic formalism is easily made.

Let us consider x moments of the structure functions such as

1
(2) 02y = -2 2
M7 (@ ):j(; dx x7° Fy(x,00) . (1.22)

which is the type of quantity for which rigorous predictions of QCD are

usually expressed.43 QCD makes prediction343 of logarithmic violations

of scaling:
-d
wD@h v an ) " (1.23)

whereas other field theories21 are expected to violate scaling by powers38’39
2
of Q°. From the parton expression (1.10) we see that generically
1
Mr(lz) @ - f ax 7 qex,0h) (1.24)
0

Let us first consider a flavour nonsinglet combination of quark distribu-
tions, such as u(x,Qz) - d(x,Qz) which is relevant to the ep-en Eross
section difference, or G(x,QZ) - d(x,Qz) which is seen from Eq. (1.8) to
be relevant to F3N(x,Q2). The gluon term in the evolutiun equation (1.20)

does not contribute to such a nonsinglet quark distribution qNS(x,QZ):

1
23 NS 2_(“_s)fg1Ns 2 x
Q=5 ¢ (%00 =57 e (y,Q9) Pq_)q(y) (1.25)
3Q X
1
If we take the moment ,,. dx xn_1 of this equaticn th. left~hand side
0
is QZ—EE>Mn(QZ) and th: right-hand side of Eq. (1.25) factorizes mneatly:
9Q
2w @) = 52 An @D (1.26)
2 n 27 “n'n :
9Q
where
sz M mly (2) (1.27)
n = JO ’ qrq :

The solution of Eq. {1.26) is quite simple: introducing the notation

0 (@) ¥ ———— : p = 22E (1.28)
s 2 127
b 1n 95
A
from Eq. (1.14), we see that Eq. (1.26) implies
_ A_/2mb
@) % H_ (In A" (1.29)

Making the comparison with the conventional QCD predictionh’43 (1.23) it

clearly is possible to identify

A

4 .= - Ei% (1.,30)



so that we are able to calculate the famous anomalous dimensions as soon

as we determine the "splitting function" Pq+q(z).42
Before doing this, let us just discuss the singlet combinations of

parton distributions, which obey somewhat more complicated evolution

equations. If we introduce the singlet distribution

f
Fmd = X (gxad) + 3,00

i=1

(1.31)

it is apparent from Eqs. (1.20) and (1.21) that qs(x,Qz) and G(x,Qz) obey

a coupled pair of evolution equations. If we take the moments -/~ dax xn--1
0

Y ;
of these equations we obtaln4 a set of matrix equatioms

2 2
23 [5,@) a ) fA 2B\ S (@)
2 2, 7 \on 2 (1.32)
3Q Gn(Q ) C, Dn Gn(Q )
where Sn and Gn are the moments of the singlet quark distribution
2 Voo a1 s, 2
5,(Q) = f dx x q (x,Q7) (1.33a)
0
and gluon distribution
1
6 @) = [ ax ™ 6(x,0D (1.33b)
o]

respectively. On the right-hand side of Eq. (1.32) the matrix elements

An were defined in Eq. (1.27), while we have introduced

! n-1 1 n-1
Bn E'/o. dz z PH(Z) CIl = ./0- dz z Pq+G(z)

b = fl dz 2" B () (1.34)
"7

The solution of the coupled equations (1.32) is quite straightforward.

First you must diagonalize the matrices on the right-hand sides

A 2e8) A: 0
- - (1.35)
¢ D 0 A
n n n

which must be done separately for each moment n. Then the eigenvector
combinations of Sn(Qz) and Gn(QZ) evolve separately, with the result that
a singlet moment
3 -
S 2 ~+ 2, n , = 2 dn
Mn(Q ) Mn(ln Q%) o+ Mn(ln Q%) (1.36)

where the singlet anomalous dluensions d: are determined similarly to the

nonsinglet anomalous dimension

(1.37)

fhus the scaling vioclations in singlet combinations of structure functions
(1.36) are somewhat more devious than those in nonsinglet combinations.

As an added complication, many physically observable structure functions
suchk as F;F(x,QZ) or F;N(x,Qz) are in fact combinations of sginglet and
nonsinglet structure functions, so that all three terms (1.29) and (1.36)
are necessary to fit the data.

1.4 Calculation of the Anomalous Dimensions

We saw in the previous section how the calculation of the anomalous

dimensions reduce542 to the determination of the splitting functions

(z), and we now proceed to evaluate them. First note that there are

PA+B

certain trivial constraints which must be satisfied by the splitting

functions. For example, quark number is conserved in the bremsstrahlung



process, so that

1
~/()- dz Pq+q(z) =0 (1.38)

Also, since it is clear that if you have a quark with momentum fraction

2 you must have a gluon with momentum fraction (1l-z):

Pq+q(z) = Pq+G(1_Z) (1.39)
The relations (1.38) and (1.39) between them imply that the Pq+q,G(z)
obey the momentum conservation condition
1
_4 dz z[PCPq(z) + Pqﬂ(z)] =0 (1.40)

and there is a corresponding condition for gluon momentum conservation

./0.1 dz Z[PG+q(z) + PG+G(Z)] =0 (1.41)

Between them, the momentum conservation conditions (1.40) and (1.41)

ensure that the total momentum of the hadron target is conserved:
1 f
2 ~ 2 2
25 [ ax x| T (afma®4ax,00) + G0x,0 )] -0 (1.42)
PR 1 1
3Q 0 i=1

We will use the conditions (1.38) to (1.41) in a moment to deter~
mine the contribution to the splitting functions corresponding to partons
which do not interact, corresponding to §(z~1) pieces in Pq+q(z) and
P z).

Q*q( )

To determine the PA»B(Z) we first recall the modified Weizsidcker-

williams*! Formula (1.19):

2
anG(z) ='% [1 + zl*z ] for 2z>0

The reciprocity relation (1.39) immediately tells us that
2
= b fltz”
Pq+q(z) = 3[1_2] for z<l
which unfortunately has a singularity at z=1 which must be regularized.
Altarelli and ParisiAZ’44 choose to do this by repla:ing
1

N 1
(1-z) (l-Z)+

which is defined for f(z) regular at z=1 by

1 1
az A2 ;f 4z £2) - £Q) (1.43)
0 (1—z)+ 0 1-z

The regularized form of Pq+q(z) does not obey the sum rule (1.38) and

must be supplemented by a suitably chosen piece = ¢&(z-1):

2 ]
R 0 - P
Pig(® =3 l:(l_z)+ +35 8z 1)J (1.44)

45

An elementary calculation > of the q+qq pair creation vertex yields

B, (@ = %[22 + (1—z)2] (1.45)

which is symmetric betwren 2z and (l-z). Finally one can calculate the
<1 t of
z part o PG*G to be

Pg,oiz) = 6 (—z- + -1;—2 + z(l-z)) for z<l (1.46)

-7
which regularization and the application of the momentum conservation
condition (1.41) czuse to become

z 1-z 11 £
PG*G(Z) =6 <21:;$: + -~ + z(1-2) +(I§ - Tg) 5(2-1)) (1.47)

It should be emphasized at this point that the form of the splitting func-

tions (1.19, 1.44, 1.45, 1.47) depends sensitively on the spin of the



gluon. For example, if we had scalar gluons we would have
(s) 1
P @ (I~z) - 5 §(z~1 .48
g = (72) =7 8C=D) (1.48)
at lowest order in the qa-scalar gluon coupling. We will see in a
moment that the forms (1.44) and (1.48) produce very different anomalous
dimensions which can be distinguished experimentally.

We are now in a position to compute the anomalous dimensions by

taking the moments of the PA+B(Z) (1.19, 1.44, 1.45, 1.47). We find

1 2 2 o1 f
& R T @D @y 2 j§2 3‘3)

1 n-1 4 1 1 2o
ba = fo Gz 2 Poug(® =3 (' 7Y 2@ 2 jgz JT) (1.49a)
1 2
= n-1 _ l 24n+n
By ® j; dz 27 Pog(®) =3 (n(n+l)(n+2)) (1.49b)
2
1 n-1 4 [ 2+ptn
: f dzz Bgl) = ‘( ) (1.49¢)
Ch ? /(; q+G E UPSVIRN

(1.494d)

which are the familiar results of more sophisticated field theoretical

4,43

calculations. Hopefully they have bheen demystified slightly!

How do the predictions of QCD for scaling violations in the moments
of the deep inelastic structure functions compare with the experimental
data?15 This question 1s addressed in more detail by Don Perkins in

his lectures, but let us just pick out a few important points here and

wN
now. Consider a nonsinglet structure function, such as F;p—an, or F3 .
Then QCD predicts43 that

-d
n

M @)+ H_(n @) (1.50)

-85-

with dn given by (1.30) and (1.492). The forms (1.50) imply that

2 ) 2
1n Mn(Q y R —d In Q@ + (constant)n (1.51)

If we compare the logarithms of two moments Mn and Mn' we shoud find18 a

straight line with slope

. i=2 (1.52)
dn' Ape (_l+_.__1_____2§l) .
2 n'(n"+1) i= B
wN

The BEBC18 data for the n=3,4,5 and 6 moments of F3 agree very well with
the QCD predictions (1.52) as shown in Fig. l4. The best fit values for

dn/dn, obtained from the data are compared with QCD in the table below:

TABLE I
ds/d3 d7/d3 d6/d4
QCD 1.46 1.76 1.29
Scalar Gluon Theory 1.12 1.16 1.06
Experiment 1.50 + 0.08 1.84 + 0.20 1.29 % 0.06

46 of a scalar

For comrsvir~on, we have also included the “predictions”
gluon theory. 1If such a theory were to have a coupling g which went to
some small fixed value g* as Q2 + @ _the only possible way of fixing to
get approximate scaling in such a theory--then the moments would scale

approximately as

-8

M @) vE @ ® (1.53)
n n
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where

1
6n « q E-/o‘ dz zn_1 Péi;(z) (1.54)

#

1 1
(_ P n(n+1)) (1.55)

Plots of the logarithms of the moments should then be straight lines
with slopes 6n/6n,, which Eq. (1.55) reveals to be very different from
dn/dn' given by Eq. (1.52). Figure 14 shows that the BEBC18 data dis-
agree47 emphatically with the scalar gluon "predictions" (1.55) while
agreeing very well with the QCD predictions (1.52). This amounts to a
convincing demonstration that the quarks are bremsstrahling vector gluons
rather than scalars—-the first determination that .be g'uon spin = 17
Another important noint about the BEBC18 dats 1is that ghey indicate
a logarithmic, rather than power law variation of tte moments with QZ.
If we consider the quautity Mn(QZ)_l/dn, then QCD (1.50) predicts that
it should vary linearly with 1In QZ, and this 1s consistent with the data

shown in Fig. 15. Suppose :hat the moments had in fact behaved as

-gd
2 = 2 n
Mn(Q )~ Mn(Q ) (1.56)
as might have been expected in a (Abellan or non-Abelian) vector gluon
theory with a small fixed point coupling g* as Q2 + «, Then the quanti-

ties
In M (Qz) = —gd Q2 + (constant) (1.57)
n n n .

as before €1.51), and the theory would also have passed the QCD test in

Fig. l4. However

-1/4d
2 n 2. B
[Mn(Q ﬂ = (Q7) (1.58)



which fails47 the test in Fig. 15. Shown for comparison with the straight

line QCD fits to the moments are fits of the form (1.58) with the power
B chosen47 so as to give similar scaling violations to the data between

Q2=1 and 10 GeVz. It is apparent that the data are not well fitted by

these curves, and we conclude that such fixed point vector gluon theories

are strongly disfavored.
So
functions. When we look at singlet structure functions, we get contri-

butions to the scaling violations which come from the pair creation in

the gluon field of Fig. 9(b), as well as the bremsstrahlung of Fig. 9(a).

The BEBC18 group have analyzed the F;N structure function using the
amount of bremsstrahlung indicated by their analysis of F;N. They find
strong evidence for an extra contribution coming from pair creation.
The amount of it is sensitive to the gluon distribution assum;d, and
they18 find that the observed scaling violations are consistent with
about 1 the nucleon's momentum being carried by gluons, as fcund previ-

2
1

ously by just looking at -/r dx F;N’vN(x,Qz).17

0

The interested reader
is referred to Ref. 18 and the lectures of Perkins for more details.

It seems that the QCD analysis of deep inelastic scaling violations
is in very good shape, and probably constitutes the best experimental
evidence to date in favour of the theory. Before abandoning completely
the topic of deep inelastic scaling violations, it may be worth drawing
attention to a few interesting aspects of the evolution equation for-
malism.

There are some important sum rules for deep inelastic scattering

which depend on fundamental properties of the quark model. One example

250 T T 1 /T
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~
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dN=0.617
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0 | 10 100

5-78 02 ( Gevz) 3391416

Fig. 15. Suitably chosen powers of M&J)(QZ) 18 yhich QCD says
should vary linearly with 1n Q2 (see text). The
curves are attempts to fit the scaling violations with
powers of Q2.
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is the Adler sum rule48

1 - 1
dx {Lvp _vp} _ 2 - 2 2 = 2
/; & (eeeP) -fo axfa?) - 50,00 - a0,e)) + A0?)

(1.59)
The right-hand side should be 1 at all QZ. If we compute QZ—EE of the
right-hand side we see that it is proportional to '4:1 dz Pq+:%z) =0,
since the right-hand side of (1.59) is the n=1 moment of a nonsinglet
combination of quark distributions. Thus the "quark conservation" con-
dition (1.38) ensures the validity of the Adler sum rule at all QZ. A

similar analysis applies to the Gross-Llewellyn Smith49 sum rule

foldx(F§P+F§P) - _ngl ax a0 + a0 - x,0) - d,dh) = -6
(1.60)

Another interesting sum rule, which is specific to QCD and unobtain-
able in the naive parton model, is the momentum sum rule.43 Let us
consider the n=2 moment of the F2 structure function, which corresponds
to combinations of fldx x q(x,QZ). From Eq. (1.32) we have

0
[

QZLZ sz(Qz) - (z_fr) [AZSZ(QZ) + 2t BZGZ(QZ)]
2Q

(1.61)

Let us look for the possibility that SZ(QZ), the momentum fraction car-
ried by quarks and antiquarks, is independent of Q2: this will happen
if
A5 Q%) + 26 B,C, Q%) = 0 (1.62)
272 272

The condition (1.62) can be regarded as a relation for the quark and

gluon momentum fractions:

(1.63)

Since momentum conservation (1.42) ensures that SZ(QZ) + GZ(QZ) =1, the
condition (1.63) is sufficient to ensure that the momentum fractions car-
ried by both quarks and gluons are independent of QZ. The condition
(1.62) amounts to a sort of equilibrium condition that the amount of
momentum that quarks lose to gluons by bremsstrahlung is the same as that

which gluons give to quarks by pair creation.
43

This equilibrium can be

reached as Q2+m » in which limit

1 -1
eN 2, 20, - 2] 2 A 2
_/0 dx Fy (x,Q°) -/0 dx x zq: [q(x,Q ) +q(x,0Q )] e STEETd <eq> (1.64)

3 e
where the average quark (charge)2 <?é> is presumably eaual to 5/18 be-
cause of equal numbers of charge 2/3 and charge -1'3 quarks. The experi-
mental data are comsistent with the asymptotic behaviour (1.64) applying

for either f=4 or 6. Thi. momentum equilibrium sum rule clearly cannot
be derived in the naive parton model,3 because it relies on the right-
hand side of the evolution equation (1.61) being nonzero. In the absence
of interactions it is never possiole to reach equilibrium. One might
wonder what the equilibrium conditions on the higher (n>2) moments of
the quark and gluon moment Sn and Gn might be. It is easy to satisfy
oneself that there are two independent equations for each such moment

which are only satisfied if

Sn(QZ) = Gn(QZ) =0 for all n > 2 (1.65)



The only solutions to the combined equations (1.63) and (1.65) are dis-
tributions with singular support at x=0, as suggested by our intuitive
reasoning in Section 1.2. The conditions (1.63) and (1.65) are the
ultimate fate of all hadrons at large QZ: the quantum chromodynamic
"heat death".

Before leaving the evolution equation542 (1.20) and (1.21) it may
be amusing to point out one intriguing feature of the gluon splitting
function PG+G(Z) in Eq. (1.47). The coefficient of the §(z-1) piece is
directly proportional to the lowest order term in the renormalization
of the QCD coupling constant (8 function), the coefficient b in Eq. (1.14)
or (1.28). 1Is this a coincidence or a profound truth? I don't know,
but it would imply that a gluon--whose "gluon in a gluon" distribution
G(x,Qz) would have a 6(x~1) piece--would become more "pure'--the &6(x-1)
piece would increase as Q24¢~—because of the positive value of the
coefficient of 8(z-1) in PG*G(Z) (1.28) 4if the number of flavours f is
< 16. The increasing "purity" of the gluon wave function is perhaps a

harbinger of asymptotic freedom—-or perhaps not.

1.5 Search for the Smoking Gluon

So far we have only discussed indirect evidence for the gluon, such
as the scaling derivations induced by bremsstrahlung of it and pair pro-

duction from it. However, the gluon 1s a constituent of hadronic matter

which is as basic as the quark. Therefore we would like to have equally

direct evidence for the gluon's existence--from spectroscopyso and from

jets,s’13 for example. One effect of the gluons will be to induce
scaling violations in the distribution of hadrons within a quark jet.

The longitudinal momentum distribution will be softened at large Q2 by

bremsstrahlung and pair creation in a manner analogous to the effects we
discussed for the deep inelasti: structure functions. For example, if

X + -
we introduce moments of the inclusive hadron distributions in e e

annihilation
n,. 2 1 n-1 do 2
e (@) zf dz z' = (2,Q9) (1.66)
0 z
where z = ZEhadron/Q’ then on(QZ) will exhibit logarithmic violations of

scaling just like those (1.29, 1.36) found for deep inelastic leptopro-

[

duction, with "anomalous dimensions" simply related31 to the traditional
results (1.40).
Another characteristic of the bremsstrahlung and other field-

7,39

theoretical processes is their large P tail. Because the basic

field-theoretical vertices have no dimensional scale,

(1.67)

n Ius T
&h>= o) o

Of course ag ™ 1/b In Q2 (1.14), but the <Py coming from (1.67) is much
larger than the finite <pp> = 0(300) MeV usually observed in hadron-
hadroo collisions. This means that jets in e+e- annihilation or lepto-—
production are best8 described by angular cutoffs rather than field Py
cutoffs. For example, let us suppose in e+e— annihilation that the
fundamental quanta (g,G) in the final state produce hadrons with finite

52

momenta transverse to their momentum vectors. We can then calculate

in perturbation theory from Fig. & the probability Fq that a fraction
(1-¢) of the total e+e_ centre—-of-mass energy Q will be contained in some

pair of oppositely directed cones of half angle &:

a_(Q)

S

4}1n (2e) + 3{ % in 6 + terms with no logs (1.68)



For sufficiently large energies almost all of the e+é- events will fall

; : 8
into two angular jets.
(¢]

On the other hand, a fraction O(j?) of the events come from hard
gluons radiated outside the angular cones. The usual discussion would
then suggest that these should show up as khree jet final states, the

third jet emirting from the metamorphosis of a gluom into hadrons.8 The

cross section for hard gluon bremsstrahlung was easy to calculate:

2
1 do _ (205>
dx dx-  \3=®
q q

x + xz

3 8 __ 4 higher orders
Tox ) (% 3
( xq)( xq)

(1.69)
Utotal

where xq = ZEq/Q and similarly for xa. Such final states would be con~
vincing evidence of the reality of the gluon. A possible strategy53 for
finding such events might run as follows:

—-First look for e+e_ events where the final state hadrons are not

highly collimated. This could be done by computing the thrust54

ol

T = max 2: T——T
hadrons 'Ph

where the maximization is with respect to the choice of the thrust axis,

(1.70)

along which the pﬂ are measured. The cross section %-%E- can be calculated

T
51,54

reliably in QCD perturbation theory, because it does not depend on

the details of the infrared properties of the theory which we do not

understandSB:
2a 2 '
1 do s 2(317-31+2) 27-1) _ 3(3T-2)(2—T)]
sat? (’317) [ T(1-T) 1“( l-T) a-n (.70

—-In such events, find a plame contalning the thrust axis which maxi-
mizes the sum of the moduli of the hadron momenta out of the plane.
Events with only three fundamental quanta (q,a,G) should define an event

plane quite nicely.

~90-~

--Orient events in the plane hy setting 8=0° to be along the thrust
axis and heading into the hemisphere with smaller 2:‘p¥]. Define the
angular range 0<8<m to be the half of the event plane waich has the
larger amount of hadron energy.

--The events should now be oriented as in Fig. 1&, and given any luck
there should be a well-defined jet around 6=0, another in the anéular
range %<B<ﬂ, and another in the range ﬂ<6<%}‘ To see whether the hadrons
really come into three jets, it is first advisable to 1lrok at the half-
plane ~ %<8<%, and check that the hadrons there have finite Pp relative

53
to the thrust axis. If so, remove these hadrons an¢ .»oost the rest by

an amount G:

sh g=—F— |, chg=-2L

2/1-T 2/1-T

(1.72)

The remaining hadrons ~hould now have been boosted tack to the centre-

of-mass of the two putative jets jin the half-plane - %<0<%;

17. Given auy luck, aa aris can be defined for the boos:ed hadrons

as in Fig.

relative to which their Py are finite, and this axis will define the
directions of the second and third jets.55

It will be interssting to see whether three jet events show up
when this analysis is applied. One potential complication 1s that the
<Pp> of hadrons in a gluon jet may be larger than the <Py for a quark
jet. As emphasized above, the jets seen so far have a finite <Pp> which
is not perturbative, and the relevance of the perturbative analysts is
that for a gluon jet the

56
not obvious. Nevertheless, one can compute

fraction FG of events with 1-¢ of the total energy E inside two oppositely
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Fig. 16. ‘The diéﬁribuﬁion of hadronic energy in ete” annihi-
lation expected3 for different values of the thrust

(1.70).  (a), (c),
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(d) and (e) are the results of

the perturbative cross section (1.60). (b), (f),

(g) and (h) are the

results of smearing quark and

gluon jets with finite <py> for the hadrons.

q hadrons

—
q G boost
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Fig. 17. The effect of the jet boost533,33
(1.:2) which should put the two

right-hand jets into their joint
centr:~of-mass.
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directed cones of half angle 8 is

12 1n (2¢) - {11 - % f)% In § + (finite terms), (1.73)

a(E) §

T |

FG 1l -
The perturbative width for small € and ¢ is wider than that of (1.68) for
a quark jet, but it is not clear whether this is relevant to the gluon
jets to be looked for at presently accessible energies. An amusing
aspect of the formula (1.73) is that the pilece finite as e+0 is again
(cf. Eq. (1.47)) proportiomal to the renormalization (1.14) of the strong
coupling constant as(Qz). Coincidence or ...?

Finally, we should note that another good place19 to look for gluon
jets, besides the obvious e+e_ annihilation and 1eptoproduction57 reac-
tions, is in the decay of a heavy quark-antiquark vector resonance such
as the T. Agcording to the charmonium model, the dominant decay mode

should be into three gluons as in Fig. 5, with a differential cross

ser:t::ton17
2 2 2
1_ar_, 1 (1-x,) . (1-x,) . (1-x3) (.70
Ty dxpdx, 7o) 72 53 2.2 .
v *2%3 *1%3 1%2

This would be an especially pure place to lock for gluon jets, using the
same jet~finding strategys3 outlined above. The thrust distribution
should be

. 2
L E [——-——g(l‘T) (s1%-12148) 1n 22T 4 2OTR D) )],(1.75)
8 (2-1) °(2-1)

3G 1°-9
and orienting events along the thrust axis should give distributions of
hadron energy in the event plane like those shown in Fig. 18. Prelimi-

nary evidence from DORIS58 suggests that the final states in T decay are

+ - . s
not exactly the same as in the e e continuum. However, it is premature

—62-
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18. The distribution of hadronic energy in T decay
expected for different values of the thrust
(1.70). cf. Fig. 16.



to think that evidence for the 3-gluon decay yet exists. It will prob-
ably be much easler to see gluon jets in the decay of the "topsilon" tt
vector meson, which presumably has a considerably larger mass > 15 GeV,
yielding much more phase space for the gluon jets to identify themselves.
Other promising ways of looking for gluon jets in onium spectroscopy

2
include T -+ GGy, 0 and radiative decays to intermediate states which may

decay predominantly into 2 gluons.53’59
2. Fermions for Fun and Profit o ?
2.1 Weak Interaction Issues

In this first of three lectures devoted to studles of weak inter- ?
actlons at high energies, it seems appropriate to make some introductory
suggestions as to what are the important physics issues which one is s
trying to resolve. Up till now, no one has ever found any deviation

(a) (b) 462419

from the pointlike four-fermion form of the weak interactions, whether 8~78
charged or neutral.60 In the regime where the pointlike approximation
is applicable, a generic fermion-fermion scattering cross section will

rise linearly with the centre-of-mass invariant s, as in Fig. 19(a}:
Fig. 19. Weak interaction cross sections (a) rise linearly

G with s at low energies, but (b) should either
o(flfz) n g X 0(:;) (2.1) flatten out or fall at Vs > several hundred GeV.
The rise (2.1) cannot continue indefinitely, because there is a unitarity
limit of 1 on each partial amplitude. In the case of the naive form (2.1)
of cross section this limit will be attained when Vs » a few hundred
GeV.61 At this juncture, the cross section may either saturate at a
constant O0(1), or else fall again, as indicated in Fig. 19(b). It is -

generally supposed that the latter occurs, thanks to the presence of

intermediate vector bosons. It is theoretically appealing that the

~03-



turnover energy /s should be rather smaller than the unitarity limit of
a few hundred GeV., This is because i. is attractive to unify weak and
electromagnetic interactions with couplings which are 0(a). In an inter-
mediate vector boson theory,62 GF is related to the boson couplings and

masses:

2
G, = o(%) (2.2)

m2 = O(e2 GF) (2.3) g
and one is naturally led to contemplate vector boson masses of order (50 7-78
to 200) GeV. There are empirical reasons for liking intermediate vector
bosons, such as the factorization and universality of weak couplings.
One of the theoretical reasons for the introduction of intermediate vector Fig. 20.

bosons is that it helps to make higher order radiative corrections to weak
interactions finite and calculable. This happens because such radiative
corrections typically involve sums over virtual intermediate states which

will diverge if weak cross sections do not fall at high energies roughly

as 0(%). Unfortunately, just sticking in intermediate vector bosons does

not cure all problems. First, it is necessary to include some self-couplings
(Fig. 20) between the vector bosons, and it has been shown63 that essen-~
tially the only way of doing this which yields cross sections falling suf-
ficiently fast at high energies is to make these coupliﬁgs those found in

a gauge theory. Such a theory will be based on a non-Abelian gauge group
with a charged Wt or neutral z° boson corresponding to each generator of

the group.sh Fermions (quarks and leptons) must be put into suitably cho-

sen representations of the gauge group. Unfortunately, just using gauge

vector bosons with masses acquired in an ad hoc manner does not give a

-0l

J482A0

The 3 and 4 vector
boson vertices.



sensible (renormalizable) theory either. The only known way of making
such a massive gauge boson theory renormalizable29 is by breaking the
gauge symmetry sxpom:an.eouszly12 using scalar Higgs fieldts.65 A theory of
this type seems inevitable to possess at least one physical scalar Higgs
boson.

The road to a sensible renormalizable theory2 of the weak interac-
tions is therefore quite a long one, as indicated in Table 2. Finding
an intermediate vector boson is only a small part of establishing the
validity of any spontaneously broken unified gauge theory of the weak

and electromagnetic interactions such as the Weinberg—Salaml2 model.

TABLE 2. The Road to a Gauge Theory

Physical Input Experimental Test Dlscussed in Lecture

Weak cross sections fall Do high energy e+e— 3
at high energies or ep scattering,
look for W, zo
Interactions described Look at 3~ and 4- 3
by a gauge theory vector boson inter-
actions
Choose a gauge group Look at low energy 2
weak interactions;
Do W, ZO spectros-— 3
copy
Choose spectrum of fer- Look for fermions 2
mions and their group
representations
Break gauge symmetry Look for Higgs 4

with Higgs fields

particles

The strategy of these remaining lectures will be to survey this

road with a view to the experimental confrontation of these theoretical

ideas. Finally, at the end of the last lecture 4 we will examine a few
speculative possibilities that go beyond this orthodoxy and help keep our
lives interesting. We start with fermiology.

2.2 How Much Do We Know Already?

We have so far established66 unassailably the existence of 10 funda-
mental fermions:
4 quarks - u, d, s, ¢

(2.4)
6 leptons - eyV,3 u,vu; TV

and the existence of a fifth quark is not serilously questioned. So fai

64,68 bound with its antiquark into the T family

it has only been seen
of meson resonances. There are scme Indirect indications that this new

heavy quark has charge - %n They are the smallish coupling of the T

to leptons (T §_ = (1.3%0.4) keV 68), the rumoured small branching ratio

2 £ T > u+u-. :hzky arguments 3bout the relative production rates of T

and T' 1in hadron-hadron collisions,69’70 and specuiative calculations of the
next charge = - % quark mass in the context of grand unified gauge theo-
rie5.71’72 We will henceforth assume that the fifth quark has charge

- %—and call it b or bottom.73

We know yuite a lot about some weak interactions of these fermions.

The following left-handed charged weak interactions are by now completely

classica166:

2 2 Ve v

Ve (U) ~ ocos” 0 (U) n gin” 8 ; N1 u N 1. (2.5)

4’y ¢ s’ c - o

L L

Recently established but apparently quite reliable are the left-handed

charged couplingsZI’GG’74
Ve
7 (:) large; 0 <(§) << 13 (u) << 1 ( _) dominant (2.6)
. .



At the present time there is no good evidence for the existence of any
right-handed charged currents. The fullowing are excluded at anything

approaching unit (v GF) strength:
C oy B B () () o

Plausibly excluded at anything approaching unit strength by observations

and of T decays32 are

x? (5) s (“_) ' (2.8)

of charge-changing charm production74

There is no time here to discuss in depth the present status of neutral
current phenomenology which is admirably reviewed in the talk of

: . 75
Barnett at this Summer Institute.

Suffice to say that the following

right-handed currents cannot76 be large:

?
x: (‘;)R; (d)R (2.9)

The following current is stromgly disfavoured by the recent polarized eD

scattering data77

NO
x? ( f) (2.10)
e

To the best of my knowledge the following left- and right-handed currents

are not yet severely constrained by experiment:

/N §°
(E) H ( lj) 5 ( I) (2.11)
L,R u T

As far as the neutral currents of the fermions (2.4) are concerned, we

only have information at present on those of u, d, e, Vo and vp all of

which seem to agree7 »78

very well with the SU(2)L x U(1) Weinberg-
Salam12 model. On the other hand, we have as yet no useful information
on the diagonal neutral currents of s, ¢, b, ¥, T and vT. We do however
have information on the off-diagonal neutral current d++s, which is

6,79

2
observed ! ), and we have a constraint6 N

to be 0(02 on the AC=2 transi-

F
tion D%—D° which is related to the AC=1 neutral current u+c, and tells
us it is also at most O(Gé). These small couplings are just as expected
in the Weinberg-Salam model, and indeed the smallness of the s+>d neutral
current was the motivatlion of Glashow, Iliopoulos and Maiani (GIM)80 for
giving the charmed quark81 a well-defined role in weak interaction
physics, by causing cancellations like that in the diagram of Fig. 21.
With the important exception of certain atomic physics experiments,82

all present data agree with the Weinberg-Salam model12

with sin® 8, % 0.20
to 0.25.

It is almost universally exjected that there will be at least ome
more quark, with charge e = 2/3 to be called t or vop. Some reasons for
its existence are as follows:

--Aesthetics: perhaps we should parallel the (so far)

Vo v Vo
three lepton doublets ( _) s ( E) s ( _)
e u T

L L L
with (2.12)

three quark doublets

where the primes on the charge - % quarks indicates that they are (gen-—
eralized) Cabibbo mixed, in a manner to be discussed later. It was just

. 81
such an aesthetic argument that led to the postulation of charm = when

only three quarks and four lestons were known. It was only much after
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21. A box diagram used

for calculating the
AS=2 transition
KO + KO.
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this original arbitrary introduction that charm was given80 a raison
d'étre in suppressing strangeness-changing neutral currents. Perhaps
some similar role will eventualiy be found for t and b--a possibility
is CP violation35 which will be discussed later in this lecture.
—--Anomaly cancellation: The above prescription for constructing a
renormalizable gauge theory of the weak interactions is in fact slightly
incomplete. The falling high energy cross sections depend on tricky
cancellations between different uorn diagrams. The relations between
these diagrams can be upset:28 by the so-~called "anomalies" of perturba-

tion theory which arise from the fermion loops of Fig. 6. The anomalies

miintr ha anman 112’ iFf +ho octrrdne v-nvnsv-mn"-fu».h{"-lo-uzg ~Af Fthao Fhamewe do ks

must be cancelled if the strict renormallzability of the theory is to
: . . £2

be preserved. Each triangle diagram makes a contribution = Balee As

mentioned in Lecture 1, thanks to colour these anomalies are cancelled

if there are equal numbers of left-handed lepton and quark doublets.

LR 2 .2 1 e

) (-3) [(—1) - ] =3 i):"l,
n 2 2 n

PRI CRTE DERED> @1
i=1 i=1

Nature has so far endowed us with three left-handed lepton doublets: it
is natural to want to supplement the b with a t quark so as to get a
third left-handed quark doublet to cancel the anomalies. However, other
ways of cancelling the anomalies are in principle possible, and it has
even been argued83 that the requirement of anomaly cancellation is not
to be taken seriously because it only destroys renormalizability in
higher orders of perturbation theory which are not phenomenologically

relevant.



--Flavour conservation by neutral currents: As mentioned above, AS=2
and AC=2 transitions all seem to be supnressed to O(Gé). This was
explained in the GIM80 charm model through cancellations involving loop
diagrams with charmed quarks (Fig. 21). When more heavy quarks are
introduced, the cancellations are no longer automatic whatever the masses
and couplings of the new quarks, unless these are chosen to occur in
representations of the weak gauge group identical with those of the

lighter quarks.sl"71

This would suggest that left-handed quarks should
always be in doublets of SU(2), and that right-handed quarks should
always be in singlets. Therefore, given a b quark we should need a t
quark to partner it.

The above arguments are swasivious, but not rigorous. Nevertheless
we will assume that at least one new t quark is yet to be discovered.
Unfortunately, I know of no stringent constraint on its mass or guar-
antee that it will be accessible to the next generation (PETRA/CESR/PEP)
of e+e_ machines.

What constraints are there on the possible existence of other funda-
mental fermions? We start with the supposedly massless neutrinos. In
fact, high energy physics does not even determine them to be massless,
but gives upper limit527

n < 60 eV , m < 0.57 MeV , n < 250 MeV (2.14)
v v v

e o T
and does not yet seriously restrict the number of ''massless" neutrinos.
+ t - . . 85
For example the K~ -+ 7 vv branching ratio is expected to be
0
)

B > 7'v9) = 0107} N (2.15)

~-98-

whereas the experimental upper 1imit‘7 is 6 X 10_7 corresponding to
N\J £ 6000 (2.16)
In time a better comstraint may be available from the decays of heavy qq

86 .
vector mesons. One can estimate

r(v > 2%+ w)

N o
|

L ro

( Yo
= 1—4|e ]sin a ) - (2.17)
PV + y% » e+e—) 64n2al e q W

-8 4 L2
% 0.2 x 10 ~ x my % Nv for e =3 (2.18)

For the J/¢, a guessed limit of 1 on the quantity (2.18) implies that
N, <5 x 10°. However, the ratio (2.18) is 0(1070) f3. my % 30 GeV,
so that a sensitive search for the decay toponium -+ wv should be very

interesting. One way to do it may be to look for eve.cts of the form

ete™ > (£D)' = (£E) + mn
L+ nothing

c N 87 .
There are however much more restrictive constraints on neutrinos
than (2.14) and (2.18) {f one accepts the standard "big bang" cosmology.89
Very light neutrinos wonld have been produced in great profusion during
the big bang, and would now hrve slowed to being nonrelativistic if their
masses were not exceedingly small, They would then contribute to the

mass density of the Universe and cause Iits expansion rate to slow down

7 .
by an experimentally unacceptably large amount unless8 (see Fig. 22)

)y m, < 50 eV (2.19)
v

which bound can be strengthened to g3 eV by considering the dynamics of
clusters of galaxies. If the neutrino masses obey the constraint {2.19)
then they would have been in thermodynamic equilibrium and present in

vast numbers at very early stages of the Uunlvzirse when the temperature
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The mass density of stable neutral leptons
expected87 on the basis of the standard
big-bang cosmology38 compared with the den-
sity (2 x 10-29 g/cm®) required to close
the Universe and the density (v10-30 g/cm3)
"observed" in the Universe.

-G

k-% MeV. Increasing the number of "massless" neutrinos increases the

early Universe's expansion rate, which increases the n/p ratio when the
weak interactions drop out of equilibrium, which in turn increases the
primordizl abundance of Helium. It is currently believed that the pri-
mordial Helium abundance was less than 25%, indicating as shown in Fig. 23

that there can be at most one more "massless" neutrino after the v (an

improvement on the limit (2.16)1!).

There are also cosmological limits on the possible existence of heavy

stable neutral leptons Lo.89 Figure 22 shows that the upper limit on the

mass density of the Unilverse raquires MLD > 2 GeV which can be improved to
210 GeV by considering the dynamics of clusters of galaxies. A complete
display of the allowed ranges of masses and lifetimes 1s shown in Fig.
24. The important constraints on semistable 1° production come from
upper limits on distortions of the 3%k microwave background, and on the
Y-ray background. We see that 1° particles of arbitrary mass are
allowed if their lifetimes are < 5 x 103 seconds. An L° with a roughly
unit strength weak interactfon making it decay would obey this lifetime
constriint if its mass were X 0(1) MeV. Hence the cosmological con-
straints on massive neutral leptons are not really very useful except in
models90 where some selection rule impedes their decay.

Let us now return to high energy physics to see the constraints it
yields on the possible existence of very heavy fermions (either neutral
or charged, leptons or quarks). Such objects could have an indirect
effect on our low energy phenomenology. One such effect is on the ratio

91,92

of intermediate vector boson masses. In the simplest Weinberg-

Salam model with only I=1/2 Higgs doublet fields, there is a zeroth



order prediction:

2
Myt 2
—5— = cos ew (2.20)
LIS
This prediction gets renormalized by any massive fermion loop to become
2 22 2
+ 1 G 2m m m
T = ccs2 8. 11 + |or _F_ 12 1n ——2~+(m2+m2) (2.21)
2 W 2V 2 2 2 12
LS 3/ 8/2n m =My oy

where m and m, are the masses of the fermions in the loop, and the fac-
tors of 1 and 3 apply to leptons and quarks respectively. Experimentally,
low energy neutral to charged current ratios are semsitive to the boson

mass ratio:

<P

o(NC) _
c(CC) o

(2.22)

Lyl

The present data agree very well with the naive Weinberg-Salam predic-
tion (2.20): Sehgal78 finds

2
Mt

7 > = 0.98 * 0.05 (2.23)
m,, cos ¢}

W

This apparent success of the I=1/2 Higgs assumption leads to interesting
constraints on mi and m,. For example, for a lepton doublet with m, ~ 0,
the limits (2.23) imply

m o< 400 GeV (2.24)

It is possible to imagine possible future experiments with e+e_
machines93 which might determine the 2° mass with an accuracy of 0.1%,
in which case Eq. (2.21) would be sensitive to all mL>100 GeV. In this way

+ - : :
future e e experiments could successfully determine the entire fermion
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The Helium abundance Y plotted87 versus the density of
baryons with the limits imposed by galactic dynamics. and
the Deuter’um abundance D. The dashed lines are astro-
physical constraints <i. ¥. The curves are the values of
Y obtained with different numbers of neutrinos.



mass spectrum, by finding all fermions with mass < 100 GeV and excluding
by their indire:t effects fermions with larger masses.

In passing, we should note92 one unaesthetic aspect of very heavy
fermions. Since their couplings to Higgs particles in the naive
Weinberg-Salam model are

gme

8ffy = e (2.25)

the Higgs-fermion system becomes strongly interacting if me is suffi-

ciently large. Indeed, lowest order perturbation theory violates partial
wave unitarity92 for
nol.2 TeVv

n 550 GeV, (2.26)

mquark mlepton
indicating the presence of bound states or other nonperturbative effects.
For this reason, one might interpret the values (2.26) as plausible
upper bounds on fermion masses, though there is no rigorously logical

reason to exclude such strongly-interacting fermions.

2.3 Finding Heavy Leptons

Let us now turn from indirect evidence on heavy fermions to the
phenomenclogical problems of identifying them in future high energy

experiments. We start with:

2.3.1 Charged leptons

The principles for locating one of these are strongly suggested by

the saga of the discovery of the 194’32’66

The decay modes and
branching ratios are well-defined in the framework of conventional weak~
electromagnetic and strong (partons, QCD) Interaction ideas.31 Assuming
a conventional, sequential (V-A) heavy lepton A~ with a mass in the

range 6 GeV < my < mc-l-mh X 12 Gev, Tsai95 has calculated the diagrams

-101-

of Fig. 7(a) and found the dominant decay modes

B(A +e Gevk):B(A L vpvx):B(A + T Urvk):B(A + dﬁvx):B(A + sgvl)

& 1:1:(% to 1):3:(2 to 3) (2.27)

The leptonic decay modes AT > ;~Gevk and A~ - u_Gu\JX each have branching
ratios 2 10% and should therefore be identifiable. On the other hand,

exclusive semihadronic decay modes such as A~ + m v, or p v, should each

A A
have branching ratios <2%, which would therefore be very difficult to
detect. In contrast to the 1, the dominant semihadronic decay modes are
expected to be multiprong, as evemplified by the last two branching
ratios in the set (2.27). For cufficiently heavy heavy leptons with
masses {10 GeV, these multipar' cle semihadronic decays should show up
as two jets.96 A possible signature for X+X— production--which has the

cross section

2 2
0(e+e— »ax »ahT) B(%%E—>. ﬁ%%_

(2.28)
would then be a lepton (from one leptonic decay) plus two jets plus
uissing energy from neutrinos.96 It seems likely that such an object
could be found in e+e_ collisions if it exists.

2.3.2 Neutiai leptoms

Heavy neutral leptons are expected in many theories, and even in

the Weinberg—SalamIz model doublets like

E® u° °
e /? u or T
a7 Lower limits on their masses come

cannot yet be excluded.
from the absence of K+ -+ Eoe+ decay, which tells us that Mo > 0.4 Gev.

98 .
Improved lower limits on mEoml GeV come from 1 or F decays. An object



T T 111711717 1T 1T 11 1T7
Astrophysically Aliowed- »
[— No Cosmological Effect
| TeV
S | Gev [~
= —
£ Mev L:-
[723
8 -
= 1 Kev :
jev |-
-
1073
tsec 1080 024 028 032
a_78 LIFETIME t,  (sec) 3462424

Fig. 24. Cosmologically acceptable and disallowed
(the shaded regiom) ranges of neutral
lepton masses and lifetimes.87
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Fig. 26.
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E® can be produced singly in e+e— annihilation by Wi exchange as in Fig.

25: e+e_ hd veEc, GeE:. The total cross sections are calculated99 to be
2 \2 o 2 \~1

(1 - E§g> s|l + "o for a

2

mw

right-handed e-E° coupling

8l

+ -
ole e - veEo) X

s 2 2
3 for Meo << g << m and a

I3
N

left-handed e-E° coupling (2.29)
0=0 0=0 + - .
One can also produce pairs E'E” or MM in e e collisions through a
direct channel z° as in Fig. 26. 1In the Weinberg-Salam model, massive

left-handed neutral lepton100 pairs would be produced with cross sec-

tions98
2
G 2 2
a(e+e + E°E°) = ”F" s B‘-A sinl‘ 6”(1+%—) + (2 sin? em—l)z (1—671
327 L Wy 3 \ WU 3

for s << mg (2.30)

The cross sections (2.29) and (2.30) exhibit the linear rise with s
characteristic of the pointlike four-fermion interaction (2.1). They
are rather small for the SPEAR/DORIS generation of e+e— machines, but
would be substantial at the highest PETRA/PEP energies. Thus one would

have
+ - =0y _ A1) + - + -
cle'e =+ veE ) = 0(10) ole'e +uyp) (2.31)

and

- — + - + -
o(e+e > EOEO) ~ O(T%E) glee +pmp) (2.32)
99 At higher energies near and beyond

for beam energies v 15 to 20 GeV.
the z° pole (or poles) the ratios (2.31) and (2.32) would be 0(1). If an

. (o]
MO exists with a mass of a few GeV, visible cross sections for up + M +X
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could be expected for FNAL or CERN SPS p beams. Very substantial cross
sections for ep - E%+X are found for ep colliding rings with centre-of-
mass energies vYs X 100 GeV and Mo g % /;.101

98,99

As for E° decays, one might expect that for 2 GeV § Moo <15

GeV the decay branching ratios

ev, ) R 10% each (2.33)

with corresponding U X, T X branching ratios for Mo, T°, Similarly to

(2.27) one would also expect
B(E® + e (ud)) ~ 307 =ach (2.34)
(c5)
The decay modes (2.33) would have characteristic signatures like ey final
states with low imvariant massgs:

0.5 mpo (left-handed)
MY
0.6 Mo

Tue decay modes (2.34) yield the exciting prospect of a peak in an in-

M (2.35)

(right-handed)

- +
variant mass distribution e + (hadrons) . Unfortunately, as mentioned
earlier heavy hicavy leptons probably95 have very small exclusive semi~
hadronic decay modes, so such a peak might be difficult to track down.

. . 99 + - —o
Possible signatures for single production e e veE would be
. .
(e 1) final states with the Se spectrum having a forward-backward
asymmetry, with the e+u— collinearity collinearity angle peaked towards
610, and with low e+u_ invariant masses as mentioned above and as indi-

cated in Fig. 27(a). Possible signature599 for double production

= . + - -+ —
e'e” -+ E°F° events would include events with e p e u' and nissing energy

as in Fig. 27tp), and ep + hadrons events with the ey collinearity angle



small, so that the pair recoiled against a hadron jet as in Fig. 27(c).

In ep collision5101 one could get events with

ep +.(ue) + (hadron jet) (Fig. 27(d))

or

ep + (e+hadrons) + (hadron jet) (Fig. 27(e))
It seems likely that neutral heavy leptons will have sufficiently dis-
tinctive signatures to be discernible in e+e- or ep collisions at high
energies.
2.4 Heavy Quarks

As was discussed in Section 2.2, we know there is a fifth quark b,
and generally assume there will be a sixth quark t. In this section we
will discuss some of the possible phenomenology of these quarks and of
possible successors. In view of its successes to date, we will assume
the Weinberg-Salam model in discussing the weak interactions of the b

and t quarks. We therefore have (at least) 3 quark doublets of SU(Z)L,

which will in general mix:
u
(o)

The charge-changing weak interactions can be described in terms of an

t (2.36)
L L ( )L

NDxND unitary-matrix U, where ND is the

N 1
= (u,c,t,...) v, E(I_YS) U (2.37)

B2 [ R Y-¥]

number of quark doublets. The matrix U would appear to need Ng param-
eters for its characterization, but (ZND—I) of these are relative phases
between different quark fields, which are unobservable. The matrix U
therefore has (ND—I)2 observable parameters. If ND were 1, U would have

no parameters as is immediately physically obvious. If ND=2, one would

hadrons hadrons
e
et
Koot /'Le
hadrons  hadrons
e (Q) (b (c) (d) (€) surarr
Fig. 27. Possible neutral heavy lepton 31gnature= (a) ete= » et +

nothing from efe™ + v E°, (b) e'e™ + ute~y—et from e+e + EOE°,
(¢) ete™ + y~et + hadron jet from ete™ + ECE®, (d) ep + pte +
hadron jets from e™p » E°+X, and (e) eTp + (e~+jet) + hadron
jets from e”p ~ EO+X.
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expect 1 parameter, which is just the Cabibbo angle SC:
cos ec sin ec
U2 = (2.38)

~-gin 0 cos 6
. c c

If ND=3, one has 4 observable parameters.w2

Not all of these can be
absorbed as the Euler angles of a 3%3 orthogonal matrix. The unitary

matrix U has one extra observable complex phase §:

€1 ~51% T81%3
_ _ id ig
U3 = | 51 €)CyCym8,5 e c1c253+szc3e (2.39)
s.8 c,s,ctc,s eiG C,5,8,~C,C eiG
172 17273 7273 17273 273

where the Si, i=1,2,3 are generalized Euler-Cabibbo angles, and

e = cos Gi, sy = sin @ i=1,2,3 (2.40)

1’
If the complex phase § is nonzero, it will generate CP violation, as
pointed out by Kobayashi and Maskawa (KM).102 It is not at all clear
whether the observed CP violation im the K°-K° system comes from this
source-another favoured source of CP violation i1s a complicaced, non-
minimal Higgs systemlos-—but we will return later to review some pre-
dictions of the KM mechanism for CP violation.

First we should take account of the phenomenological successes of
the Weinberg-~Salam model and the GIMsO mechanism, which tells us that
the observed weak interactions are approximately as described by the
2x%2 coupling matrix u, (2.38). The new mixing angles in (2.39) must
obey certain constraints, with
N, n O (2.41)

8, v 8 ; Cys€5 52,53

04

The best comstraint on 83 seems to come1 from the success of Cabibbo

universality for quarks compared to the p weak coupling. Experiments

-105~

on nuclear B-decay and hyperon decays indicate thatlo5

2 2 2
+
gu+v and B, g,
¥

differ by (2,17 + 0.27)%. However, there should be modifications to

universality due to weak radiative corrections. In the standard

Weinberg~Salam model these are106

|3 a2+ 1n(2
g n EE n 5, (2.42)

If we take o, ~ 94 GeV, corresponaing to sin2 ew = 0.20, and the axial

vector form factor parameter m, v 1.1 GaV, then Eq. (2.42) gives a vio-
lation of u-quark universality by 2.12%. The net discrepancy between
Cabibbo—Weinberg—Salamlz-GIM80 theory and experiment is therefore
0.05 + 0.27%, so that we estimate the "leakage' of the u quark's weak

coupling to the b quark to be

sfsi < 0.003 (2.43)
Since s% v sin2 ec, this result gives an upper limiCIOA on s§ of
sg < 0.06 (2.44)

indicating that s, 1s at most the same order of magnitude as the Cabibbo

3

angle.

The best limit on 8 probablylo4 comes from the success of calcula-

2

tions85 of the charmed quark mass from the observed K°-K° mixing. In

the GIM80 model Gaillard and Lee85 used the box diagram of Fig. 21 to
estimate
bme O 5 ey e ) o 2
— %= f (——) ws—] cos” 8_sin” & (2.45)
e fy K \4n/\38 Gev c c

-1
and the experimental ratio of 0.7 x 10 4 suggested m, v 1.5 to 2 GeV,



as subsequently confirmed by experiment. If we now include t quarksloa

in the loop the equation (2.45) factor

252c2m2m2 m2
. 2 2 2 222 42 42 272t ¢ t
[Z} 5} —

sin® 9 cos o B -+ 51€1% chc+Sth + 5 1n 7 (2.46)
m -m n_

The phenomenological success of the formula (2.45), and the fact that
presumably L > 7 GeV since otherwise toponium would have been seen in

+ - X 67 R 2
the pp > 41 1+ X experiments, gives us a constraint on Syt

s§ <0.1 if m_ <7 GeV (2.47)

Once again, it seems phenomenologically that this generalized Cabibbo
angle cannot be much larger in magnitude than the original Cabibbo angle,
though there is no fundamental understanding of this fact.

Armed with the constraints (2.41, 2.44, 2.47) we are now in a
position to make some educated guesses about the decay modes expected
for bottom and top particles.69 It is generally felt likely that heavy
quarks in new heavy mesons will decay essentially as if they were free
into light qqq combinations as in Fig. 28. These rates can then be cal-

culated by scaling up the u-decay formula
2 2

_ G_m mixing phase space 1
I(f + f1f2f3) R F g x angle | x | suppresion (E:ct::) (2.48)
1927 factor form, #0

f,
i

From the weak coupling matrix (2.39) we should anticipate

2,2
+
I(b » c+X) N 52+s3 25253 cos § . o(i) (2.49)
T'(b - u+X) stz 3 .
173

where we have used m 5 GeV, o~ 2 GeV to estimate the phase space

suppression factor 0(1/3). Assuming, as is consistent with the

-106-

Fig.

qle.g: d)

8-78 dle.g: 4)

3462A28

28. The class of diagram
expected to dominate
heavy quark decay.



constraints (2.44) and (2.47), that

2 2 2)
s, + 8, + 2szs3 cos 6~ 0<53

and using sf ~ E%-, we obtain from formula (2.49) the general expedtation69
that

C(b + ctX) o

Ttb 5 o) © 0(6) (2.50)

Thus the dominant decays of bottom particles should probably be to

charmed particles. Analogously to (2.49) we find for top particles that

>x o(%) (2.51)

cos §

T{t + b+X) 1
T{t + s+X) ( 2,2
sz+s3+25253

for a randomly guessed m, A 12 GeV. With the constraints (2.44) and
(2.47) it seems probable that

r(t + b+X)
T(t + s4X)

> 1 (2.52)
though this may not be the case if m. is close to its lower limit of
7 GeV.
From the expectations (2.50) and (2.52) it seems very likely that

multiple cascades df the form

T+B+X

Locux
L+ s+ X (2.53)

could well dominate the decays of heavy quark mesons. At each stage in
the cascade, the emitted system X may include an (ev) or (uv) pair,
probably each with a branching ratio 0(10 to 20)%. (This comes from
counting lepton versus coloured quark degrees of freedom, and the belief

107,66)

that nonleptonic decays of heavy quarks are not strongly enhanced.
The cascades (2.53) could therefore yield spectacular multilepton signa~

. + - . :
tures in neutrinoproduction or e e annihilation.
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It is also worth thinking what the lifetime of a top or bottom
particle might be. Using the standard formula (2.48) and multiplying it
by 5 to take account of all the possible semileptonic and nonleptonic

decay modes, we find69

T(bottom) * 10_14/(si+s§ + 25253 cos 6) R 10—'13 sec (2.564)

if we use the bounds (2.44) and (2.47)., This suggests that bottom par-
ticles may live long enough to leave detectable tracks in emulsions or
high resolution spark chambers or bubble chambers. How long could the
bottom lifetime be? If the KM mechanism102 is responsible for the CP
violation observed in the K°-K° system,lo4 then as discussed in greater
detail later

3

8,8, sin § ~ 10° (2.55)

this gives us a very weak lower bound

2 2 -
>
82 or S3 10

6 (2.56)

whicl. combined with (2.54) suggests that the bottom lifetime should be
< 10_8 seconds. On the other hand, the KM mechanism may not 1lie at the
root of the observed CP violation, in which case it becomes interesting

to look fo: iouger—lived bottom particles. Indeed, it has been sug-

gested that bottom particles might be absolutely stable (s3=0).108 This

possibility can probably be excluded now, since two FNAL experiment5109

exclude the existence of any heavy hadrons with 1 > 5 x 10_8 sec and

a production cross section as large as that of the T in 400 GeV proton~
nucleus collisions, as would be expected for bottom particles. If the
bottom lifetime is 2 10—12 sec, as 1is perfectly consistent with all the
constraints mentioned above, then experiments to measure it at e+e_

machines become imaginable.llo



What about the production of new heavy quark particles? The three
most promising mechanisms would seem to be:

Production in VN collisions. The prospects here are unfortunately

not very good,69 largely because of the severe constraints (2.44) and

(2.47) on the mixing angles. These imply that at present energles,

. 111
where there is a threshold suppression of heavy quark productiom, one
probably has

ol{heavy) < 0(10_3) (2.57)

o(total) -
so the total cross section will not show an effect and one must look for
distinctive signatures. These might include dilepton events, with one
lepton coming from a cascade decay (2.53) and having large Pp because
of the large energy release in the decay, or tri- or tetralepton events.
Unfortunately, these probably occur--because of (2.57) and the less-than-
total acceptances of present neutrino scattering apparatuses—-at observ-

able rates

__oQGuw)_ -5 a (4w -6
STrotaDy < 00 ) Sregeary < 0110 ) (2.58)

Present experiments are perhaps sensitive to the rates (2.58), but most

112 f s -
observed 3p events seem to have a radiative origin, and the two

113

published tetralepton events are difficult to assess.

Production in eN collisions. One expects the production of heavy

quarks to be relatively small at low QZ, but that the sea of heavy qa
pairs should gradually build up as Q2 increases, with distributions
approaching SU(f) symmetry as Q2 + «, The evolution of the heavy sea
can be estimated in QCD using evolution equations of the form (1.20,

1.21)101 corresponding to Fig. 9(b). Ideally, one should include in

-108~

these equations the finite mass of the heavy quark.114 101

Neglecting it,
one finds production cross sections for t and b quarks in high energy
ep colliding rings which are several % at low x, being within a factor

of 2 or 3 of the SU(f) symmetry predictions.

. + - A . s
Production in e e collisions. The situation here is most favour-

able, since the production of heavy quarks is expected to be

m3e§ xg(e+e_+u+u_) above threshold, and there may be a threshold enhance-
ment because of an analogue of the ¢(4.03-4.16) just al.ve charm threshold.
Unfortunately, even SU(f) symmetry does not give a large increase in the

cross section, or large signal-to-background ratio. One finds

Yt kg

Wik

(2.59)
B ____—E ¥ 277
3
which makes the experimencal location of a new threshold nontrivial,93
and identification of :.aked top v. bottom particles very difficult.
Several ways have been proposed for finding distinctive t or b signa-

93,33 by the expected dominance of

tures. One of them is suggested
t (or b) + qqq decays, which should populate top or bottom meson final
states with 3 ver- embryonic "jets'" for each b or t, making a total of
6 embryonic "jets" in an e+e_ + tt or bb final state as in Fig. 29. It
is very unlikely that these multiple jets could be disentangled except
if one were at extremely high energies and the t quark mass were very
large. Close to threshold, one would expect the hadronic final states

to be essentially isotropic,93 rather like phase space. Above threshold



one would expect this isotropy to fade away gradually, so that for the

thrust53

<1-T> =

1
heavy 2 (2.60)

Sl

where QO is the heavy threshol.d energy as shown in Fig. 30. One could
imagine locating a new (t?) threshold by doing a relatively coarse energy
scan looking for a jump in the fraction of events with high sphericity
which should persist some way above threshold. Once the general loca-
q g +~ion of such a threshold had been found, one could do a more conventional
%—+—-§ I %éq ~ % fine scan. A similar idea could be used to enhance the signal-to-
qa a background ratio for heavy qa final states by making cuts in sphericity
77 hadrons '3
or acoplanarity. Suppose you '-ike u standard sphericity analysis
of each final state and identify the three eigenvalues Ai (i=1,2,3) of

rhe sphericity tmesor:

Fig. 29. Heavy quark-antiquark production 2.61
just above threshold. Ay 2 Ay 2y (2.61)

(me .nay then define quantitien
2)1
Q =1 - == (2.62)
i k1+x2+k3

for which different classes of events have the following characteristic

values:
9 Q-0 ]
h L 0
sphere 3
circular disec 0 0 r
(2.63)
° 2 jets 0 1
phase space #0 #0

"

1t is apparent from (2.63) that (03—02) is a measure of "jeticity",
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The quantity <1-T> plotted53 as a function of centre-of-mass
energy as one crosses the bb threshold including naive parton
nonperturbative contributions, QCD radiative corrections, the
narrow_resonances T, T' and T", and the effect of the naked
bottom’3 threshold.
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while Q1 is a measure of acoplanarity. One could imagine selecting

heavy qq events either by making a "jeticity" cut, or by an acoplanarity

cut, or by some more sophisticated combination of the two. To see how

this procedure might work in practice, I have taken the distributions

58

in Q3—Q2 and in Q1 measured by PLUTO”~ in the e+e~ continuum close to

115

the T, and compared them with a phase space Monte Carlo to mimic bb

events in Fig. 31, Clearly the distributions are very different, and

it appears that one may make cuts:

Jeticity: Q.-Q., < 1, 7/8 of bb } survive (2.64a)
322 1/4 of 2 jet continuum (Fig. 31(a))
7/8 of bb
. 1 survive
Acoplanarity: Q 2 8 ¢ {1/3 of 2 jet continuum} (Fig. 31(b)) (2.64b)

Thus it seems that the bb signal~to-background ratio ray be enhanced by
a factor of at least 3 by suitabtle cuts on the spliericity eigenvalues.

Another tactic nay be to select single or multiple prompt lepton

events.32 If one uses the cascades (2.53) one has
K i R 4 _‘
e eve
b_1, " b _1
R | T2’ R4 'i 2 (2.65)
el, eteT|,

where charm is expected to be the dominant background, while final states
with eiet, or 3 or 4 leptons could only come from bb production--until
the tt threshold is reached. Such triggers suffer from two defects:
they knock down the event rate by a factor of 5 to 10 for each semi-
leptonic éecay, and it 1s difficult to reconstruct an invarlant mass
peak when semileptonic decays are involved.

Before leaving the subject of BB production, it may be worthwhile

to point out some intriguing asprct: of b meson decays which would cast
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strong light on the validity of the KM model and CP violation.

These toplcs are treated in more detail in the talk by M. K. Gaill.’:u‘d116

at this Summer Institute. The subject of x°-k° mixing has been touched

on already, and is expected to be large in the GIM-KM model, as

observed experimentally. It is expected that p°-p° mixing should be

3

very small 0(10"" to 10-4),104 since it is sensitive to mz rather than

mz, and comes from diagrams which are Cabibbo disfavoured by comparison

with the dominant c¢ + s+X decays. In the case of BO(E ba) - EO(E bd)

meson mixing, mixing is expected to be intermediate between that in the

69

K°-k° and p°-B° systems. The relevant mixing parameter is

22
-t
700 GeV

_2
Ty

Am
I (2.66)

E
where the sensitivity to mi is intrinsic to the models while the precise

nuvmber in the denominator 1s rather uncertain. Since m > 7 Gev, Eq.

(2.66) tells us that probabhly

2°-p° mixing < 8°-8° mixing < K°-k° mixing
and this could be the only route to a phenomenological estimate of m
before the t is found.

Mixing would yield

o_- z0=z0

efe” - 8%8% , s%Yx, %%, B%% (2.67)

+ +
final states, whose primary decay leptons could give like-sign e"e” sig-
natures. Unfortunately, these could also come from cascade decay con-
fusion, though this may be reduced by making a suitable lepton momentum

117
cut

: primary leptons should be harder.
Since the KM model has interesting results for CP violation in K

decays, it is natural to ask about its implications for bottom meson



systems. In the case of k° and D° meson decays, the KMIO2 model gener-

69,118

ally reproduces the predictions of th: superweak theory, with the

usual CP violating parameters

3

19K1, |€D| % 0(2s,5, sin 8) & 2 x 107 (2.68)

as foreshadowed in Eq. (2.55). The model also predicts a very small

cm and much smaller than the

119

-28
neutron electric dipole moment, $ 10

present experimental limit g 3x 10_24 cm For the B°-B° system the
corresponding CP violating parameter is much larger69

3

e | & tan 2§ >> 107 (2.69)
B

Thus the CP violation could be substantial. A characteristic signature

for it would be
stete™) # a(e”eD) (2.70)
+
in any region of e  phase space. The expected magnitude of the effect
(2.70) is strongly dependent on the values of the mixing angles and

since both |e (2.69) and |AmB/TB| (2.66) must be large to get

g S
large effects.

The bottom may not be "just another quark™ but may yield important
insight into the great unsolved problem of CP violation. Maybe that is
why we need the fifth and sixth quarks, which a fortiori is why we had

the third and fourth quarks and the muon!

3. The Intermediate Vector Bosons

3.1 Introduction
We now turn to that most characteristic aspect of gauge theories,
We will be primarily interested in

the intermediate vector bosons.

their spectroscopy and couplings to elementary fermions, but as was
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emphasized in section Z.i, the study of their interactions among them-
selves is also very important. This is, after all, the feature that
should make them gauge bosons rather than just any old *ntermediate vec-
tor bosons. We will start off by summarizing the masses and widths one
expects for charged and neutral vector bosons in a general weak inter-
action model, but will often use for illustration the Weinberg-Salam
model with sin’ 6, % 0.20.

This is the value found in the latest inclu-

sive vN25 and polarized eD experiments‘77 It leads to r-~ther higher

+
masses and widths for the W~ and z° than one had previously grown used

93,121,127

to contemplating.9 After reviewing thelr properties, we will

then move on to discuss how the Wi and 2° may be disccovered in hadron-
hadron collisions,9 which seem likely to give our fi.st glimpses of

them. We will look at backgrounds as well as cross sections, using as
a guide the scale-brealing and differential cross sections expected on

the basis of QCD.123

101,124

Then we will study Wi and z° effects in ep colli-
sions. It will traispire that these are not :he best way to
produce the vector bosois directly, but they allow one to observe weak/
electromagnetic interference effects in regions of large QZ where they
are 0(l). One should he able to see clear deriva£ions from thé pointlike
four-fermion weak interaction, and see the effects of the finite boson

93,121,122

. + - ; : .
masses. Next we will turn to e e experiments, discussing in

particular the dramatic z° peak with its prodigious event rate and the
opportunities it affords for precision weak interaction studies and
The final section will examine phenomena away

+ - + - 125,126
from the Z° peak, including in particular the reaction e e =+ W W, ’

analyses of ‘rare decays.

which affords a unique opportunity to see the gauge theoretic cancellation



of diagrams at work. The important possibility of seeing the three-
point couplings between vector bosons will be mentioned.

It will be clear that while hadron-hadron collisions offer the
most immediate prospects for exploratory experiments to find the Wt and
Zo, detailed studies of them will only he possible with e+e_ machines.

3.2 Properties of the Vector Bosons

3.2.1 (Charged bosons

+
If we assume that a unique pair of charged vector bosoms W~ is
responsible for the observed charge-changing weak interactions, then its

decay width to e_Ge is easily calculated122 to be

G
6m V2

:_?u

(W -+ e-'Ge) & (3.1)

If we assume that all otﬁer fermions occur only in left-handed doublets,
their decay rates are simply related to (3.1) by
P > e 9 )T > u'su):r(w’ > 1)
I(W =+ du):T(W + su):T(W = dc):T(W -+ sc):l(W - bE)
% 1:1:1:03 cos 6 13 sin’6 03 sin’8_:n3 cos’o N3 (3.2)

where the factors of 3 come from colour, and we have neglected the gen-
eralized Cabibbo angles ez and 63. If there are ND doublets of quarks
and leptons, each with the sums of their masses my then it is clear

that the branching ratio

- - 1
B(W »e ve) & @ (3.3)
D
and the minimal "known" three doublets of everything would imply
- - - 1
X Y] Prpp——
B(W +e ve) Y BW -y vu) 17 (3.4)
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+
In order to fix the mass of the W we will assume the Weinberg-Salam
model in which

_ / ma 1
Tyt = /2 ¢ sin ew (3.5)
If we take the latest experimzntal value of sin2 Sw % 0.20, then we find

Mo % 84 Gev (3.6)
Armed with this mass estimate we return to Eq. (3.1) to find that
T(W - & 9) & 230 MeV (3.7)

while Eq. (3.3) implies that

(W =+ all) % 900 N MeV (3.8)
and the minimal ND=3, 6 quark. 6 Lepton model would have

T(W ~+ all) % 2.7 GeV (3.9)
his is intriguingly wide so that one begins to wonder whether its width
can Le measured experimentally in hadron-hadron or e+e_ collisions.
Notice that according to high energy physics, T'(W =+ all) could be larger
bacause of Ll paltry limit (2.16) on the number of "massless' neutrinos,
and the lack of any other limits on the number of massive fermions in the
mass range 5mw. Life would indeed be interesting if the W had too small
a leptonic bhranching mode (3.3) to be detectable!

3.2.2 Neutral bosons
It is by no means universally accepted that a unique z° boson is
responsible for the observed neutral current phenomena,75 so let us

adopt a flexible parametrizationg3 of the z°-£-f interaction

1/2

G v_-a_y

2, = -n, <—F> 'y ( L—f——5> £ (3.10)
3 w\ 5



In terms of the vector (yf) and axial (af) couplings so defined, the z°

decay width is just
3
GmZ

rez® > a11) %
24V2 leptons

(vi+ai) + 3Earks <v2+a§)} (3.11)

In the Weinberg-Salam model12 the couplings are specified as follows:

s a2
=~1L+ 4 sin b

a, = au =a =-1, v, = vu =v. W
a =1 . v. =1
v v
a =a =a = 1 v =v =v = 1~ 8 sin2 8 @12
u c t ’ u c t 3 %)
4 . 2
ay = a_ = a = -1, Vg = Vg = vy = -1 + 3 sin ew

Inserting these couplings into Eq. (3.11) we find the following total z°

decay rate:

3

° sz 2 2
T(z° » all) ~ 1+ (1 -4 sin o)) N _+ 28
24V2 7 W £ v

2
+3(1 ¢ (1-8gin? o N
3 w 2/3

4 .2 2) |
+ 3(1 + (1= 2sin’ 0 ) LRYPY I CREY
where we have been agnostic about the numbers of particles of each type.

If we assume sin2 ew % 0.20 as before, we find the relative decay rates

- + - - -
rz® + v9):r2® 5 2707y r(z° > wu) i1 (2° - dd)

2:1.04:3.63:4.67 (3.14)
To go further, we need to estimate M- If the Weinberg-Salam model only
has I=1/2 Higgs multiplets, then as discussed in Lecture 2127
m
Ly L (3.15)
My cos ew
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and present data on neutral current cross sections suggest78 that the
mass formula (3.15) is correct to within (1 * 2%)%. Taking sin2 Bw5¥0.20
as before then yields

m, f 94 GeV (3.16)

which is rather higher than the traditional guessg’93 of 80 GeV. We then

see from Eq. (3.13) that

rz® + ete”) % 82 Mev (3.17)
and from Eq. (3.14)

B(z® > eteT) % ii%ﬂ; (3.18)

Correspondingly the total 2° decay width
y

rz® » all) % 900 N, MeV (3.19)

and if there are the tralitional minimal 3 doublets then

B(Z® » efeT) 2 3%, T(E® > all) & 2.7 Gev (3.20)

Notice that in this case it the number of

5

e really do have to

"massless” neutrinos since the z° will decay indiscr’minately into all

of them. If the cosmolcgical bounﬂ87

is disastrously wrong, the observ-
able e+e_ decay mode could have an embarrassingly small branching ratio.
Before leaving this section, it should be mentioned what general,
model-independent bounds exist on the masses of the Hi and z°. Bjorkenlz8
was able to show on reasonably general gauge theoretical assumptions that
e should be within about 20% of the Weinberg-Salam value (3.6), while

m,o Wwas only constrained to be <200 GeV unless more stringent assumptions

ZO
were made. “Gauge theories generally seem to like to have their vector
boson masses in the range up to 200 GeV. To my knowledge, the only indi-

cation that they really should have this mass scale comes from the



calculation105 of radiative corrections to M-quark universality (2.42),
which would come somewhat unstuck 1f the hoson masses were as high as
the unitarity limit. It seems that a conservative hadron-hadron experi;
ment to search out vector bosons should have sensitivity up to mwt; Lo
~ 200 GeV. On the other hand, the phenomenological successes and
aesthetic economy of the basic Weinberg-Salam make a gamble on a nz°
factory" e+e_ machine with 50 or 60 GeV energy per beam look 1like a

reasonable bet.

3.3 Production in Hadron-Hadron Collisions

To estimate the cross sections for Wi and z° production in hadron-
hadron collisions we will use a cautious approach. First we will derive
conservative "lower bounds” from the CVC and scaling hypotheses, then
calculate the cross section using a naive parton Drell—Yan9 mechanism
which incorporates these two assumptions. Finally, we will use QCD to
estimate the effects of scaling violations,129 and the Pr distributions
which are expected to be rather broader than in the naive parton model.

In order to produce a Wi or 2° it is necessary to bring together
to a point a quark and an antiquark. But the same mechanism is needed
to produce a y* and hence a massive u+u_ (ot e+e_) pair, so one should

+
be able to relate the cross sections. The W may be produced by vecztor

or axial currents, so

= [o + (o 2 [ (3.21)
w T w0, 2
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+
If one neglects s, c and heavier quarks, then the W are produced by the

I=1 current ud, and one can use TVC in Eq. (3.21) to ohtain

<°w> =z %[cw.'.(pp) + o (pp) + cw+(pn) + oo (.pn)]

2
3G cos” ©
2w [ > 1)+ 22 en o fo)]
4a” V2 au M I=1
(3.22)

Hence the W and 2+1— continuum cro;ss sections are related by the
"conditional lower bound":

(o2 0.22 Gev ™ mé‘]<—d% (z*z‘)> (3.23)

daM I=1

To use the bound (3.13) we must make a large extrapolation, because there
ar.. experimental data on pN *-£+2-X only at low values of s and Mz. But

i" the 1+1_ continuum is produced in a pointlike manner, the scaling law

VL T f(r zy:—) (3.24)

dMl
applies. Using the scaling law in the bound (3.23) and neglecting pos-
sible I=0 contributions one finally obtains

2
<aw (E T)> > 0.22 GeV 2 £(1) (3.25)

s

As an example, let us take /s = 540 Gev, m, = 84 GeV in which case
+ -
experimental data on pN + £ £ +X at Vs - 27 Gev suggest

2

<c (h - o.oza)) > 2 x 1074 cm? (3.26)
W \s -

The above estimate is not very satisfactory, since it depends on
assumptions about the neglect of I=0 contributions to the cross sections,

and neglects productior by axial currents. To go further, we use the



naive parton model which enahles these contributions to be calculated,
as well as obeying the CVC and scaling assumptions. The simple Drell-
Yanle collision mechanism of Fig. 3 yields9
g—i (atb - WX) = Gn V2 H(t,x) (3.27)
w 2
where x = Zp“//;, Tz mw/s and

X X
ab

v x2+41

. -
where W;b(xa,xb) is the qq annihilation luminosity in ab collisions:

H(t,x) = Wib(xa,xb) (3.28)

w-z:b(xa’xb) E% (ua(xa)ab(xb) * Ea(xa)ub(xb)) COSZ ec
+ [s,c,...] contributions (3.29)

and W;b(xa,xb) is defined similarly to (3.29) by interchanging quarks
and antiquarks. If one puts reasonable distributions of sea antiquarks
into the formulae (3.27, 3.28, 3.29) one finds that for oy, = 84 GeV and
Vs & 540 to 800 GeV (see Fig., 32)

alpp ~ W++X) no2ox 10"33 cm2

olpp » WHK) & 1 x 10727 cn? (3.30)

a(pp + WHX) ~ 3 x 107 cn?

In assessing the observability of the cross sections (3.30), one should
not forget to fold in the branching ratio into a detectable final state
such as e—ﬁe or u_vu, which the lower bound of 3 lepton and guark doub-
lets implies will be <8%.

A precisely analogous calculation to the above can be done for z°
production to yield

o(pp + Z0+X) A lx 10“33 c:m2
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3

opp + 2%4X) ~ 2 x 10733 2 (3.31)

in the centre-of -mass energy /s " 540 to 800 GeV. The cross sections

(3.31) are somewhat smaller than for the Wt (3.30), and the observable

leptonic decay modes z° > e+e_,u+u_ are expected to have somewhat '0_33
smaller branching ratios, <3% for >3 lepton and quark doublets.

The naive parton model makes predictions for the differential cross < |0-34
sections as well as the total. Distributions for the decays Wi > ut(+v) \E/
or Ui -+ hadron jets are also easy to calculate because the polarization '8]'3 10-35
state of the Wi is known. Representative calculations from the paper of —le
Quiggg are shown in Fig. 33. We see that there is a large charge |0_36
symmetry violating forward-backward asymmetry in the distributions of
leptons from Wt produced in 1:47 collisions. Unfortunately, this effect is
likely to be very small in z° production which may lead the sceptic to
question how one knows that the "weak" z° is being produced, rather than 14
just any "strong" vector meson V. Paradoxically, the cross section for 10
such an hadron V is expected to be much smaller than that for a z° of & 35
comparable mass, since the "charmonium" Zwelg rule is expected to sup- § 10
press I'(V + hadrons) to a few dozen keV, while I‘(Z(J -+ hadrons) is O(l) 8‘%\ 36
GeV, and the production rates are probably roughly proportional to the —im 10
hadronic decay widths.uo A characteristic of the naive parton models 37
is its Pp cutoff for partons, and hence the expected low <pT> for the 10
produced wt and Zo‘l(: This prediction is presumably wrong, since the 1-7
Py of observed Z+Z_ pairs in hadron-hadron collisions seems to im:rease131
with MZ if t = mz/s is held fixed. Such behaviour is expected in QCD -

Fig. 33.

(or any other field theory) where the pointlike nature of the funda-

7,38,39

mental interactions implies <pp> = oM) x logs. Field theories
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also expect scaling violations in the cross sections, analogous to those

predicted and observed (Fig. 10) in deep inelastic leptoproduction.

s +o
Surely we would not expect scaling in pp > & £ +X to be sacrosanct

[
h
1=

fad

is violated in 2p - 4X.

In QCD, modifications to the naive parton cross section formulae
come from radiative corrections to the fundamental qa annihilation
process, and from new processes such as qz + W+q, G+q + W+q, etc. as in
Fig. 34. The important changes in the Wi or z° cross section are three-—

: . = . c s 132,133
fold. TFirst, in the qq annihilation luminosity (3.29) one should use
the Q2 dependent effective parton distributions42 introduced in Lecture 1.

51,132

Analysis of the logarithms of perturbation theory shows that the

leading Q2 (or M2

L+L') evolution of the Drell-Yan cross section is cor-

rectly taken up by this substitution:
+ 1 2 2\ L= 2 2] 2
wab(xa’xb) 3 EJa(xa,M )db(xb,M )-+da(xa,M )ub(xb,M ) cos” @

+ [s,c,...(Mz)] contributions (3.32)
with ua(xa,Mz), etc. obeying Eqs. (1.20, 1.21). There are also radiative
corrections to the basic cross section formula (3.28) relating H(t,x) to
Wib(xa,xb). These will be O(GS/W) and not very important relative to the
effect of going from (3.29) to (3.32). More important is the third
effect, which is to add to the qa annihilation subprocess essentially
new subprocesses such as q+G + gq+W as in Fig. 34. The cross section for
these reactions will be superficially O(as/ﬂ) or O(as/ﬂ)z, but the
effective luminosities analogous to (3.29) may be considerably larger,
at least in pp collisions.134 In this case the density of a is rather

small, 0({6) of the valence quarks, which can compensate for the (as/n)
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Fig. 34.

3462434

Subdominant QCD subprocesses
for vector boson production.



suppression of other subprocess cross sections. In Sp collisions both
the q and q in (3.32) can be valence, so that the expected effect of
these extra subprocesses is relatively smaller.

Figure 35 shows a typical QCD calculation133 of the corrections to
the naive parton formulae (3.27, 3.28, 3.29) due to the effective q(Mz)
substitution (3.32). It transpires that the effects on the expected Wi
or 2° cross sections (3.30) and (3.31) are relatively small, because for
the likely range of mé/s there is a cross-over in the QCD scaling viola-
tion effects. This reflects the behavior of the QCD calculations of
F;N(x,QZ) shown in Fig. 10 (see also the experimental data), which indi-
cate that for foreseeable values of Q2 the structure function does not
change much in the neighborhood of x = 0.15. On the other hand, the
effects of QCD scaling violations are potentially rather serious at
larger values of mz/s. This may pose problems for the production of
gauge bosons much more massive than 200 GeV in the presently discussed
generation of Ep and pp colliding ring machines, and is one reason why
a low energy (/s < 300 GeV) pp collider was somewhat unappetizing. As
mentioned above, the other QCD corrections to the formulae (3.27, 3.28,
3.32) are expected not to be very important in Ep collisions, This is
reflected in Fig. 36133 which shows a calculation of the fractiomal
modification of the cross section (3.27, 3.28, 3.32) expected in both pp
and pp collisions. We notice that in the likely range of interest for
mZ/s v 0.01 to 0.1 the modifications to the qa annihilation formulae are

2
not even very big in pp collisions, though the effects at large m'/s

are again embarrassingly suppressive.
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As mentioned earlier, it is expected that <pT> should be large for
vector bosons produced in QCD. Generally one expects a typically brems-

strahlung cross section with

)
i=ol2) o,

A typical calculationlz3 of <b§> is ghown in Fig. 547. However, it should
be emphasized that there is no solid indication yet that the Py distribu-
tions of Drell-Yan lepton pairs seen so far are well described by QCD. In
line with the discussion of growing <Py and jets in section 1.5, one would
expect that Wt or z° production events with large Py would be accompanied
by an opposite side gluon or quark jet.135

So far we have said relatively little about ho" one might look for
vector bosons in hadren~hadron collisions. The be 't pcuspects are appar-
ently provided by z° - e+e— or u+u- decay, where one has an invariant
mass peak to find su; erimposed on a continuum background which is expected
to be very small. The l-rge <p,> of the z° shovld not disturb us, as
long as we have a de:ecior with sufficiently large lepcon acceptance.
The next most likely signature would appear to be W Li(v) decay.
Here there is no invariant mass peak to be found, but the kinematics of
Wi decay give the lt spectrum quite a well-defined Jacobian péak in Pp
as long as the <pT> of the Wi is not too large. Figure 38 shows a cal-

123 of ‘he spread of the Wi Jacobian peaks expacted in QCD. The

culation
smearing is not disastrous, despite the relatively large Py (3.33)
expected in QCD. The reason is apparently the characteristic bremsstrah-
lung shapé of the spectrum, which keeps a sharp peak at pTNO. Also

shown in Fig. 38 is a calculationlz3 of the lepton background expected

in QCD which is two or three orders of magnitude below the peak. How-

ever, it should be noticed that no experiment has ever found &tch a
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nice Jacobian peak, and one could certainly imagine ways in which the

136 For example Wi > Tt(v)

neat pictures of Fig. 38 could be dilutad.
would give prompt leptons which could start filling in the holes at
pT=O(20) GeV, or there could be large numbers of prompt leptons coming
from heavy quark decays to push up the background levels. There are of
course features of the W decay leptons which could be used to suppress
background contamination. For one thing, the missing unobserved neu-
trino will cause lots of Pr to be missing, and this could be noticed by
a detector with sufficiently large acceptance. For another thing,
plausible backgrounds would not have the charge-symmetry violating
forward-backward asymmetry of W decay leptons in Ep collisions shown in
Fig. 33. It therefore seems likely that the W + ev or uv decays could
also be seen in hadron-hadron collision experiments.

Much more difficulty will be experienced with hadronic decays of
the vector bosons. These should give two jets with an invariant mass of
84 or 94 (?) GeV, but the background expected from QCD is very large.
The fundamental q-q, 9-G and G-G scattering processes in QCD give a p;h
hadron background,l37 which will mainly be in the form of pairs of jets
with a continuous mass distribution at a level considerably above the
W and 2° production rates. TFigure 39 shows a calculationlz3 of the
pp + jet+X QCD background. (It also features guesses at the prompt y
and y spectrum which are useful in estimating backgrounds to the search
for leptonic decays of the vector bosons.) In the absence of a cunning
trick for suppressing the QCD background, it seems to me unlikely that

the vector bosons will be easy to find in their hadronic decay modes.

-122-

10~'6 11 ( i | { [ I

Fig. 39.

20 40 60 80 00
p; (GeV)

3462A39

QCp calculationsl23 of jet, w, y and muon cross sections in
pp collisions at Vs = 540 GeV.



Before leaving the topic of vector hoson production in hadron-badron

1
collisions, it rmay be worthwhile to remember 38 that the production of

W+W_ or 2°2° pairs is not totally negligible:

+ -
opp > WH X) _ o(2) (3.3¢)
alpp > W X) N

Some relevant graphs are shown in Fig. 40, and the results of a naive
parton cross section calculation arel38 shown in Fig. 41, It seems that
for pp collisions at /s ~ 800 GeV one might expect cross sections

olpp + WWX) & 10736 cp?

(3.35)

a(pp + 2%2°%) 10737 cn?

Given the luminosity 0(1033 cu{-2 sec—l) expected at Isabelle, it should
be possible to detect the processes (3.35). It is apparent from Fig. 40
that the W+W— production process 1is sensitive to the 3-boson vertex.
However the measurement of it in this reaction seems much more tricky
than in e+e_ collisions because of the large backgrounds in hadron-hadron
collisions.

3.4 Effects in ep Collisions -
101,124

+
Let us first consider the direct production of W~ and z° in
ep collisions. The most important Feynman dliagrams are those shown in
Fig. 42. Production from the lepton vertex 1s generally larger than that
from the hadron vertex because the hadron momentum is shared out between
a number of quarks and gluons, only one of which can participate in any
given reaction., Forms for the cross sections are rather complicated and
. i . 101,124

not of intrinsic interest, so they will not be exhibited here.

In Fig. 43 are plotted the cross sections for ep + VWX and ep + eZX.

We see that for immediately foreseeable centre-of-mass energies for ep
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colliding rings (Ee ~ 20 to 3Q Gev, Ep ~ 250 to 400 Gev, /s "~ 150 to 200
+

GeV) and reasonable W and 2° masses the orders of magnitude of the cross

sections are

o(ep > VWX) 10_38 cm2

(3.36)

olep + eZX) ~ 10_37 cm2

2 -1
sec ) we are

so that with the projected101 luminosities 0(1032 cm
talking about very marginal event rates O(l) per week or day at best.
One asset of these reactions is that they are potentially very clean,
with the final hadronic state X being s single proton about %’the tinme,
and otherwise having a tendency to be a lightweight hadronic system, by
the general standards of sucl. a mashine. However, it must be admitted
that presently conceivable e» machines offer bleak prospects for detect-
ing or studying intermediate v-2ctor bosons.

Much more interesting for this class of machine3101’124

is the study
of inuirect effects of the W: and 7° From their exchanges, and inter—
ferenz2 with y exchange in the case of the 2°. The Q2 accessible with
such a machine range up to 0(104) GeVz, where y and 2° exchanges are of
equal order of magnitude, and one can expect 0(l) charge asymmetries or
parity violua:tiuvns, to be compared with the 0(10_4) effects detected in
present experiments. Detailed formulae for the effects are given in the

CHEEP reporthI: some representative calculations are shown in Fig. 44.

Figure 44(a) shows the charge asymmetry

alep) 4 (3.37)

¥
a(e'p)
2
expected in ep collisions at x=0.25, s=27,000 GeV™ and varying values of Y.

The SU(Z)L x U(1l) Weinberg-Salam model (A,B), SU(Z)L XSU(Z)R><U(1) model (C)
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Fig. 44. Various weak electromagnetic interference and strong interac~

tion scaling violation effects in ep » e+X. (a) Charge
asymmetries in g(e”p)/o(etp): A--Weinberg-Salam model with my
arbitrarily increased to 150 GeV; B--Weinberg-Salam model with
my = 86 GeV; C--SU(2)y, * SU(2)g * U(1) model; D--Hybrid model

o
with <§_)R doublet; E—-estimated uncertainty due to 2y contribu~

tions. (b) Parity violating asymmetry for the Weinberg-Salam
model with and without QCD scaling violations. (c) Parity
violation in o(eLp)/o(eip): A-~Weinberg-Salam couplings with

my taken to ®; B--Weinberg-Salam with mz = 150 GeV; C--Weinberg-
Salam with m% = 86 GeV. (d) Apparent scaling violatlons in
o(e"p) + o(etp) coming from strong and weak interaction sources:

o]
A——(E_) doublet; B--Weinberg-Salam model; C--SU(2); x SU(2)y
R
x U(l) model; D--Asymptotic freedom.
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and model with an (ES)R doublet (D) can clearly be easily distinguished.
We also see considerable sensitivity to the mass of the Zo, which. can
be measured indirectly in this way. Figure 44(b) showvs the parity vio-
lating effect
ole;p)
~— # 1 . (3.38)
o(egp)
which can be expected for similar values of the kinematic variables. All
calculations are in the Weinberg-Salam model, but with o, adjusted arbi-
trarily while keeping identical neutral current cross sections near Q2=0.
You might wonder to what extent these calculations are independent of the
strong Interaction model used, which was the nalv~ parton model. Figure
44(c) shows the effect on the parity-violating asymmetry (3.38) of

1

including asymptotic freedom effectslo which modify the quark distribu-

tions as discussed in Lecture 1. We see that the changes are minimal,
indicating that strong cffects do not confuse the weak effects. Figure

44(d) shows a compa‘:isonlol

of the scaling violations expected from
asymptotic freedom c.mpared with the apparent deviations from a point-
like electromagnetic cross sections which would be exhibited by weak
interference effects on o(e p) + :(e+p) in a variety of models. We see
that strong scaling deviations are expected to be small in the range of
large Q2 where weak interferences are large. Conversely, the strong
scaling violations are big when Q2 < 0(1000) GeV2 where the_weak inter-
ference effects are relatively small. It seems that QCD and weak gauge
theory effects can plausibly be disentangled in the reaction ep =+ etX.
Figure 45 shows the effect on the charged current reaction eé > viX

+ 124

of asymptotic freedom and/or the finite mass of the W™. There is
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Fig. 45. The effectsb9,101,124 o (a) o(e™p ~ v+X) and
(b) oletp - UetX) cross sections of finite boson
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clearly great sensitivity to deviations from the pointlike four-fermion
. s . . 32 -2 -1

interaction. With a luminosity of 107" em = sec = one would obtain
several hundred events a day ever in the most pessimistic case of a low

+
W mass.

3.5 The 2° Peak in e'e” Annililation

Clearly the cleanest and most dramatic place to study the 7° is in

93,121,122 where it Is produced alone and with a high

+ -
e e collisions,
rate. For comparison, let us normalize the cross sections of this and

the subsequent section to

- + - 4na2
opt zglee +y*>puyu) = g (3.39)

At the centre-of-mass energy cf ordar 94 GeV which we are interested in,
a‘t ~ 10—2 nb corresponding to an event rate of 3.6 events per hour if
the projected luminosity of 1F32 nm-z sec_1 is attained. The analysis
«f section ?.2.2 suggested thit we should be prepared for a total 2°
cecay width of order 2 to 3 GeV. This is much wider then the e+e” beam
eaergy evolution whicn is expected to be 0(10_3) of the beam energy it-
self, giving a an energy resolution 0(100) MeV. We can therefore dis-

cuss the z° peak under the assumption

rz® + a11) >> BE, oo (3.40)

whereas the reverse situation applies to the J/¢ and T hadronic reso-

nances. At the peak of the resonance, the condition (3.40) means that

+ - o
glee »2 »all) A 8 g0, Fo) (3.41)
o 2
pt o



Putting in B(z® e+e_) ~ 3% as suggested in Eq. (3.20), we find

+- o
gfee > 7 =+ all) % 5000 (3.42)

[s
pt

139 It should be emphasized that

corresponding to 0(5) z° decays/second.
this rate is sensitive to the existence of unsuspected decays of the z°
(many neutrinos?) which could suppress B(Z0 -+ e+e—) and the size of the
peak. Nevertheless, experiments with 0(107) z° decays become imaginable.
This gives us many possibilities for precision measurements and/or
studies of rare z° decays.

Let us first discuss the Shap293 of total e+e_ + ff cross sections
in the neighborhood of the 2° peak. The quantity
(e+e~ -+ Y*,ZO + £1)

£ Upt

S 28pQeV Ve
¢ 7

s Z S 2
(2‘1)+ ~3 (_2‘1)+'7

where the vector and axial couplings Ve and v were defined in Eq. (3.10),

+

szpz(v§+aZXv§ a%) G.43)
T

and the Weinberg-Salam values are tabulated in Eq. (3.12). The quantity
p appearing in Eq. (3.43) is defined by

Cp

8/2 ma

(3.44)

and sets the scale for the magnitude of weak interference effects. In
- 4 -
the special case that ff=p u , we have

2 2, 2,2 2

R)J 1+ 2vy + (v )T x (3.45)

~126-

if we neglect T _, and assume e-} universality

Z
Ve =y, E v, a, =8 =a (3.46)
In Eq. (3.45), X is defined by
. 2 s
X = omy 7 (3.47)
s-m,

In the special case of m, = 94 GeV corresponding fo sin2 Ow = 0,20, the

Z

expression (3.44) implies that mzp % 0.39. The cross section ratio (3.45)

Z

goes through a minimum when

5+ () .
m, m,0 {(v+a”)
In the Weinberg-Salam model with sin2 ew = 0.20 t'{s occurs at Vs = 29
GeV. The value of Ru at the minimum is
R =1 - _.__Vl' (3.49)
¥ (v2+a2)2

Unfortunately, if sin2 6., : 0.20 so that v=0.2, the minimum value of Ru

W
is 0.9985, which might be ¢i1fficult to disentangle from 1. However,
Egqs. (3.45), (3.48) zad (3.49) show that the shape Ru of the cross sec—~
tiom is in principle sensitive to the ratio Iv/al. Figure 46 shows the
behaviour of Ru for .some represer*arive values93 of the vector and axial
EC MO
couplings. The Weinberg-Salam m>del with (e") and (u') doublets would
R R
have a=0, which would certainly make the Ru plot interesting!

Another measurement of interest is the charge violating forward

backward asymmetry.

In general one has, neglecting rZ,

dc(e+e— > ff) . -n'az j

2 2 2
T cos 8 P le(l+cos 9) - ZQfx[vevf(l+cos ) +2aeafcosq

+ )(2 Kv§+a§)(v§+a§) (1+c0528) + 8veaevfafcose];- (3.50)



Fig. 46.
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The shape93 of the ete” » ytu~ cross section near
the 2° pole.
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where x was previously defined in Eq. (3.47). The integrated asymmetry

fl )
da f do
o FJ, 0 f

Ag T
f dcf + do_
0 -1

is readily calculated from Eq. (3.50) to be

(3.51)

3
" - 7 (Qg2e3p + 23, veany) 3.52)
£ Q2—2Q Xxv v, + Xz(v2+32)(v2+a2) ’
f ft*e'f e e £t

There is bound on Af from the combination of LZ=O and 1 initial states:

3
oy < ; (3.53)

f!
and a nonvanishing effect clerrly requires a,, a # 0. If we first

speclalize to the low energy case where only the term linear in x is

retained:
- gx a_a
A v --A—ef (3.58)
Q
f
Since Iael = Iafl = 1 for all fermions in the Weinberg-Salam model (3.12),
i* we set
2 s
X = pmy ~—7 % 0.07 (3.55)
s—mZ

corresponding an e+e— centre—of-mass energy around 40 GeV, we see from
(3.54) that

lAuMmz, |A | & 7%,

A % 147 .
u,c,t lag 5 p! % 147 (3.56)
with the differences being generated by the differences in the quark
charges. This type of asymmetry measurement may be a good way of getting

at the weak couplings of the s,c,... quarks which were not accessible in



neutral current experiments to data (c.f. section 2.2). The asymmetries
[} + -
get more exciting closer to the Z  pele. Speclalizing to W u we have

from Eq. (3.52)

(_32 + 2v232x)

3
= 35X (3.56)
Au 2 (1+2xv2 + XZ(V2+32)2)
which goes through a minimum at
s 1
T T 5T 5 5 (3.57)
2 2 2 2
m, 1+ (pmz)(a +3v7)
where it attains the value
-_3 1
Au -7 7 (3.58)

2v
(1 +_2_)
a

For comparison, the value at the peak of the resonance is approximately

3vza2
A B (3.59)
u (v2+az)2

while the asymmetry is a maximum at

1
= ———— (3.60)
1- (pmé)(az—vz)

]
N NI“

where it attains the maximum value
A =+ % (3.61)

For orientation purposes, the values and positions of the asymmetries
(3.57) to (3.60) have the following values in the Weinberg-Salam model

with sin2 ew = 0.20:

>
i

= -0.69 at vs = 78 Gev

Aﬁeak = +0.11 at V8 = 94 Gev
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A‘;‘a" = 4+0.75 at s = 118 GeV (3.62)

93 generic curves of the asymme:ry A}1 (3.56) for a

In Fig. 47 we plotted
fixed m, = 83 GeV and an interesting collection of v and a couplings.

A third class of interesting measurements at and near the z° pole
concerns polarization and helicity-dependent effects. If we first con-

. + -
sider the case of unpolarized e e beams, the depandence of the cross

section on the helicity of the final state fermion is of the form:

f
Tss -1t heo, (3.63)
1 dc(e+e_ > fF)
where 01 = E-—d—.(m—- (Cf. Eq. (3.50)) and
nuz 2
9y = Ty X{Qf [veaf(l+cos 0) + 23evfcos 6]
2, 2 2 2 2 ])
- Blaf(ae+ve)(1+cos 8) + Zaeve(af vf).os ] S (3.64)
with the mean fermion helicity
)
<hf> = -<hE> = ET = Hf(e,s\ (3.65)
The dependence on initial et beam helicity hi is
Foo—
do (h ,n)
£ + - - =
= ~%'h + -
i o B (1~h 'y )q1 (h -h )62
- q [(1-h+h_) + (h_—h+)ﬁf(_9,s)] (3.66)

where 52 and ﬁf are obtained from 9, and Hf respectively by the substi-

tutions (ae,ve) > (af,vf). The integrated average final state fermiom
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Fig. 47. The shape93 of the ete™ + ytu~ forward-backward asymmetry
near the Z9 pole.
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helicities from unpolarized beams are

/1
o, d cos 8
o S

o, d cos 6
_11

2)(21f [vae - Xvg (ai—f‘vi)]

- (3.67)
Q: = 2Qexvpve + xz(a§+vz)(a§+”§)

It is clear the final state fe'mion helicity is sensitive to the product

agv, at low energies, and acve close to the z° pole. A sample plot of

£
(3.67) for the mean p (or 1 helicity) is shown in Fig. 48.93

Unfortun-
ately, if the Weinberg-Salam model with sin2 ew = 0.20 is correct, the
average helicity is rather small. For example, if we specialize to the

forward direction cos 6 = +1 to maximize the effect,

ﬂ‘avtl + X(a2+v2)] (3.68)
1-+ 2x(v2+az) + XZ [(az-kvz)2 + Aazvz]]

or

B T (s,cos8 =+1) =-[

wtich becomes 0.12 on the resonance peak. There is a similar effect on
the cross sections of the initial state electron helicity, which is
dependent on ave at low energies and a v, near the z° pole. Since the
Ve are uic aecessarily small in the Weinberg-Salam model with sim2 Bw
= 0.20,unlike v _, measurements of the dependence of cross sections on
the e+e‘ helicity may perhaps be most interesting away from the z° peak
itself. .

One reaction we have not discussed up to now is e+e_ + e+e—, where
there are crossed channel exchanges as well as the direct channel y and
z° diagrams. We are used to the differential cross section for this

reaction being sharply peaked forward~backward because of the crossed



1.0 | | | channel v exchange. In the neighborhood of the z° resonance this asym-

metry may be sharply reduced. More detalls can be found In section 3 of
93

mz =83 GeV

the CERN e+e_ report.

, Ol - I Detailed measurements of the Z° peak will be useful for several
0-5 [ ] things besides measuring sin2 eW to 3 decimal places. For example, a
o~ detailed measurements of m,o enables us to exclude very massive fermions?l‘92
/,/ \ as discussed in section 2.2, On the other hand, a precise measurement
,/’, \ of the width of the z° peak or of the height (3.41), combined with a

-
F{(S ) () 4——-\‘\~\\\\\\‘//%/ * determined search for massive fermlons with masses <mZ/2, can tell us
mz

how many unobserved neutrinos there are. We should therefore be able to
clear up fermion spectroscopy as well as boson spectroscopy. The pos-
sibility of precise measurements with 107 z° decays shoull enable us to
P probe weak radiative corrections, which might for example give us a

= look at the effects of very massive Higgs systems.140 As for rare z°

+ - + ~
/ decays, one interesting possibility is z° » Higgs + ‘0 4 oree),

l () Al, \ l 147 which looks to be a pronising way of scanning for neutral Higgs particles

() ES() l()() IESC) with masses up to 0(50) GeV as will be discussed in Lecture 4. One might

3 .
\//—— hope that the decay 2° - Wie v or u+v would be a good way of looking for
S

A48 + -
462 single W~ production below the W+W threshold. Unfortunately, the decay

ratel 25

r(z° » wet) 5 1077 Gev (3.69)

Fig. 48. The average y (or 1) helicity?3 in efe » yhu= (or +r7) which makes the prospects look bleak, even with 107 2° decay experiments.
near the Z° pole.

+ - .
Even above resonance the e e - Wev cross sectlon is unappetizingly

small, being

7 36, 2

@%'+w¥%)=oaf3 to 10 " )cm
(3.70)

for /s 4110 to 200 GeV

~132-



It seems that the best prospects for wt production will be above the
pair production threshold, to which we turn in the next section. For
the moment, we just note that e+e_ experiments are a source of z° pro-~
duction and decays which enables studies many orders of magnitude more
precise than any other machine.

3.6 e+e- Annihilation Beyond the z° Pole

The next most obviously interesting reaction beyond the z° pole is

H+H— pair production.lzs’126

This reaction is a showcase for gauge
theories, since it enables one to search for, and hopefully observe, the
cancellations between different crossed and direct channel exchanges
which are needed63 for the remormalizability of the theory. The dia-
grams involved should be the direct channel y and Zo, and the crossed
channel neutrino and possible heavy lepton exchanges in Fig. 49. 1In
particular, one would l{ke to see evidence for the archetypical 3 boson
interaction, either in the form of the yw+w' vertex which should have a
specific value for the anomalous magnetic moment, or in the form of the
Z°W+W_ vertex itself. A useful study of the e+e_ + w+w' reaction has
been made by Alles, Boyer and Barras,125 who emphasize that the gauge
theory cancellations are important even quite close to threshold.

Let us consider the Weinberg-Salam model,m1 where the differential

cross section can be written in the form

+ - + 2
do(e e > WW) _ o 8
aa = s 2 My (3.71)
32 sin Sw i,3

where the Mij are the distinct interferences and cross sections. They

take the forms

.4
Mvv = Fl(e,s) MYY = gin ewfz(e,s)
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Fig. 49. Diagrams contributing to
ete= »~ wtw,



- 4 1 2 1 s
MZZ = (51n Sw 7 sin Sw + 8)( 2)2 Fz(e,s)
- 1 n? )
MZY = 2 sin ew (4 sin ew 2 Fz(ﬂ,s)
s-m,
M, = (51n 8., — L s F,(8,s)
vZ W 2 2 3
s-m,
Z
= —sin?
My\) = -sin ew F3(6,s) (3.72)

where the Fi are useful kinematic combinations

.2 sin’ 8 f/s 1|
Fl(e,s) = ;+ 3 (( ) +——§-s
FZ(B,S) = (—a§+(—17 —% ) s:'m2 6)
mé 2
_ 2 2sin 8 (1 2 4s
F3(6,S) = 16 (1 +;E)+ 88°/a + B —3——<—2—:+;‘E> (3.73)

The definitions of various quantities appearing in Eqs. (3.72) and (3.73)

are

2
?, g =vi-da, L =1nlt 2 _ 2

—-\ , K =%—-;—+—;—Bcos 8 (3.74)

Meditation will reveal that MW is sharply peaked forward-backward, while
Y and Z exchanges are relatively isotopic. When we integrate (3.71) over

the solid angle £ to get the total cross section we find

ol
o(ete” » W) = —24— 2 T3

8 sin 9 ij

4T Z %y (3.75)

where corresponding to Eq. (3.72):
g =3 5 =sin® e, o
o T % YY W2

2
- 4 2 1 E] =
0 =(sin 6 - =sin" 6 +—) o
zz W 8 ((s_mZ)Z 2
Z
= _ {1 s =
7y = 2(4 sin” 8 ) sin Bw 5 02
s-m,
- 1) s -
Oz = (sm ew 2> 7 %3
s-m,
Z
- 2 -
UYV = -sin Bw aq (3.76)
with
R 8 + 4 }(1-20) 5- 1|
12a l ‘
= .16 2,2 21 4
5, =22+ g’ (2141
2 2 : 2
G.=16-322 3 8B L B (1 o0y 4 s(1-2a) - 2L (3.77)
3 B a 3 2 <3
a
Getting it all together we finish up with
+ - - - 'mZB ; 2, L 5
ole’e” > WW) = —Ti—— [(142a42a") § - 7
2 sin’ 8 s t
W
2 2
, mp{12siney) [2e21+2) L go-3- 4
2 2 al B 12a"3
S-m,
Z
m; (s sin“ew- 4 sin? B+ 1) Bz 2
+ = (1+20a+12.a )
AB(s—mZ)z a“ j
Z
(3.78)

+ - + -
In Fig. 50 we have plotted125 g(e'e +WW) from Ea. (3.78) for some
(rather large) values of s]‘.n2 ew and (rather small) values of o We

see that the cross section has a rather neat peak about 40 GeV above
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Fig. 50. The total cross sectionl25 for ete~ + WW~ as a function of
the centre-of-mass energy and sin2 By
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threshold, of height 0(10—35) cm2 which could be observable given a

luminosity of 1032 cm—2 secnl, followed by a sharply falling cross sec-
tion at higher energies which is a few times cpt (3.39). The diagram-

matic cancellations are exhibited125

in Fig. 51, and are very significant
even quite close to threshold. Therefore we may hope to see the famous
gauge theory cancellations even at low centre-of-mass energies /E>5 200
GeV. The neutrino exchanges cause the W+W_ angular distribution to be

sharply peaked forward-backward ev.n relatively close to threshold.125

141 to disentangle the y and z°

On the other hand, it is difficult
exchange effects because they :re required by gauge theory to have simi-
lar structure, but even the determination of the YW+W_ vertex would be an
interesting nontrivial check o/ gauge theory ildeas.

Another interesting reaction is the process e+e_ +2°%+ Higgs,lo
which may be a good way of producing Higgs particles with masses above
50 GeV, and .is more background-free than the z° > Higgs + £+2— decay
mode mentioned earlier. This reaction will be discussed in more detail
ia Lecture 4.

Mention should be made of the reaction e+e_ hd ZOZO.138 In the
standard model, this only proceeds by lepton exchange in the crossed
channel. 1t is therefore less interesting than e+e— - W+W_, since it
does not give us a window on the 3-boson vertex. However, the cross
section is quite big close to threshold (see Fig. 52), quite likely
being as large as for e+e— - W+W_ around ¥s = 200 GeV. Is this reaction
useful for something?

It would be nice to measure the 4-boson vertex, perhaps in the two-

+ ~ + -
photon process e e =+ e e WW, but... .
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4. The Funny Farm
4,1 Introduction

This last lecture will be concerned with various aspects of gauge
theories which are more controversial than the topics discussed so far.
Most of the lecture will be devoted to Higgs bosons in some form or an-
other. As was emphasized in the introduction to Lecture 2, the renor-
malizability of present gauge theories of the weak interactionsz’63
depends on the masses of particles being generated by spontaneous sym-—
metry breaking. No fully satisfactory way has ever been found of gener-
ating masses by some dynamical mechanism which does not invoke elemen-—
tary Higgs fields. Furthermore, all realistic spontaneously broken weak
interaction models have at least one Higgs boson remaining in the physi-
cal spectrum. For example, the simplest SU(2)L x U(l) Weinberg-Salam
model has just one physical neutral Higgs boson if the symmetry is
broken by just one I=k muitiplet, and there are additional charged and
neutral bosons if more than one multiplet is used. It therefore seems
very important to do experimental searches for Higgs particles.lo Either
they will bg found, in which case the spontaneously broken gauge theory
picture will finally be confirmed, or if they do not exist theorists
will have to totally rethink their ideas. Much of the lecture will dis-
cuss empirical and theoretical constraints on the simplest Higgs system
in the Weinberg-Salam model, and possible ways of doing experimental
searches for neutral Higgs particles.

There will also be some discussion of more complicated Higgs sys-
tems, including possible charged bosons. One possible modification142

of the Higgs system which has attracted much interest recently implies
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the existence of a very light pseudoscalar Higgs boson, the axion,143

which would play a role in preventing QCD from having a strong source of
CP violation. 1In its simplest form, the axion would be very light with
a mass < O0(1) MeV, but this possibility now seems to be phenomenclogically

excluded.144’145’146

However, a more sophisticated, massive, axion
could still exist. A search for it then becomes rather like the search
for a neutral Higgs boson discussed earlier.

The last parts of the lectur: will be concerned with much more
speculative aspects of gauge theorles. One possibility present in some
gauge theories was the existence of a magnetic monopole,147 with a mass
0(1l) TeV. The phenomenology of monopoles is rather amusing. Unfor-~
tunately, they are not presen: in the Weinberg-Salam model, which is

. . 1
just as well since there are cosmological arguments 48 that exclude mono-

47

»poles of the simplest type, as found1 for example in the Georgi-

140
57

Glashow mod:l.” The Weinlerg-Salam may possess other types of "extended"
y ¥

structures on a scale of 1 TeV or more, but they would not be strictly

150

(topologicaily) stable. These include rotating dumb-bells and vortex—

like151 solutions of the field equations. It is not at all clear
whether such things do exist, or if they are stable even if they do exist,
or if they are observable even if they are stable. But their existence
would certainly make life interesting.

In the rest of the lectures, we have been relatively conservative
in our theoretical models, only considering models that unify weak and
electromagnetic interactions. However, we should clearly keep in mind
the possibility of unifying them with strong interactions. The last

1
part of this lecture will discuss this inspiratiomal topic, 52,153



focusing in particular on phenomenological tests of this grand unifica-
tion concept. For example, the proton is generally unstable in grand
unified theories, and may have a lifetime within a few orders of magni-

30 years.154’72 While

tude of the present experimental limit of 2 x 10
not strictly speaking a weak interaction at high energies, an experi-
ment to refine the limit on this fundamental quantity seems an encour-

agingly offbeat note on which to finish these lectures.

4.2 Higgs in the Weinberg-Salam Model

As was mentioned before, gauge theories2 need Higgs bosons if they
are to incorporate masses and remain renormalizable. Indeed, it has
been shown that from analyse563 of the Born diagrams that Higgs particles
must not only be present, but must have interactions with fermions,
bosons and each other which are essentially those specified in a spon-
taneously broken gauge theory. In the Weinberg-Salam theory one needs

-

at least one I=% Higgs multiplet H E(go) to give masses to the fermions
through couplings of the form

f 4.1

53
.@H fRH fL
(recall that right-handed fermions are SU(2) singlets, while left-handed
fermions are SU(2) doubletsz). As emphasized in Lecture 2, the apparent

25,78
success

of the neutral current rate predictions resulting from the
relation (2.20) strongly suggests that the vector bosons also get most
of their masses from I=Y Higgs., We are therefore led to contemplate

spontanecus symmetry breaking by I=% Higgs alone, and the simplest pos-

sibility is to use just one multiplet. In this case the Higgs system
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has just &4 degrees of freedom

. (ut + o —-HO*)
E = (Ho » E = H- (4.2)
When the neutral Higgs acquires a vacuum expectation value v:
A S (4.3)
V2

from the minimum (Fig. 53(a)) of a Higgs potential of the form

va) = P EEsa@Em? o 2o

(4.4)
A >0
3 of the Higgs degrees of freedom (4.2), namely HY, H and ﬁ, are eaten
by the W+, W and z° respectively to become their longitudinal polariza-
tion states, while one degree of freedom H is left .ver es a physical,
neutral Higgs particle.lo The magnitude of v reflects the masses of the

vector bosons:

vh o= —— (4.5)

with

2 _ gVt (4.6)
4 cos” 8

P
o

+ -
where g is the non-Abelian SU(2) semiweak coupling constant. The WW H

and z°2°% couplings are fixed to be large:

2 2’
&'wr T v 8zoz0p T v 4.7
On the other hand, the ffH couplings are generally small
- ° -
9%1 » (B +v) ff BeTy (4.8)
implying that
m
I S PR
P R 4.9)



which is small as long as me is in the range of presently known fermion
masses. Some of the implications of fermions with very large massesgl’92
were discussed in section 2.2.

The parameters of the potential (4.4) are simply related to the

value of v:

w2 = -y (4.10)
and the resulting physical Higgs mass is
nl = -27 (4.11)

It is apparent that none of the formulae (4.4 to 4.11) give us any way

of fixing s which is a priori totally unknown. 1Is it O(mf) << mw? or

O(mw) like other bosons? or >> mw?

There are some theoretical considerations on the Higgs boson mass

154

which come from considering radiative corrections to the Higgs poten-

tial (4.4). Effectively, they givé a lower bound to the interaction
term, which by an analogue of Eq. (4.10) for the simple interaction

155

gives in turn a lower bound on the Higgs mass. The extra potential

term has the form

+
H -H
_ 1 4 +. 2 NN
W@ = —— [3 b mv] G 12 4.12)
641" v W,Z MO

and demanding that the gauge symmetry break spontaneously to the minimum
value of the combined potential (4.4), (4.12) as in Fig. 53(b) yields the

bound:

2,372¢ [2 4, ma]
(4.13)
Ty A leg2 Ui ™ Tz
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Fig. 53. The Higgs potential (a) in tree approximation,
with radiative corrections and the Universe in
(b) a stable vacuum, and (c) an unstable vacuum.



where we have neglected the fermion contribution in Egqs. (4.12 and 4.13)

implying
2 3u2(2 + secA ew)
R (4.14)
162G sin 8,
which for sin2 8y ¥ 0.20 is
my 2 7.1 Gev (4.15)

This bound is interestingly nontrivial, but some cautionary remarks
should be made. The first is that the bound disappearslo if there is any
fermion with mass O(mw), because the fermions contribute to (4.13) with a
minus sign. The second comment is that it is not strictly necessary that

1
the Universe must lie in the lowest possible vacuum. 36

If one allows for
the Universe to have chosen a nonminimal value of the Higgs potential as
in Fig. 53(c), and demands only that the lifetime for quantum-mechanical
tunnelling to the lowest vacuum be greater than the age of the Universe

10 157

A10°" years, the bound (4.15) is preatly relaxed, to

m, > 260 MeV (4.16)

for siu2 ew = (.33, somewhat higher for sin2 ew % 0.20. However, it has
been argued157 that the nonminimal vacuum could only be chosen and the
bound (4.16) attained only if the early Universe initially had enormous
lepton number L 3 IOBB. 1f there were no such large asymmetry, one would
recover a bound of the same order as (4.14). It therefore seems that

observation of a low-mass Higgs boson with a mass in the range between

(4.16) and (4.15) would be cosmologically fascinating! Before leaving
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the subject of the radiafive correction bound (4.13), it should be em~
phasized that if there are more than one I=¥% Higgs multiplet, while the
bound (4.13) would apply to ome of the neutral Higgs particles, some of
the others could have lower masses.ISB

In view of the above remarks, it seems reasonable to ask for empir-
ical constraints on the existence of low-mass Higgs bosons. The most
substantial phenomenological bounds are 3 independent argumentslo that
m; > 0 (15 to 20) MeV. One is the absence of light stalar Higgs bosons
produced in d+ > d+ nuclear transitions, which exclude m, < 18 MeV,

Another is the absence of Higgs exchange effects in acutron-nucleus scat-
tering, which suggest that my is probably >13 MeV. The third is muonic
atom X-rays, which at one time showed anomalies whicu could be explained
by the effects of exchanging a Higgs with mass 0 (10-20) MeV, but which
have now become completaly canonical.

The three empirical coastrain:s above all come. fron nuclear physics,
and reflect characteristic nuclear energy scales. On. might expect some more
stringent restrictions ca the mass of the Higps to come from high energy
physics, but this does not seem to be the case. The clogest high energy

physics comes seems to be in K decay, where the branching ratio

B » "+ B) ~ 0107y 4.17)

was estimatedlo for my = O(m“), and there is an experimental upper limit

7 (4.18)

B+ 1t + H) B@ + ete) < 0.4 x 10”
for 140 MeV < my < 340 MeV. Only Higgs particles in the mass range up
to 210 MeV are expected to have a substantial (> 10%) branching ratio

into e+e~ (see the next section), but it seems that the bound (4.18) is

not even sufficient to rule out 140 MeV < my < 2mu.



There are some theoretical argumentsmo’lsg’160

against the exist-
ence of a very heavy Higgs boson which, while not rigorously excluding
the possibility, emphasize the problems involved. 4s in the case of
massive fermions discussed in section 2.2, the point is that Higgs par~
ticles become strongly interacting 1f they are very massive, as is seen

immediately from Eqs. (4.10) and (4.11). Veltman140

in particular has
suggested that the Higgs mass should be less than the value which makes
perturbation theory break down. This would require

2
B
p 1 (4.19)

{en

Prole

or m £ 300 GeV. Llee, Quigg and Thacker160 have done a detailed partial

n
wave analysis for WW, ZZ and HH scattering and conclude that partial wave
unitarity is violated by the Born diagrams unless

w5 §§EZZ %1 (Ten)?

(4.20)
If the Higgs mass tried to exceed this value, presumably perturbation
theory would not be applicable, but probably some sort of complicated
bound state would drop out on a mass scale 1 TeV. One might expect that
the strong interactions of the Higgs particles would have some dramatic
lower energy manifestations. Unfortunately, no example of this has yet
been found, because the Higgs effects are always shielded by the rela-
tively small ffH or WWH couplings.

In view of all these inconclusive remarks about the mass of the
Higgs boson, even in the relatively tightly constrained Weinberg-Salam
model, it behooves us to consider almost any possible mass, and look for

the Higgs in many different places. We therefore turn to possible future

experimental probes.
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4.3 Higgs Phenomenology

4.3.1 Decays
Before discussing experiments to find a Higgs boson, perhaps we

should first think about what we should look for..°

The decay modes of
relatively light Higgs are sirple to deduce from Eq. (4.9). In general,
the favoured decay mode for a Higgs with mass <2mw will be into the

heaviest available fermion pair as in Fig. 54(a):

sz r 4m

= £ £ x3 for
T(H > ££) % mHl- -2 (colour)

(4.21)
&2 ¥

Thus cc decays should dominate H decays in the mass range 4 GeV < L

< 10 GeV, with r+1— decays sppressed by a colour factor of 3. Between
the top and bottom thresholds, bb decays should dominate by a factor of
0(10) compared with cc decays, and so on. The situation is less clear
tor light Higgs particles, because the quark-parton model cannot be used
to 3stimate the hadronic decays. But estimates support the naive guess
that strange particles will dominate H decays in the mass range of 1 to
% GeV, while wr final states should dominate for Zmﬂ <my < 1 GeV, and
u+p— dacays for Zmu < my < 2mﬂ. Higgs masses below the u+u_ threshold
may be somewha~ academic in view of the remarks of section 4.3, but it
1s possible that H + yy through virtual fermion and boson loops as in
Fig. 54(b) could be important for L 30 MeV, with H > e+e_ otherwise
of likely Higgs branching modes

160
for 1 MeV < my < 100 GeV is shown in Fig. 55. Heavy Higgs bosons would

dominating when > Zme. A compendium10
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Fig. 54. Higgs decays (a) into ff, and (b) into vy through
virtual fermion and vector boson loops.
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decay into W+W_ or Z°Zo pairs:

I(H -+ w+w'2
™y 2y omd
= S I (5.2 (4.22)
1) 1en/2 %

T > 2°2%
T
where x = 4m§/m§ or 4m2/m§ respectively.
Z

The lifetimes for Higgs particies which result from these available
decay modes are portrayedlo in Flg. 56, becoming unobservably short
10—15 sec > 1y > 10_21 sec for 2mTr < my < 100 GeV. The dominant boson
pair decays (4.22) of heavier Higgs bosons push up their decay rates to
become comparable with their masses when my v 1 TeV. This corresponds
to the strong interaction "bound" (4.20).
4.3.2 Production

We now run through a selection of possible Higgs production mech-~
anisms.

Vector meson -+ H4y

The radiative decay (Fig. 57) of a heavy qq vector meson, say T(bb)

or the forthcoming toponium tt into a Higgs particle has a substantial161
branching ratio:
LY 2 By v 1- -2 e (4.23)
TOW+uwu) 4V2 ma ny oy
2, 2y . . 162 s .
where F(mH/mV) is a known function which is quite well approximated
by
mi 2
Fl— % 1—-11}% (4.24)
= w

r
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Fig. 56. The'ﬂiggs boson lifetimel0 as a function of its mass.
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The decay V » H+y.

For my —;mv the formulae (4.23, 4.24) yield

-3
o my) , [PX07 for T

rev - et 13 x 1072 for tt if m_ = 15 GeV
Putting in the expected branching ratios

B(T + ") ~ 3%,  B(tE » uTu7) » 8% (4.26)

we find the final branching ratios

107% for T

B(V » Bty) & 3

_ (4.27)
2 x 10

for tt if m, 15 GeV

These branching ratios (4.27) are quite promising, and suggest that the
decay V + Hty may be a good way of looking for Higns bosons with masses
up to the as yet unknown mass of the tt bound state.
z 1+ ot

This can proceed through the diagram shown in Fig. 58, where the
u+u_ pair are produced by a virtuel Z, and the relatively large z°2%
coupling (4.7) is being exploited to get a reasonablie branching ratio.

Bjor:ken122 has calculated the decay rate

ar Al

2 4,

x> 2%l 2 M

. .o 1—x+12+§—2x——2

1 dr(z”~Hu'w) | a "z (4.28)
o+ - dx . 2 2 2\2 )

rZ »uwu) 4sin &w cos Bw L
x -2
2
Tz

r(z®+myy”
In Fig. 59 is shown JO—L_'_}‘I—_)— as a function of m,
g - T(Z" +pwp) _5
for sin ew = 1/3. We see that the relative decay rate is >3 x 10

< 40 GeV. Taking the branching ratio for z° + u+u_ to be 3% gives a
Ty

where x = ZEH/mZ.

for



Fig. 58.
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The decay 2° + H + y

+

u .
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Fig. 59. The rate I'(Z® +» By*u™)/T(2° + ytu~) as a function of mﬂ.lzz



Fig. 61l. Calculations
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total branching ratio

B(z® » w7y » 107°

or He'e~ “-29
for m, < 40 GeV. This should be accessible if one really can do experi-
ments with 0(107) z° decays, as seemed possible (section 3.5) with a z°
factory.
Another decay which may yield Higgs at a rate comparable to (4.29)

+
is 2° > H+y, which wonld proceed via virtual fermion aud W~ loops. An

order of magnitude calculation suggests that B(Zo + HHy) ~ 10_6 also.

+ -
ee +2%H

This is the complement of the z° + H+u+u— reaction. Agaln one uses
the large z°2% coupling (4.7) to bremsstrahl a Higgs. The only differ-
ence is that the process is now Z* - Z+H instead of Z + Z*+H as in Fig.

60. The cross section 15163

a2 2 . 4
P va? o /K300 \ (1-4sin’e, + Bstn® o)
gle e » 2 4H) = — (= 5 5 - 5 3 (4.30)
24 Vs (s-mz) 3in" 0 (lnsin [} )
Z W W

where K is the centre-of-mass momentum of the 2z° or H.

The cross section for e'e  + z%+i relative to the QED a(ete” + u+u—) 0
164

pt

(3.39) is plotted in Fig. 61 for a range of centre-of-mass energles

/s, and values of ™y The "error bars" om the theoretical curves repre-
sent the uncertainty in varying sin2 By from 0.22 to 0.29. We see that

at /s n 200 GeV even a Higgs of mass close to 100 GeV could be produced

37

with a cross section 310_ cmz, corresponding to 1 event/day at a lumi-

2

nosity of 103 cm_2 sec-l. Furthermore, the event will be relatively

"clean" and easy to pick out using a Z° trigger.



pp ~+ H+X
Three possible Higgs production mechanisms have been proposed for
high energy hadron-hadron collisions., First there is a simple pp + H+X,
where the dominant production mechanism is probably via gluon-gluon col-
lisions,165 and the Higgs-GG coupling is estimated using virtual quark
1

1oops.16 Calculations (see Fig. 62) indicate that

o(pp + B+X) 3 107> cn® for mg < 30 Gev,

/s > 400 GeV (4.31)
depending somewhat how many quarks are put into the loops. This cross
section certainly yields a sizeable event rate at a machine like Isabelle.
Unfortunately, it is difficult to think of a signature which would enable
the Higgs events to be separated from the less interesting events. One
possible way of solving this problem is te look for pp + Q+6+H+X, where
Q is some heavy quark, and the Higgs is bremsstrahled from the heavy
quark line. A naive order of magnitude estimat9166 suggests that the
cross section for pp + b+b+H+X might be comparabie to (4.31), and the
presence of heavy quark particles in the final state might serve as a
useful signature. A still better signature would come from the reac-

167,164

- +
tion pp (or pp) + W or zO+R+x. Calculation5164 (see Fig. 63)

indicate that

o,
ogp)p + W _or Z +H¥X) o 10—4 (4.32)

o(p p > W oor 2° + X)

for my ~ 30 GeV and pp collisions at /s = 800 GeV or Ep collisions at
/s = 540 GeV. The cross section (4.33) might well be accessible at

Isabelle, and the Wt or z° could provide a signature through decay leptons.
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Fig. 62. Calculationsl65 of pp > H+X as functions
of my and /5.
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Fig. 63. Calculationsl64 of pp or D+ w* or z° +H+X as functions of
at Vs = 800 GeV. In (a) the solid/dashed/dot~dashed lines
refer to o(WHHH)/o(W¥), o(W+H)/o(W™) and o(Z+H)/o(Z) respec-
tively; in (b) the solid/dashed lines refer to o(W&+H)/c (W)
and o(Z+H)/o(Z) respectively.
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VN » pHH+X

In this reaction the dominant diagram is likely to be that where the

10,168 as in Fig. 64.

s is bremsstrahled from the exchanged W line
+
For light Higgs and neutrino energies which are not so large that 'S

propagator effects are important,

o (VN > p+H+X) -8
(VN & 1) v 3 x 10 T x Ev(GeV) (4.33)

The cross section ratio (4.34) is probably too low to be usable, given
the absence of a distinctive Higgs decay signature. Th: same remarks
apply to high energy ep colliding rings,lo1 where the Higgs cross section
is plausibly 0(10—38) cmz, compared with a possible iuminosity of
0(1032) cm—Z sec_li
To summarize the above discussion, it seems that the most promising
sources of the basic neutral Weinberg-Salam Higgs boson may be (in order
of increasing mH): T decays, toponium decays, z° decays, e+e_ > Z°+H,
with pp - wi or z2° + H as the least unpromising alternative to e+e_

colliding beam experiments.

4.4 More Complicated Higgs Systems

4.4.1 Charged Higgs particles

1f the Weinberg-Salan model is modified very slightly to include
more than one I=l Higgs multiplet, then only one combination of the
charged Higgs fiélds (¢T,¢;,...) can be eaten by the w+, and the remain-
ing combination or combinations will show up as physical charged scalars.
There is considerable freedom to adjust parameters, but one would expect

a general correlation of the Higgs couplings with the masses of the

+ + - o=
fermions. Thus important decays of H+ might be169 H +r1 Vo cs, tb,

+
etc., depending on the mass of the H . An invariant mass peak in a



Fig. 64.

8-78 3462A64

The dominant diagramlo
for viN -+ u~+H+X.
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+
combination (DK) would be interesting! The cross section for producing
+ - . . + - . .
H'H pairs in e e collisions is just

2\3/2
c(e+e_ > y* - H+H—) _1 < _ 4mH+>
o 4 s

(4.34)

Such a charged Higgs would therefore not have a big threshold in e+e—

would probably have high sphericity and acoplanarity close to threshold,
and the sort of sphericity scan advocated in Lecture 2 for finding heavy
quarks would also find an H+H" threshold. The H+h- threshold would then
be distinguished by its pointlike structureless nature and the absence
of resonances below threshol®’, If w, (or mb) and m.+ are in the right
relationship, decays like t - H++b or b + H +c become kinematically

70

accessible.1 Bearing in mind the expected generic correlation of H+

couplings with quark mass, one might expect
G. m3
+ FQ angle phase)
TQ ~ B+ & 32w X(factors)x(space (4.35)

for a heavy quark Q to decay into H+ and a lighter quark q. In the case

of Q=b a(generalized) Cabibbo angle factor might be present, so that

I + Hc) % 107 (sin 8) Gev
X1 kev ? (4.36)
This decay rate would certainly dominate conventional weak decays of b:
it would even be a significant decay mode of T = bﬂ,l7l giving final
states T *-H+BEX! It should soon be possible to exclude such decays at

the level of a branching 0(1)%, which would militate against an H+ with

mass < 2 GeV, and similar searches could be made in the decays of mesons



made of heavier quarks. One can easily add decays like H° or z° » H+H-
to the list of possible places to look, but these are somewhat wmore dis~
tant prospects.
4.4,2 The axion
. 143 s . :
The axion is a special type of neutral Higgs particle which was
proposed as a way of solving certain problems concerning CP violation in

142,172

QCD These are that when nonperturbative topological aspects of

QCD are taken to account, it turns out that there may be an extra term

8 a _a
¥, = € F* F (4.37)
5} 321T2 HVPO T pv po

to be included in the QCD Lagrangian with 6 an a priori unknown parameter.
You can see from the form of é?e (4.32) that it has C even and P odd, and
hence violates CP. In the real world, CP violation due to the strong
interactions 1s extremely small. The best limit on it comes from the

. 27
neutron electric dipole moment % , which is known experimentally to be

< 3x 10_24 cm (4.38)

oo

This quantity violates CP and would be proporticnal to 8 if it were non-
zero but small. One calculation”3 gives

v ox 1070 0

2 cm (4.39)

so allowing for uncertainties in the theoretical calculation, 8 must

8

be < 107 . It would be nice to ensure that €=0 automatically. This

could be done142 by giving the world's Lagrangian an extra U(l) symmetry

with an associated current Ji. Similar anomalies to the ones we dis~

cussed in Lectures 1! and 2 cause the divergence of this current to be
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nonzero:

W pent WV PO

oyS - fuvoo pa pa (4.40)
By making a chiral transformation of the Ji type, one changes the
Lagrangian by an amount proportional to BuJi (4.40), and so may remove
any possible term S?e (4.37) from the QCD Lagrangian. The neit problem
is to find a way of giving the Lagrangian this U{(l) symmetry. One way
would be if one of the quarks—-probably the u quark——had zero mass. But
this hypothesis, while not completely excluded, looks to be in bad shape
when one looks at meson and baryon mass differences.l74 An alternative
way of getting a U(l) symmetry is to introduce a pseudoscalar boson
which is essentially massless. This can be done by extending the sim-
plest Weinberg~Salam model to two or more Higgs multiplets, and restrict-
ing their interactions so that the combined QCD-modified Weinberg-Salam
theory has the requisit: "(l) symmetry. The low mass pseudoscalar boson

introduced in this way ie the axion (a).143

Its mass 1s not strictly
zero because of strosg interaction symmetry breaking effects, which cause

its mass to be generlically of order

n = VG, x w2 (4.41)

where 1 is some typical strong interaction scale--0(300) MeV?--gso that
one might expect m, = 0(102i1) keV. Being a Higgs particle, one would
expect the couplings BAfF to be O(gmf/mw), as for the basic Higgs boson
(4.9). .

143

To proceed further, we will turn to the simplest axion model,

which has just two I=}; Higgs multiplets. The theory is then characterized



by a free parameter

1
v TN tan o (4.42)
2 NUiH, v/
where in order to get the Wi mass correct
vieuke L (4.43)
V2 ¢

which should be compared with the single Higgs formula (4.5). In this

model, the coupling to heavy quarks has a form analogous to (4.8):

_ ook - T
gaq =2*G*a m.CYgC tan u+m.bb75b cot & + ...

+ mtEYSt tan @ + ... (&.44)

On the other hand, the axion coupling to light quark systems goes pre-
dominantly through mixing with the #° and n which have the same quantum

numbers (C=+l, P=-1) as the axion. The mixing 1s specified by parameters
F/3md-mu\ JE A
R (e w O
d u

E =¢ Etanu+icocu}
n 3

(4.45)

where £ = 27304 G1/2f11 % 1.9 x 10—4, and the axion mass in this simplest

model is approximately

frxm £ [ m mmg ] 21/4 G1/2
m
u

m, A
2 /f(mu+md)% umd+mdms+m5m

sin 2a
x B XL ey (4.46)
sin 2a
where f is the number of quark flavours, as usual. The simplest axion

described by the formulae (4.42) to (4.46) would presumably be lighter
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than Zme and so decay mainly into 2y with a lifetime > 10—4 sec. The
mixings (4.45) would allow the axion to be produced at rates 0(10~7) of
7% or n production in any hadronic process. The couplings (4.44) ensure

its production in heavy vector meson decaysua’161

V =+ aty at a rate
tan2 a (or cot2 a) times the V » H+y rate (4.23).

Can the axion exist? Probably rot in the simplest form discussed
above, but this is not totally excluded. Evidence against it comes from

several sources.

Beam dump experiments

175,176 at CERN, a proton beam has been dumped into

In experiments
a hadron target which absorbed hadronic secondaries before most of them
decayed, and searches were maue for :vents in neutrino experiment detec—
tors downstream which could have beer generated by neutral penetrating

particles such as neutrinos or the axion as in Fig. 65. Axion-induced

events would have shown up as .pparent neutral current events with small

m.ssing Pr in the hadronic final state. It has been estimated144 that
.
olpip > 2K o (2412 olap 2 K)o 2, A2 (4.47)
o (ptp + 1%+X) n o(n%+p +X)

inplyinz a product of axion production and interaction cross sections

1 2)(-2 4

o(ptp + a+X)o(atp ~ X) W (E:+—3- . "+-§-E§> x2 x 10"31 cm

66

29 x 10 em® (4.48)

where the lower bound comes from the fact that En (4.45) cannot be switched
off, even though Encan be zero for uncooperative values of md/mu and tan a.
Various experimental limits on axion production in the CERN beam dump

175,176

experiments are 0(10—67) cmh, indicating that the bound (4.48) is

violated by about two orders of magnitude,145 so that an axion with
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Fig. 65. A schematic sketch of a beam
dump experiment.
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mass § 2 MeV cannot exist. An analysi's146 has also been made of a SLAC
beam dump experiment which also finds an upper limit of an axion-induced
events about two orders of magnitude less than would have been expected
in the simple model discussed above.

Reactor neutrino experiments

Axions could show up 1n these experiments by being produced in
nuclear transitions and then decaying into Yy, or undergoing Compton
scattering ate + y+e, or by causing deuteron disintegration a+d + 1:1+p.l1‘3
Unfortunately, theoretical estimates of axion production rates by nuclei
are rather unreliable. Nevertheless, it has been conserva:.ively146

estimated that

3 By 6
Mgy = 10 (100 keV) (4.49)

axion + yy decays should have been seen per day, compared with an exper-

jmental limit of (-16D * 260) Yy events/day. Also

103

X N
ate ryte tan2 a

(4.50)
would have been expected. The acuteron disintegraticn rate is naively
calculated to be 0(103) larger than the experimental limit, though this
calculation is parti:ularly sensitive to unreliable details of nuclear

143,146 in the nuclear calcula-

calculations. Despite the uncertainties
tions, it seems .ikely that reactor neutrino experiments also rule out
the simplest form of axion.

Cosmology and astrophysics

The best restriction on the axion from these sources comes from
s 177
considerations on the evolution of red giant stars. It is apparently
required that m > 200 keV, but this is not inconsistent with the mass

estimate (4.46).



K+ d n++a

We believe “hat this decay rate should be comparable with that esti-

101,178 for KT » 1741 o 0(10—7) (4.17). The relevant experimental

limit is that on K+ -+ w+v3 <6 x 10—7. We conclude that K decays do not

mated

yet exclude the axion's existence.
The preponderance of the above evidence is against the existence of
an axion in the simple form given by Eqs. (4.42) to (4.46)., However,

the existence of an axion cannot be totally excluded.179

For example,
the parameter a (4.42) could be very small for some reason which may
seem unnatural in the context of this model, but might be made to look
less unreasonable in a more complicated model with more Higgs multiplets
and/or vector bosons.179 When a is sufficiently small the axion decays
mainly into e+e_, which it does too quickly to show up in beam dump or
reactor experiments, Its phenomenology would then resemble that of the
very light Higgs bosons discussed in sections 4.2 and 4.3, with the
exception that being a pseudoscalar, the various nuclear constraints

that My > (15 to 20) MeV would not apply to the axiom.

What if there is no axion? No other totally satisfactory method of
ensuring 6=0 has yet been proposed. Even if =0 for the strong interac-
tions alone, the possibility exists that it may be renormalized by the
weak interactions and become unacceptably large. In the simplest
Weinberg-Salam model with one Higgs multiplet, if one sets €=0 for the
strong interactions, the renormalization of 6 due the CP vielation in the

weak interactions generated by the Kobayashi-Maskawa model (2.39) is

- 180
zero in 0(a), but nonzero and 0(10 16) in 0(a2). There is another popular
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model of CP violation which uses multiple Higgs multiplets,lo3 which

has a larger renormalization of 6 than allowed by experiment (4.38).

181

There is another multi-Higgs model with 0 renormalization which is

6 to 10-7), wtich is on the outskirts of phenomenologi-

180

finite and 0(10~
cal acceptability. It seems that the problem of CP violation im QCD
and weak electromagnetic gauge theories 1s still very little understood,
and in particular we lack any good reason why 6 should be zero or small
before weak renormalization.

4.5 Monopoles, etc.

We are now at the stage of the lectures where fantasy begins to take
over, and we examine some more cpe:ulative possibilities suggested by
geuge theories. In this section we would look into the possible existence
rf heavy particles arising frcn extended solutions of the non-Abelian

147 which is a

field equations. The first eiaunple will be the monopole,
sort of topological knot tied in the Higgs system of a spontaneously
b-oken gauge theory. So far (ef. Eq. (4.5)) we have always discussed

situations where the Higgs vacuum expectation value was independent of x

as in Fig. 66(a):

QOIE° o) = v (4.51)
but it could happen that <p]H°(x)|Q> was x-dependent as illustrated in
Fig. 66(b). This could happen if there were an isotriplet of Higgs

particles:

(4.52)

lolrt o [0 - v(ﬁ})
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Fig. 66. The spontaneous symmetry breaking
Higgs vacuum expectation value
(a) independent of x as usual, and
(b) in the presence of a monopole.
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as |§l + = in all 3-space directions. Solutions like (4.52) exist in
some gauge theories like the (phenomenologically defunct) Georgi-Glashow
model,152 but not in the Weinberg-Salam model with its Ik Higgs multi-
plets.

Nothing daunted, the generic properties of su.h monopoles are that

they have masses
ka,?mwzmlTeV (4.53)
o ’

Their couplings to weak and electromagnetic fields are characteristically

strong:

= o(l) (4.54)

and they presumably interact strongly with each other. Monopoles are
guaranteed by their topological properties to be adsolutely stable.
Above the threshold ZmM , one would expect monopoles to be produced in
pairs as invFig. 67(4), bat not by a single photon. The pair production
cross section should be ((1) because of the strong coupling (4.54). The
monopole pair could als> annihilate into many photons and/or vector
bosons as in Fig. 67(b). TIhis process might be particularly important
close to threshold, and have a {iuwatic signature in the form of very
large y showers. The motion of a monopole in a magnetic field is char-
acteristically bizarre--its momentum tends to align itself parallel to
any magnetic field as in Fig. 67(c). It should also be remembered that
the monopole would find it very easy to lose energy by radiating photons
(and W's and Z's)101 as in Fig. 67(d).

Can monopoles exist? No one has ever been able to confirm éeeing

one. If one accepts the standard big~bang cosmolopgy for the early
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Fig. 67. Monopoles147 (a) being produced, (b) annihilating to give
many y's, (c¢) aligning parallel to a magnetic field, and
(d) losing energy by radiation.
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Universe, one can estimat3148 the density of monopoles which should have

been formed then. The calculation of the monopole density today depends

on how one believes th
on how one believes t T

of mutual annihilation of the primordial monopoles. But it seems that
monopoles with the propertie: (4.53, 4.54) should probably have been
0(106) more abundant than the experimental upper limit. But surely some-
one can come up with a theory containing more massive monopoles which
would be cosmologically rarer and hence acceptable.

It was mentioned above that the Weinberg-Salam model does not have
monopoles. Does it have any nther sort of extended, heavy object? It
has been proposedlso that there may be quasi-stable string-like objects
which somewhat resemble dumb-%el.s with a sort of monopole at each end
18 in Fig. 68(a). These would form Regge trajectories with an intercept
and Regge slope of order 1 Ter. High spin "particles" on the leading
trajectory-—corresponding to rapidly rotating dumb-bells--would possibly
be somewhat stable because of the angular momentum barrier. However,
these objects would not be guaranteed stable by any topological conser-
vation law, and their lifetimes are difficult to estimate. If these
rtring-like solutions exist, so probably do other string configurations
such as closed loops151 which loosely resemble smoke rings or vortices
as in Fig. 68(b). They would also have Regge trajectories, which would
correspond to the Pomeron in normal Regge lore, and also have a mass-
scale 0(1 TeV).

Unfortunately, it is not clear whether these string-like objects

really exist in the Weinberg-Salam model, and if so how stable they are.

Even if they do exist and are stable, it is not clear what their



production cross sectioﬁ is, except that it is probably very small,

They are in some sense coherent extended field configurations containing
O(&) vector bosons, and the overlap with the 0(l) vectur boson state
produced, say, by e+e_ collisions is probably very small.

The prospects for finding anything like a monopole in presently
conceivable weak interaction experiments seem rather dim. However, the
subject is still rather uncertain, and it is hoped that these remarks
may stimulate more serious theoretical thoughts, becaus: objects of this
type would be very interesting if they exist.

4.6 Grand Unification Phenomenology

Up till now, we have been treating the strong and weak electromag-
netic interactions rather separately. With the exception of the discus-

~— - \\t sion of CP violation and the axion, which was not brilliantly successful,

——
——

f* —— —-— — we have not really addressed the theoretical interrelationship between

}
|

+ \\\ the different interactions. However, since we rather complacently

believe we have found the correct theory of the strung interactions,
4 : N . .
878 {a) (b) 146268 namely QCD, and think we are on the track of the right spontaneously

broken gauge theory of the weak interactionsz——very possibly the Weinberg-

16——it is c¢learly high time to speculate on the next phase of

152,153

Salam model

unification. In the process of this grand unification, we may

Fig. 68. Illustrations of possible extended objects in the

Weinberg-Salam model: (a) a dumb-bell, 150 and
(b) a flux loop.151

hope first to fin. certain consistency conditions that must be imposed
on the individual strong, weak and electromagnetic interactioms before
they can be unified. We may also hope to predict dramatic new types of
interaction, such as those violating baryon and lepton number and

causing the proton to decay.
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Let us consider the type152 of theory where a large group G is
postulated whica Eas a unique coupling constant, and which is broken
somehow into component parts

G + SU(3) x SU(Z)L x U(1) x ? (4.55)

for the different interactions. Clearly the grand unification aymmetry152

must be considerably broken, because the observed strong and weak coupling
strengths are very different. However, after Lecture 1 and Eq. (1.14)
we are used to the idea that coupling strengths depend on the scale at
which they are measured. We believe that the strong interactions get
weak at high momenta, so perhaps it is not182 inconceivable that the
strong and weak/electromagnetic coupling strengths may come together at
some sufficiently high Q2 as in Fig. 69(a). In the Weinberg-Salam model
the SU(Z)L and U(1) coupiings g and g' are independent, and the ratio

12

siﬂ2 o, = —b——

(4.56)
LI N

is a number to be determined by experiment. A symmetry group G would

make a prediction for gZ/g'z, and hence for sin2 ew. In the same way

182

as the ratio as/a, the ratio gZ/g'2 will be renormalized if the G

symmetry is only exact at very high momenta.

The simplest grand unification model is the SU(5) model of Georgi

152

and Glashow, which breaks down into exactly QCD x Weinberg-Salam.

Simple application of the QCD evolution formula (1.14) for us(Qz) shows

that it will be 0(a) only at very high Q2. In fact, the best egtimate

of the momentum at which grand unification takes place in SU(5) is72’183

m = 0(1015 to 1016) GeV

M (4.57)
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Fig. 69. Qualitative sketches (a) of the

present greatly different weak
and strong coupling constants be-
coming unified at very high ener-
gles, and (b) of quark and lepton
masses which are equal when meas-
ured on the grand unification
mass scale becoming different at
low Q2.



X . . . s , 2
Using this value, one can estimate the renormalization of sin Sw, which

is 3/8 in the symmetry limit, to72

sin’ o, % 0.20 (4.58)

which is not in disagreement with the latest experiments. It is char-
acteristic of grand unification models that they put quarks and leptons
into the same multiplet of the grand unification symmetry group G. For
example in SU(S)152 there are multiplets

(ER’EY’EB; e*,ve)L; (ER,EY,EB; ﬁ,vu}L; (b,,b. ,SB; ?,vT)L (4.59)
which put meat on the often-discussed concept of quark-lepton universal-
ity that was discussed in section 2.2, Because of the large symmetry-
breaking (4.57) inherent to this type of model, the quark-lepton sym-
metry will not be exact. But analogously to (4.58), the renormalizations
of symmetry predictions may sometimes be calculable. Possible examples

are quark and lepton masses.71’72

The simplest SU(5) representation of
Higgs fields which can provide fermion masses is 5 dimensional, and it
reduces to the usual I=% doublet of Weinberg-Salam. The multiplet
assignments (4.59) imply that in the symmetry limit

=m_; ms=mu; W =m (4.60)
Just as uS(QZ) > o at present QZ, so we alsoc find that (4.60) gets renor-
malized to give 2y > m, as in Fig. 69(b). 1In fact one finds, using m,
72,184

and mT as inputs, that

m 0.5 GeV, m (5 to 5%) Gev (4.61)

where these masses are to be interpreted as approximately the masses of
the lightest strange or bottom pseudoscalars respectively. (It is not

possible to calculate my very reliably, but it does seem tc be too small
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by comparison with the usual current algebra estimates of md/ms.) The
predictions (4.58) and (4.61) of the SU(5) model are quite encouraging: it
is unfortunate that in this model the masses of the charge 2/3 quarks
cannot be calculated, so that there is no prediction for m . It should
be mentioned that while the calculation of sin2 By +4.58) is insensitive
to the number of quark flavours, the quark mass calculations (4.61)

depend crucially72’184

on the number of quarks, and increase substan-
tially if there are 8 or more quarks.

In view of the failure of this simplest type of grand unified model
to have totaily disastrous phenomenology, it is rearc.able to continue
speculating and think about baryon number-violating furces.182 There is
nothing sacred about baryon number conservation: if. is believed to be

violated by black hales'185 186

and by nonperturbative weak effects.
Baryon number is almos. always violated in grand unified models. Indeed
we see from the multiplet .tructure (4.59) that gsuge bosons changing

152

quarks into leptons must be present in the SU(5) moiel. When the mul-
tiplets involving charp: 2/2 quarl. are added to (4.59), one finds transi-
tions of the general form q+q + 2+a (Fig. 70) which are described by an

effective low-energy four-ferml interaction (@,B,y are colour indices,

1
u = 3(1—Y5)u, ete.):

22 G (a Iy Y. u ) E+yuy d |+ (e at v . d )(—?Yuu +° yud )]
GUM [ afy @ BL ( 5 y) aBy Y, ¥ BL L o eg O

+ Hermitian conjugate (4.62)
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Fig. 70. A typical baryon number violating interactionm.
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where Dom * Py the masses of the baryon-number violating vector bosons
3

and
.5
Cop T 05 = 5 (4.63)
8mx 8mY
The interaction (4.62) can give proton decays of the form

+ -
p>e +w°, 4¢ﬂ+n°, +p+ﬂ°, Feun (4.64)

It 1s easy to see from the form of the interaction (4.62, 463) that the

decay ratel82 for p - anything

I'(p + all) « Z (4.65)
TG
More detailed calculaﬁions72 sug, :st that
m
t(proton) ~ 1030(——1%!§—— years (4.66)
1077 GeV,
The present lower limit on the proton lifetime 15187
30
t(proton) % 2 x 1077 years (4.67)

Comparing this limit with the estimate (4.57) of the grand unification
mass and Eq. (4.66) we see that the SU(5) model makes the proton suffi-
ciently stable.

Clearly the estimates (4.57) and (4.66) are very uncertain, even
given the speculative nature of the grand unification ideas, and the
remote possibility that the specific SU(5) model has anything to do with
reality. Nevertheless these results may be generic, and suggest that
experiments to improve the lower bound (4.67) by a few orders of magni-
tude may be worthwhile. The limit (4.67) was obtained by looking at

20 tons of scintillator underground for about a year, and looking for



electrons with energies of a few hundred MeV, which might come from the

decays of muons produced in proton decay. A present-day experiment can-

not run for much more than a year, so an improved version would need much

more matter to observe decaying. On the other hand, perhaps one could

lengthen the time-base by looking in a smaller quantity of matter exposed

over a geological epoch for fossil tracks of one of the types (4.64)
produced in proton decay.

Regardless of the theoretical ideas discussed here, any experiment
to improve the limit on the proton lifetime is of fundamental interest

and importance.
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ADDENDA AND CORRIGENDA

There are the following errors in formulae .a the text:

Equations (3.7): 230 MeV + 260 MeV
(3.8): 900 ND MeV -+ 1000 ND HeV
(3.9): 2.7 GeV + 3 Gev
(3.17): 32 MeV + Y0 MeV
(3.19): 900 ND MeV =+ 1000 ND HeY
(3.20): 2.7 GeV + 3 GeV
(3.56): 7% + 14%
14% -> 28%

I have so far found one misprint:

p. 83: Barras should tead Buras

Some useiul additional references:

Add to 72: More recent estimates of the baryon lifetime in
SU(5) are lower than those in this paper by a factor
0(10): C. Jarlskog and F. J. Yndurain, CERN pre-

print TH 2556 (1978).

For a critique of this suggestion and an extension to
higher centre-of-mass energles, see K.J.F. Gaemers,
R. Gastmans and F. Renard, ECFA/LEP fiote 45 (1978)
and for a general discussion of neutrino counting see
J. Ellis, M. K. Gaillard and C. H. Llewellyn Smith,
ECFA/LEP note in preparation (1978).

Add to 86:

Fo. the inclusion of effects due to beam and Wt
polarization, and an investigation of non gauge
theory vertices, see K.J.F. Gaemers and G, J.
Gounaris, CERN preprint TH 2548 (1978).

Add to 125:
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GAUGE THEORIES OF THE WEAK INTERACTIONS*

H. Quinn

Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

Lecture I

Nowadays it seems almost unnecessary to motivate a discussion of
gauge theories of the weak interacti mis-—they are fast becoming the
accepted dogma. Furthermore one particular version, the Weinberg-Salam
version,1 or (more specifically :u the context of charm) the Weinberg-
Salam—Glashow—Iliopoulos—Maiani2 version seems to be able to explain
most of the relevant data, thougli some areas are still unclear, espe-
cially the question of parity violation in atomic physics. My lectures
wily focus on this model. I will try to leave you with some feeling for
how it 1s put together, which along the way will allow comment on some
possible variations, many of which exist in the literature.

In spite o: my first disclaimer let me begin with a short discus-
sion of the improvement afforded by gauge tbeories over their predeces-
sor, the four fermi theory of weak interactions. That theory was
successful in describing the phenomenology of low energy weak interac-—
tions (such as angular and energy distributions of product particles in
g~decay) but was not completely satisfactory for two (closely related)
reasons: At sufficiently high energy (v 300 GeV) the predictions vio~
late unitarity, and any attempt to perform higher order calculations is
plagued by infinities which cannot be removed by renormalization. We

needed a theory which could remove these two problems without changing

#Work supported Ly the Department of Energy.



the low energy predictions--gauge theories provide such a theory. In
addition, each gauge model one writes down makes a host of new and test-
able predictions. Weinberg in 1967 wrote down "a theory of leptons" as
a first simple example of such a theory. This model, extended to incor-
porate hadronic weak interactions by inserting the quarks by analogy to
the leptons, gives a remarkably successful phenomenology.

When Weinberg wrote his model he hoped it would solve the above
nentioned problems of renormalizability and unitarity~-that it did in-
In a four~fermi or current-current

deed do so was shown somewhat later.3

theory we start with a weak charge-changing current, empirically deter-

mined to be of the V-A type, for example for leptoms
(1-vz) (1-v,)
= ny —5‘\; + ey —_—20 (1.1)
a a 2 u 43 2 e

(I shall use Bjorken and Drell conventions throughout, and notice that
V-A = I—YS with my definitions. Also I will often write particle names
to stand for the Dirac spinor for that particle.) The weak interaction

amplitude is then

s
5/—; 3,3° (1.2)

(The factor of 4 may look strange, it compensates for the fact that I
have written jIJ with (l—ys)/Z rather than the old-fashioned (I—YS).

This definition will be convenient to maintain when we get to gauge
theories since (l—Ys)/Z is the correct projection operator for left-
handed fermions, in fact one usually sees the shorthand 3 for «l-ys)/Z)u

in gauge theory papers.)
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The interaction (I.2) can be represented diagramatically, for
example, the process shown in Fig. 1 is part of the cross term between
the electron and muon pleces of the current., The idea of introducing
an intermediate vector boson to try to damp the high emergy growth of

this amplitude predates its gauge theory realization by some time.

a =g, 0%y (1.3)

would give a suppression of mé/(s—mé) for large s when gzlmé is adjusted
to give the correct low energy strength. Clearly this requires ms to be
large enough that at present energles the propagetor i3 effectively a
constant, in order tr maintain the good results of the current—current
theory. That is easily enough achieved, however in ~his simple form the
idea does not work for all possible processes. [n this process
e_ve + u_vu it provides the necessary suppressior, bu: when looking at
other processes, for example, efe™ » WW and even e'e” » W+W_Y one finds
again problems with unitarity. The problem is that the propagator for
a massive vector particle has the form
Dygla) = —i(gas - i‘—2£>/(q2-ﬂ12) (1.4)
m

The term proportional to guB has indeed the desired behavior in all
cases but the qan/m2 term in some processes can give terms of order
q2/m2 which cancel out any large q2 suppression from the denominator.

After gauge theorles had been found to be a workable way to cir-

cumvent this problem several people asked the question "Are they the

only way?" in the following form: Suppose I start with the vectors and
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Fig. 1. Typical process in
four-fermi theory.

Fig. 2. Introduction of an
intermediate vector
boson to modify the
amplitude shown in
Fig. 1.
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quarks coupled as in the process (I.3) and allow in addition neutral
vector and scalar particles in the theory with arbitrary masses and
coupling constants. Now I require tree graph unitarity,b this is that
the partial wave amplitudes generated by the sum of tree graph diagrams
for a given process should not grow more rapidly than SZ-m for 2+ nm
particle processes. Imposing this condition on a sufficiently large set
of amplitudes gives relationships among the masses and coupling constants
(Yukawa couplings and vector-scezla. couplings as well as vector-vector
couplings). In every case the set of couplings so determined are a set
which one could derive by buillcing a gauge theory with the same particle
content!

Having come so far, let me now explain how to build a gauge theory.
The recipe is simple5

I. Choose a gauge group.

TI Chocse fermion representation content.
III. Choose Biggs scalar representation content.
IV. Arrange for spontaneous symmetry breaking to give a non-
vanishing vacuum expectation value for some scalar or set
of scalars.

Of course all this needs some further explanation to be meaningful—
and some cleverness in following the steps to arrive at a possible the-
ory of the weak and electromagnetic interactions--there are many theories
I could write following steps I to IV which would not be viable for this
purpose-—for example it is trivial to arrange that only one massless
vector survives after the spontaneous symmetry breaking but it is some-—
what more complicated to arrange that thatvector has the correct coup~

lings to be a wloton.



Let us start with step I. What do I do when I choose a gauge group. content simply means choosing which multiplets of fermions we are to in-

In a gauge theory the vector mesons are always in the adjoint represen— troduce. The Weinberg SU(2) is often called weak isospin, a priori we may

tation of the group, so choosing a group tells me how many vector mesons choose fermions as weak isospin singlets, doublets, triplets, etc. In doing

I have, and defines the way they couple to one another. In less group
theoretic language "in the adjoint represe£tation" means there is one
vector meson for each independent structure matrix la. In SU(2) the
structure matrices are the set of traceless unitary 2 X 2 matrices, the
familiar Pauli o-matrices, of which there are three ((2%x2)-1) so SU(2)
means three vectors. A product of groups such as SU(2) x U(l) has as
many vectors as needed for each factor group separately so SU(2) x U(1)
has four vectors, SU(3) has eight ((3x3)-1), etc.

In deriving vector couplings it is convenient to define the matrix

o .0
A =A A . 1.5
u H ( )
Since every term in the Hamiltonian (or Lagrangian) must be a scalar
(singlet) under the gauge group we can readily construct possible terms

from the objects (I.5) by taking traces, for example

TR (A A A ) = if%PY A%8Y (1.6)
wve wve
is a group singlet three~vector term. The structure function faBY is

defined by

[A“,us] = 16287 )Y (1.7
0f course the Lorentz indices in (I.6) must also be contracted in some
way to give it the correct Lorentz invariance properties.

Now we come to step II, choosing the representation content of the
fermions. Let us discuss this and subsequent steps in the context of

SU(2) x U(1) in order to give concrete examples. Choosing representation
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this one treats the left- and right~handed components of the fermions
completely separately, The choice we make is guided by experiment. Let

us start by examing Weinberg's choices for the leptons. He chose left-

(), C)

and the standard Veinberg-Salam model

handed doublets

and right-handed singlets eps Mg

extends this choice to quarks
u c
(ﬁ ) (s ) cee o Ups dR’ Sgs Cp +ev -+ (1.9)
L L

d =dcos g + s sin 8 and s_=-d sin & _+ s cos 6
c c 2 c c

<

where

Why these choices? For the leptons they are clearly the simplest pos-
sible choice, which allows us to couple to the SU(2) vectors, to left-

handed fermions. Using the gru.p singlet quantity
v

+ Uf,0, O ( e)
(vee)L Yo¥ (Au 9 ) e

while the U(l) vector can couple to both left- and right-handed fermions

(1.10)
L

v
. Fooug . e) LY I.11
(vee)L YoY Bu I (e y and epYoY Biep ( )



All I am doing here is constructing group singlet objects of the form
g 6aYU(A:’MO‘)ab ‘pb
Clearly if my fermions are in triplets the matrices Mab must be the 3x3
representations of SU(2) and so on.

It is immediately clear from (I.10) why Weinberg did not stop at
SU(2). 1If we write out this expression we have
7‘% (A: Sorte + A; E‘LYHVL)

+ % Az (;LyuvL - ELYueL) (1.12)
The charge-carrying vectors A+ and A~ have been constructed to couple to
the correct weak currents of (I.4), but the neutral particle is not a
good photon candidate, it couples to the electron with a V-A coupling,
and it also couples to the neutrino. Weinberg added the U(l) factor,
thus introducing an additional neutral vector B. Now by astutzly
choosing the relative strengths of the left- and right-handed couplings
of the B it can be arranged that there is a linear combination of A® and
B which has pure vector coupling to the electron and which does not
couple to the neutrino--thus this linear combination is a candidate
photon. However there is then inevitably another (orthogonal) linear
combination of A0 and B, call it the Z, which couples with some well
defined set of couplings, a mixture of vector and axial, to both neu-
trinos and electrons. It is only a matter of algebra to find it out.

I recommend that you should carry through this exercise, starting from
(1.10) and (I.11). Defining g as the coupling of the SU(2) vectors to

the fermion doublet and g'/2 for the B~coupling to the left-handed
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doublet coupling ome finds the relationship

2,1
e=gg'/(g2+g' ) /2 (1.13)
One free parameter is left, it 1s usually written as

stn o, =« g'/ (g2 + g'H /2 (1.14)

Now to the quarks, or evan the muon; what determines that I should

make the same assignments for them, especially for the right~handed

parts, since clearly I have enongh right-handed quarks to put some or all

of them in nontrivial multiplets too. The answer is phenomenology; the
following points are important:

(i) Cabibbo universality

The relationship between u-decay and f~decay is most readily
achieved by the choice (I.9). For example if I put the u and d quarks
as neighboring members of a triplet then their coupling to the W+ would
have a factor of v2 relative to the muon and electron couplings (simply
a Clebsch Gordon coefficient which is different for different isotopic
rpin assignments.)

(§i) The u and d couplings are left—handed, at least at present
energies., Thus if up or dR are members of nontrivial multiplets of the
SU(2) they mast be in different multiplets, paired with heavier quarks.
As we will see later presently existing data from v-scattering does not
allow a doublet right-handed assignments for u and d with qﬁarks of
mass less than about 5 GeV.

(iii) The repetition of the (u,dc)L by the (C’SC)L is a manifesta-—
tion of the Glashow-Ilioupolous-Maiani mechanism to avoid strangeness

changing neutral currents. That must be such an old story around here



these days that it scarcely needs to be mentioned. What may not be so
well known is that naive generalizetjons to further flavors such as
(t’b)L’ tR’ bR_avoids all flavor changing neutral currents--the rule is
that I must assign all left-handed quarks of the same charge to the same
multiplet (position and type) and similarly for the right~handed quarks
to avoid the generation of flavor changing neutral currents.6 So far
we have little experimental evidence on the subject, but the theoretical
literature is heavily biased in this direction.

I am trying to make clear the ad hoc nature of the construction.
Within the basic recipe many variations are possible, even once I com-
plete step I there are many choices at step II, etc. The beauty of the
game is that each choice gives many predictions. The history of the
field is a tribute to the experimentalists, who seem to be able to elim-
inate models almost as fast as the theorists can cook them up (following
the recipe). Of course, the more that is known the harder the game of
cooking becomes--there are more and more constraints that a model must
satisfy before it is even worth discussing. More remarkable yet, the
one model which seems to be doing best is the original SU(2) x U(l).
There are some murky points, about which we will no doubt hear much more
in the next week or so. In particular, in atomic physics parity viola-
tions and ;ue scattering experiments differ, but there is possible con-
flict with the models. However the model is doing well enough that I
will continue to treat it here as the prime candidate theory.

Let us then proceed to steps III and IV of the recipe which intro-
duce the Higgs sector. Why put in Higgs at all? The question can be

asked at various levels of sophistication. Let me begin by proceeding
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naively, which in this cdntext really means perturbatively. From the
unitarity arguments given earljer, in particular one finds the scalars
are needed if the W and Z are assumed to be massive. From a theorists
viewpoint it is a question of writing a Lagrangian with a given non-
Abelian gauge invariance, which a priori means massless vectors, and in
addition a chiral invariance which means also massless fermions. Now
we want a way to introduce vector and fermion masses without destroying
the renormalizability of that theory. The only way tr do this which
gives perturbatively calculable predictions is to introduce elementary
scalars which couple gauge-invariantly to the vectc¢ s and via Yukawa
couplings to the fermions. The "Higgs" trick invol.es arranging the
mass (¢2) and self-interaction (¢4) parameters of _hese scalars so that
a nonvanishing vacuum expectation appears for some scalar--this is called
spontaneous symmetry breaking, despite the fact that it is about as
spontaneous as the appearance of a horse in a ccrral. (I first build
the corral and herd the norses if I wish to have the etfect occur.)

What does a nonvunisting vzzuum expectation value for a field mean?
It means that quanta of the theory, to which I can give a particle inter-

pretation, are simply quantum fluctuations about zero of the variable

p ==V (I.15)
where v = <¢> 1s the vacuum expectation value, as opposed to fluctuations
of ¢ itself about zero. Hence it is convenient to change variables and
rewrite the Lagrangian in terms of p. I can represent this process

diagrammatically by writing

v = =X



for any term v which appears. For example a Yukawa coupling term is
shown in Fig. 3. Clearly

Yhew = Yépb + (YVIVV (1.16)
and we see that a quark mass term (Yv) has appeared. Similarly the

terms

gz¢2A3Aa u
gives a gluon mass term as shown in Fig. 4 with

m" o« gV (1.17)
How do I achieve a nonvanishing vacuum expectation value? Everyone by
now must have seen the picture many times. I want a potential V(¢)
which has the form shown in Fig. 5. Since we are talking about breaking
a continuous symmetry, the phase symmetry of ¢ - eie¢, the picture is
three-dimensional--the Mexican hat potential. In a scalar field theory
) = w'e® + 20 (1.18)
where u and A are the parameters appearing in the Lagrangian. Obviously,
negative values of u2 give the desired shape. Notice that although uz
looks like a mass parameter when we change variables there are additional
scalar mass terms proportional to sz, so that there is no problem of
negative (mass)2 for physical scalar particles.

Before I get too far from this picture let me comment on another
obvious feature of it. The choice of the direction of vacuum expecta-
tion value in the (¢Re’ ¢Im) space is arbitrary, no phase is preferred.
This means that for any value I choose there is one mode of oscillation
about that value which has zero frequency, it is along the minimum of

the potential. This is the Goldstone phenomenon which happens whenever

-173-

o ——

X
1
I

Yy Py

Fig. 3.
8~78
Fig. 4.

Yop¥ Yy

Diagramatic representation
of the change of variables
A = p+v,

X K
N4

AAXAAAN

345442

Effective gluon mass term
generated by vacuum ex-
pectation value v.



vie)

3454A3

Typical scalar potential for theory
with spontaneous symmetry breaking.
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a continuous symmetry is spontaneously broken. There is a zero mass
particle associated with such a zero frequency mode. The trick of the
Higgs scheme 1s that this zero mass scalar (ome degree of freedom) can
be eaten up by the zero mass vector (two degrees of freedom) to give a
massive vector (three = 2 + 1 degrees of freedom). Since therg do not
appear to be any real zero mass scalars in the world we must arrange our
Higgs sector im such a way that every such Goldstone boson corresponds
to a symmetry which 1s gauged, and hence that ttere is a vector avail-
able to eat it up. (The pseudo—Goldstone7 boson is a possible evasion
of this rule, it may happen that there is a synmetry of Higgs Lagrangian
which is not a symmetry of the full Lagrangian. If such a symmetry is
spontaneously broken it will appeaf in a lowest order calculation of the
type just discussed that there is a massless scalar, but keeping higher
order effects fron the vector mesons will give this particle a mass.;
After all these prelimiraries we are ready to perform steps III
and IV. Iﬁ SU(2) x U(l) with the fermion assignments which we have just
made we need at lzast one Higgs doublet. Yukawa couplings are of the
form

Y$R¢*wi + hermitian conjugate (1.19)

The right-handed electron is in an SU(2) singlet and the left-handed
electron is in a doublet. The only scalar representation choice which
allows such a coupling is a doublet. Here is yet another reason for
making‘quark multiplet assignments mirror fermion assignments: 4t allows
one to be economical in the Higgs sector. Suppose I were to choose to
put the right~handed uvwp quark in a high isospin multiplet. First I

would have to introduce peculiar new quarks (charges other than -1/3 or



2/3) to fill up the multiplet, and then I would need additional Higgs
content to contrive to give the up quark and the rest of its new cousins
their masses. Such games usually rapidly proliferate in particles and
in ugliness.

With standard SU(2) x U(l) assignments I can get by with only Higgs

. 2
¢ =< _) (1.20)
4
"

. (4
¢ ( o*) (1.21)
-¢

is then also present. Up~-type quarks get mass from Yukawa terms of the

doublets of the form

The charge conjugate doublet

type GR¢*(:) , and down quarks (like electrons) need &R¢*(:)L couplings.

I have gefined the ¢ charges in relationship to my previously de-
fined photon. That photon can only stay massless if only the neutral
part of ¢ has a nonvanishing vacuum expectation value. (Remember the
photon was defined simply as that linear combination cf the A° and B
particles which coupled to the electron with a vector coupling and de-
coupled from the neutrino.) The U(l) factor is a hypercharge, in
general this photon couples to electric charge, defined as

Q=T,+Y/2 (1.22)

3
and we can arrange the hypercharge to get the standard quark charges,
and the charges defined above for the scalars.

In my next lecture I will write out the Lagrangian to show how all
this works. A few more comments can be made without doing so. I have

said we need at least one complex Higgs doublet, for most of the rest of
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my lectures I will talk as if there is only one doublet. The existence
of additional scalar doublets does not change the phenomenology of the
lepton quarks and vector mesons very much, though it becomes important
when finer points such as CP invariance and of course scalar particle
phenomenology are discussed--John Ellis will talk about these things
later in the school. However the matter of whether there are in addi-
tion to the doublet other scalar representations such as triplets does
indeed affect the phenomenology. W- will shortly see that assuming only

Higgs doublets leads to the mass relationship

Adding a Higgs triplet w
its neutral member would change this relationship, allowing the Z-mass
to be increased arbitrarily, thus weakening the effective strength of
the low energy (s << mé) neutral current effects. Using only doublets
the §9(?) x Uil) theory predicts the curve shown in Fig. 6 for the ratio
of neutral current to charge current total cross sections for neutrinos
ar1 for antineutrinos. Each point on the curve corresponds to a value

2 N : c
for sin” ¢ As the figure shows the experimental values9 are consistent

W

with this prediction for a value

sin2 By v .2 - .3 (I.24)
so apparently we do not need to add any triplet Higgs. To dq so would
relax the prediction of the model, instead of the line we could adjust
parameters to yield any point in ihe cone enclosed by the two dotted
lines and the Weinberg-Salam prediction.

All this 1s just a brief introduction to the rules of the game of

model building. The main points I want to stress in this lecture are
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that the idea of a gauge theory of the weak interactions is very general
and allows many specific realizations, of which the standard SU(2) x U(1)
model is only one. The structure is very rich and flexible, but flexi-
bility is usually obtained at the price of introducing more and more
particles. The beauty of Weinberg-Salam~GIM is that so far it has fit a
lot of data while being quite economical in particle content. If it
survives the parity violation teséo (which means if either the
Novosibirsk experiment and the theoretical atomic physics calculations,
or the Oxford and both the Washington experiments, are wiong) we will
have a remarkable candidate weak interaction theory. If not then the
theorists must go back to work to produce a mocel which can fit the SLAC
results for parity violation in polarized elec’:ron scattering and the
atomic physics——no doubt several people are already working on such
models.

As John Ellis will discuss next week there 1s at least one area
where the predictions o these theories remain virtually untested--the
Higgs sector. So :ar no one has seen any direct effect of these par-
ticles. They have been introduced in a somewhat arbitrary fashion to
allow us to write a renormali:upie theory with vector and fermion
masses; one with which we can perform perturbative calculations. There
is a school of thought among theorists which says that elementary
scalars are ugly, perhaps the same effects can occur dynamically from
formation of boundstates in the scalar channels. The problem is that
we cannot do much more than suggest the possibility, the idea takes us
beyond the realm of perturbation theory and hence, for the most part,

beyond the range of our ability to calculate.



One could go even further and add that we have no direct evidence
for the vector sector. (Again John Ellis will discuss the phenomenology
of this sector later this week.) lel for one, has tried to introduce
a note of caution into the general bandwagon acceptance of gauge theo-
ries as dogma by discussing how much of the phenomenclogy can be
obtained by making weaker assumptions--such as symmetry properties with-
out necessarily assuming gauge realizations of them—-and he concludes
that nothing in the present data compels us to accept the gauge theory
picture. However neither does anything preclude us from doing so, so
for the next week we will continue to ignore all alternatives and dis-

cuss, as the title of this lecture series states, only the gauge

alternatives.

Lecture 11

Yesterday I managed to be very general and avoided writing any
detailed algebra. Today's lecture will be much more detailed, as we
investigate all those generalities in the context of the Weinberg-
Salam SU(2) x U(l) and see how one arrives at specific experimental
predictions, a few of which I have already mentiomed.

There are two types of exercise which we must pursue. The first
is, once I have told all there is to tell about gauge group and particle
content, to read off from that whatever we can about the physical
couplings and mass relationships. The second is, given the couplings,
to compute cross sections.

I will write down the full Weinberg-Salam theory and then we will
investigate it piece by piece to see the phenomena discussed yesterday

at work.
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Let me define

a a a aBy ,B,Y
= +
Fuv auAv avAu + gf AuAv for the SU(2) vectors (IL.1)
and
Guv = aqu + avBu for the U(l) vector . (11.2)
Further let
ai
i L
v, = ( 5 ) (11.3)
b
L
where 1 runs over both leptons and quarks. Then
B 1 o _a,uv 1 uv
VA LA
4 Fqu " Gqu
+Z|(3—igA°‘a°‘+'5'—1\ |2
k 5 N o u/°k
+ ¥ \p'iy“(a - 1pa%% - 1 & 4 3 )wi
1 L I} u 2 i 'L
-1 .2 1 g il
+ - - g
aRYh(au * 2 BiBu)aR+ bRYu<au 1 2 6:I.Bl.l)bR’
[ SR, S 174 4 ]
+ o, * oy + * y7 + h.c. :
2 Ty apep vyt Ty bt vt e £ VG (IL.4)

ijk “
Now we shall proceed through a set of trivial exercises in algebra with
this Lagrangier. ~ssuming the Higgs potential is such that the vacuum

expectation value

_ (Vv
<z, - 1) s

For simplicity we will carry out these exercises as if there is only one
term in this sum, that is as if there 1s only one doublet. If there are
many doublets we can simply define that (normalized) linear combination

which gets a nonvanishlng vacuum expectation value to be ¢1 and then the



following discussion is valid for k=l.

Exercise I. What are the vector mass terms? We have in the Lagrangian

l(gx'g + 32_'_ B1) (:Q)W

2

A, 72" IO\ YENE
~ % ~ +f52— ( ) (11.6)
V24 -4 o Bi/\o
1 1]
FlgA +g Bl v + o 2
»2(0) 1 224- .1 ,2 ,2,2 88" ¢e"
- - TP EVAA g )V Ty
£ A7y (8%+g' ")
V2
Thus, identifying the massive neutral state as Z, we have
gA, + 8'B
Z=-———=cos 0_A. + sin 6 (11.7)
7, 2.0 w %o W
%'
we can read off the masses from (I1.6)
2, ,2
mz=l(g+g')%v m"=_1.gv
V2 A

This gives the advertized ratio mw/mZ = ¢cos ew and the orthogonal com-

bination to the Z, the photon,
A = -gin ew A0 + cos BWB (I1.9)

clearly has zero mass, by comstruction.
Here we have defined a photon as the linear combination of A0 and
B which gets no mass. Now for Exercise II we can go back and check how

to choose oy Bi and éi so that this particle has pure vector couplings
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with the right coefficients, that is
~1 for electron, muon, taﬁ, ete.,
q = 2/3 for u quark, c¢ quark, ete. (II.10)
-1/3 for d quark, s quark, etc.
To do this we start by simply rewriting the relevant terms in terns of Z
and using

AO=ZCOS ew-AsinB B =2 sin8+ vy cos 8

W’

We find the fermion couplings to neutral vectors are

_ j . 1-y g'B L4ve))
5 1 5
-t (%AouJ'Bz_“iBu)( 2 )+ 2 Bp('z )] a;

1~y g'é T4y Y
T M- Al ( 5) i § (___5)
byY ;( 2 Ao v 2 °1Bu) 7 /Y7 B\ ; “y

2, +2\% 1-y I+
NSOl PRSI 0., (52 + c1a?o 8, (03]
2 la'Y (cos 6w+ sin ewai) 5/ tein WB:L — Zuai

X (52 (7
+ aiy (sinew COSCW) (—1+ui) W + Bi 5 Auai

2

1=y 1+y
= u 2 ) 5) .2 s
+ biY [(—COS 9w+ sin Swai, \'——-—2 + sin SwrSi 3 “ubi

> (2 o]
+ biY (51new cusew) (1+ui) 5 + 61——2— Aubi

The requirement of absence of Y5 couplings for the photon immediately

(I1.1)

gives
Bi = -1+ oy and Gi =1+ ay; (1I1.12)
The charges of a; and bi are then given by
f (1-(11)
eq = —_—
a (g2+g'2);i 2 , o
= —B& (¢ _ .2 (11.13)
2, ,2.% \"3 2
' -l-a (g7+g'")
88 1
& T T3 2% 2
(g7+8'")



where T3 is the weak isospin assignment of the left-handed fermion.
Hence we can identify the coupling of the photon

v

-—88"
e = (11.14)
(gz+g'2);’

My parameter oy 1is the negative of the hypercharge. We arrive at the
right charge assignment for lepton
(Notice that this gives Bi=0 as it must since there is no right-handed

neutrino to form ag type coupling with the B.) For quarks we set

-1 2 -
= — =< = —, £
ay 3 giving q, 3 and 9 3 Furthermore we have now specified the
Z-couplings which with a little further algebra we can rewrite as
/ 1y ?
2, 2% ) ( 5)_ 2
-(g"+e'") IT3 3 Q sin ewf (11.15)

Clearly the couplings of the Z are in general a mixture of V and A
although a peculiar accident may happen to remove the V part, for exam-
ple the negative leptons e, p, etc. would have pure axial coupling to
the 2 if sin2 ew = (0.25. (Experimentally we will find the preferred
value of sin2 ew is not very far from this value.) I could at this pouint
proceed to the next set of terms--the Yukawa coupling terms, and carry
out exercise III, which is to find the quark and lepton mass matrices.
I will not do more than make a few comments on this exercise-—carry it
out as a homework problem if you wish. I remark that the Yijk and iijk
do not require that i=j--this has the consequence that the mass eigen-
states, the quarks, u,c... and d,s... may be linear combinations of the
i

a” and bi respectively. This phenomenon has already been mentloned, we

find Cabibbo combinations

b cos ecd + sin ecs

1
(IT.16)

b, = -sin Bcd + cos Bcs
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are the weak eigenstates. If we introduce further quarks with the same
charges then they could, in principle, also mix with the d and s. Exper-
imentally the success of Cabibbo universality tells us that the amount b
in the doublet with u must be small, as Stan Wojcicki discussed in Monday's
lecture. The Yukawa couplings must then be arranged so that this is so.
Just a few more comments on the rules for putting together theories
of the Weinberg-Salam type and then on to real physics--that is to cross
section calculations. One of the advertized virtues of gauge theories
compared to the old four fermi theory is renormalizability. In fact the
Weinberg-Salam theory as I have written it is not necessarily renormaliz-
able--because of anomalies, whi.h mesns processes involving the triangle
of Fig. 7. One can take the attitude that this does not much martter.
We have to go to such high order “efore there is any problem that we
might be belng unreasonably optimistic to hope that our present theory
is valud to that accuracy. However the dogma says we must get rid of
these andnalies; that is to say we must have a renormalizable theory.
We .an arrange to do so by having a number of such triangle diagrams with
their sum vanishing identically., 1In general this is achieved by requir-
ing the sum of :i.c fermion charges to vanish. In Weinberg-Salam, with
SU(3) color, this happens if one has as many flavors of quark doublet

as there are lepton doublets, e.g.,
v v v
e u T
u J t)
<d ) (s ) (b
c c



The anomalous triangle graph.

For each pair of doublets Iq = (0 + -1) for leptons + o, X(§-+ —%) where
o, is the number of colors of each quark flavor. For color SU(3), nc=3
and 7q=0 with this arrangement.

As 1 stressed yesterday there is no a priori reason for the continu~
ing replication of similar multiplets. Assuming such replication leads
to a prediction that there are no flavor changing neutral currents. In
the context of this theory the masses of the various fermions are
achieved quite arbitrarily by adjusting Yukawa couplings.

We have now written a model which tells us everything there is to
know about the weak interactions of leptons and of quarks. For leptons
the rest is co
process we choose. For hadron physics we need something more to relate
this model to experiment--we need to know how the quarks are put together
to make hadrons. [hat we do not really know, so we are left somewhat up
in the air by our beautiful theory of the weak interactions. However
there is a great deal we can do, in the framework of the quark-—parton
model. We define a set of functions called the structure functions
which describe at least part of what we need to know--they arg a descrip-
tion, at least in the high enerpgy limit, of hadron composition in terms
of quarks. We can then calculate cross sections for a number of processes
in terms of tnese same functions, and hence test the theory by the con-
sistency between the various rates--testing whether all experiments can
be fit with the same set of structure functions.

Lét us therefore discuss the familiar example of deep inelastic

scattering. For sufficiently high energy and momentum transfer we can

neglect lepton and quark masses, though clearly if we come to a new



quark threshold that rule will be in abeyance for a while. This means

we only have to do very few calculations, since the interactions Yu and
YuYS each preserve helicity up to corrections of order m/E. The calcula-
tions are simple enough. I will not go through them here; I will simply

state the results for deep Inelastic scattering. I define the usual set

of variables for the process shown in Fig, 8.

2
vV = qep X = —9—2\, y = p.q/p-k (11.17)

In terms of the quark-parton model the cross sections for various
deep-inelastic processes can be obtained by assuming incoherent scatter-
ing off the individual quark constituents of the target and defining
structure functions fq(x) which, in the high energy limit, represent the
probability of finding a quark of type q carrying a fraction x of the
proton's momentum in a frame in which the proton is moving with very
large momentum. This parton picture interpretation of the structure
function is of course frame dependent, but the cross sections which we
write down are functions of the invariants and hence are not. In a more
general picture one finds that the structure functions could in fact be
functions of q2 as well as x, the fact that to a first approximation
they should be q2 independent was first suggested by B} and hence is
known as Bjorken scaling.12 In the context of a specific model of the
strong interactions, namely QCD, one can obtain more detailed predictions
about these functions and their q2 dependencela——these predictions will
be discussed tomorrow by John Ellis., For the moment however let us take
the naive parton model point of view and treat these as functions of x

alone. Neglecting lepton and quark masses one obtains a very simple set
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Fig. 8. Labeling of momenta
in deep inelastic
scattering processes.



of predictions, namely scattering left-handed fermion on left-handed

fermion or right on right gives

do
de xf(x) (11.18)

scattering left-handed on right-handed gives

dag
dxdy

« xE(x) (1-y)> (11.19)

Let us look at this for v(V) nucleon + yu~ (u+) anything. The charged
weak current sees only left-handed quarks and thus only right-handed

antiquarks, so the above rule gives the familiar predictions

do” GZME

gy L [fq(x) + fa(x)(l—y)z]

q
(I1.20)
da; GZME 2
dxdy =TT 2x % [fq(x)(l—y) + fﬁ(X)]
with
2.2
= g(E7) == (11.21)
8 2 2
me 8v

in Weinberg-Salam.
The same calculations can be made for the deep inelastic neutral

current neutrino scattering. To do so it is convenient to write the Z

couplings as

i 1
e (1=v.) e (l+y.)
—(g2+g'2)% L - 5» +-R . 5 (11.22)
For SU(2) x U(l) theories we find
i i i 2
ey = T3L - q sin Sw
(11.23)
i _ i . 2
eg = T3R - q sin ew
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In the standard version we had T;R=O for all fermion types. We notice
that these formulae apply either for quarks or antiquarks, and imply the

relationships

_ .9, q9_ _.4
€p 3 2 (II1.24)

rged currents the amplitude is proportiomal to
2

g /2mw = 1/v” whereas for neutral currents the comparable factor is

(g2+g,2) Eaeb/mi = Zeaeb/vz. Thus for example we obtain for neutrino

deep inelastic scattering, using (II.24),

a0 = cheE gx Y ‘(Eq\sz x) + f_(x\rl_“\ﬂ
dxdy x Tl\ L/ Lq\ 7 gy g
+ qu()(l—)2+f-()! | (I1.25)
(LR) [q x y 3 x]‘ .

and similarly

g;,(:;’“ = 22?'@‘ 8x Z{(Eg)z [fq(x)(l—y)2 + fa{x)]

q
3 - 2]}
+ () [fq(x) + g0 -’ (I1.26)
(An obvious note, if the target contains neutrons and protons then
target - P N 9
fq (x) prq(x) + Nqu(x) (11.27)

where NP (NN) 1s the number of protons (neutrons) in the target. Isospin

invariance tells us that

fi(x) fg(x)

L}

fz(x) fi(x)



P, N
£(x) = £00 (11.28)

and similarly for antiquarks.)
I can treat photon exchange in this same formalism, the photon coup-

lings can be written in analogy to the Z-couplings as

(1-v.) . (1)
i 3 i 5
e8; 7t ey 3 (I1.29)
where obviously
1 i 1
BL =Bp =4 (I1.30)

The strength factor g2/2m5 is replaced by e2/q2.
For deep inelastic electron scattering I can treat the left- and
right-handed parts of the electron incoherently, but I must remember that

photon and Z exchanges add coherently., Thus I have

L R
do do da
dxdy = Ixdy T Ixdy (11.31)
and
q 2
dt _ et - Loy -] 2
dxdy ~ T ¥ Zi: 27 in%6. cos’o ( 2 Z)J [fqi(") * fai(X)(l—Y)]
@ sy w'd T
e U 2
-q! L °R 2
+ + £ (1-y)° + £ (%)
2 sin%e cosze ( Z 2) 9 94
1 W W Ty
(11.32)
For ch/dxdy one simply makes the replacements
q q;
e: > g§ ; eLi “«r gRl (I1.33)

in (II1.32).

Lecture IIT

Note for the reader--this lecture followed after Lecture I by

John Ellis.

I want to start this lecture with some comments on what we have dis-
cussed so far. In my first lecture I told you how to build a gauge theory
model. I remind you that it is an extremely ad hoc process, good and bad
models are distinguished by experimental tests, not by theoretical rea-~
soning. Even when a model can be cc.structed to fit all present data it
makes no definite prediction about how many heavier quarks there might be,
and there is similarly much arbit.ariness the predictions about the
scalar sector. These things will be discussed further by John Ellis in
subsequent lectures, and by Mary Kay Gaillard in the topical conference.

In the second lecture I told you how to calculate: Given a model,
one can read off W and Z masses and couplings and from them proceed
directly to predictions for de:p inelastic scattering processes. These
calculations are valid in the noive form only when It is reasonable to
neg.iect both tae lepton and the gquark masses. Near a threshold, for
example, where charm production begins to enter in the allowed final
states, the model is not capable of giving clear predictions. There exist
a number of slightly different suggestions for including quark mass cor-
rections in the near threshold region. They all interpolate smoothly
between the scaling prediction below threshold and the new scaling pre-
diction sufficiently far above. They differ somewhat in how rapidly the
new value is achieved--in other words in how far above threshold is
sufficiently far. I will not go into this discussion here. The quantity

y plotted as a function of energy for v scattering has been used in the



literature as a particularly sensitive test for the appearance of a
threshold corresponding to a right-handed coupling of a u or d quark to
a heavier quark. The reason for the choice is obvious enough. With only
left-handed couplings the valence quark contribution to antineutrino
scattering is proportional to (1~y)2, so a right-handed coupling, giving
a term proportional to 1 would give a marked increase in <y>. However
the scaling corrections discussed yesterday by John Ellis also tend to
The reason for this is that the

increase <y> with increasing energy.

contribution of antiquarks in the target increases, due to the

glue + quark-antiquark terms which John discussed, giving also an increasing

contribution of y independent cross section. 1 think it is now generally
agreed that these corrections are sufficient to account for the observed

variation of <y> with energy, thus excluding right-handed coupling of the
u or d quarks to any quark with mass less than about 5 GeV.

For the theorists in the audience I want to

h add one warning (it is
obvious to the experimenters)--every experiment makes certain cuts in the
data for purely experimental reasons. In comparing experiment with
theory one must know about these cuts and take them into account. We
theorists have a bad habit of trying to extract numbers from the experi-
ments to compare directly with the simplest theoretical calculatioms.
What should be done 1s the other way around, one extracts numbers from
the theory (if necessary via Monte Carlo calculations) to compare directly
with what has actually been measured.

Let me now go on to discuss further predictions which can be ob-
tained from a gauge theory model, as before continuing to use Weinberg-

Salam SU(2) x U(1l) as the sample model. Obviously purely leptonic

processes such as vue s¢attering can be calculated by the same rules as

deep inelastic, simply replacing structure functions by a delta-function

A el Tav v A A o i ematbavden mmA Tie R T PRI,
at x=i, FrOL V_e 0T Vuu Scatitering onée musStc remember that t

e

direct channel W-exchange diagram to include as well as the t-channel Z-

exchange. The predictions are usually given in “erms of By and Bys in

terms of the previously defined Z-couplings

_ e e 1 .2
gy =g tegr-3F 2sin” 8, | for gtandard
Weinberg-

Salam.

(II1.1)
e
AT LT RT T2

The experimental situation is shown in Fig. 9. Threre is one further
result from Gargamelle which is in conflict with the other experiments,
and with the Weinberg-Salam prediction, however, “t «ppears that the
analysis of the seco.d half of the data will significantly change the
result, so I do not include it here.

The next area where the theory can be tested is in elastic Vp scat-
tering experiments. O1ie new unknown function en*ers--the axial form
factor of the protor. However. one can make a reasonable model for this,
in parallel to the behavier of the vector form factor. In the context of
such a model the Weinberg-Salam prediction is in good agreement with the
measurements,15 for sin2 ew in the range .2 to .3.
Recently Mike Barnett and Larry Abbott16 have made a very nice
systematic study of predictions of neutral current process, including
semi-inclusive processes. They find this gives them a good tool for
distinguishing between gauge theory models. Mike will be talking about

this in the topical conference, so I will not discuss it further here.



15 9y
I\

Weinberg-Salam
Prediction

8~—78

Fig. 9.

341349

Experimental constraints on 8y and 8 from lepton

scattering data.l9
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Now we come to the topic of the first morning of the topical con~
ference, parity violations. Let me start with the easy cases first. I
refer you to a paper by Bob Cahn and Fred Gilma%7for the details of the
calculations. Using the deep inelastic scattering formulae given in

Lecture II one arrives at the foliowing predictions

Axy) = (duL _ do® /<duL L ot
Y dxdy ~ dxdy/’ \dxdy T dxdy

For deuterium, keeping only valence quark contributions

(I11.2)

2
- =6q" 9, e _20 2 bpu 2.4
Aug o - |(L+ 215 (1 - B stney + 31 3T3R)
2/2 o

+(1-asine, - 215 ) - By + 2,8 Jo-a-p) 2)/(1+(1—y)2)] (111.3)

Notice A is x independent. For any target

P P
f (x) = NE (x) + N_f (x)
u P u N'd (111.4)

£,6) = Npfh (o) + N ()

Thus we see that if N,=Ny then fu&fd and hence f(x) cancels out in the
ratic A. I remcrk also that with right-handed singlet assignment for
all quarks and leptons the prediction becomes y-independent for

sin” b

v .25, or slowly varying with y for sin2 6" near that value; and

the present best values are quite close to .25. This is in marked con-
trast to some other models, for example, models with nontrivial T3R'
Models such as SU(2)L X SU(2)R x U{l) (Ref. 18) have also been con~
structed to reproduce the standard Weinberg-Salam predictions for deep
inelastic v-scattering, but can give quite different predictions for
parity violating effects, in particular for the atomic physics experi-

ments they predict no effect. The result of the SLAC-Yale experimentl9



along with the predictions of Weinberg-Salam and of a theory with the
right-handed electron in a doublet is shown in Fig. 10. This result is
also in conflict with the version of SU(Z)L x SU(Z)R x U(1l) which gives
no atomic physics parity violations. Further information, in particular
on the relative u and d couplings is gained from data on hydrogen.19

The SLAC-Yale collaboration intends to make further measurements for
smaller y. The results of such measurements, if they can be made with
errors comparable to those of the existing measurement, will provide very
interesting further information.

Cahn and Gilman have also calculated predictions for asymmetries for
elastic ep and ep + 24(1236). These predictions like those for elastic
vp total cross sections, depend on some assumptions about form factors,
but one could obtain some further tests of the model by measuring these
quantities.

Now we come to the "Mares Nest" for Welnberg-Salam, the question of
parity violations in atomic physics. These are of course tests of some
of the same parameters in the model as occur in ep and ed scattering at
y=0. (One needs both ep and ed to be able to test up and down quark
couplings separately.) In the atomic physics experiments what is meas-—
ured is the optical rotation of light in a laser induced atomic transi-
tion. This effect is proportional to the matrix element for the mixing
of a "wrong parity" state due to the axial coupling of the Z to an

electron. In Weinberg-Salam g: = -1/2. At the nucleus we need a &y
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Fig. 10. Comparison of SLAC-Yale ed asymmetry measurement with
- predictions of Weinberg-Salam and a model with the right-
handed electron in a doublet.



coupling, which is given by

N(% - é sin? 6..) + N, (- % + % sin’ 8.,)
urv gz 3 W/ anb A ) W/
_ 4 2 1 2
= @i (5 - 5 s’ o) + (2ng) (- >+ % sin” o)
N 2 A-27
= —Z(sin by + —iz—) (I11.5)

However this is the easy part of the calculation, the hard part is the
constant of proportionality, which is to say the calculation of the

atomic physics matrix elements

<£|D|n><nley, yee|1> <f|eyy.e|n><n|D|i>
u's + Xla

coefficient (1I1.6)

known
¢ ( )g Ei-En Ef_En
where D is an electric dipole operator. To calculate this one needs to
know the energy levels and the relevant wave functions for the atom in
question, which is Bismuth in all experiments carried out to this date.

L .y y

The energy W

wola ar al manao
i weii measu

levels are
as easily obtained. One makes models for them, and the models are tested
by their ability to reproduce certain measured results, such as energy
levels. I display in Table I as an example a table from a paper by
Henley, Kaplisch and Wilets.20 CI in this table means "configuration
interaction.” The point of the paper is that the original calculaticns
by Henley and Wilets of the expected parity violating effect used a
Hartree-Fock independent-particle model, including the configuration
interaction corrections changes the predicted effect by as much as 0.65.
You may judge for yourselves from the table the extent to which the energy
levels confirm these corrections.

There are independent calculations by Novikov, Sushkov, and Khriplo-

21
vich” which take what they call a semi-empirical approach. This means
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TABLE L Some cnergy levels fa Bi1 of J=3 (in inverse centimeters).

CI .nvluding CI including

Level Without CI s 6s Expt.*
6 3/:2(216p /3 11658 11598 11770 11419

6p3m’ 34903 34694 33364 33164
6p 176 32{1)7s 42674 42710 44865
6p1126p 12(2)7s 49696 49595 49 456
855p - 6p 3y 81299 84828

2C, E. Moore, Atomic Energy Levels, National Burcau of Standards
Circular No. 467 (U.S, GPO, Washington, D. C., 1958), Vol, IIL



that adjustments are made in the model to correct certain predictions to
match measured values. Unfortunately some corrections have to be made
based on measurements in Thallium rather than Bismuth, since the relevant

measurement is not available for Bi. The relevant quantity is

3
p =fdr r” R, R (I11.6)
6 6s 6p3/2

where R is the radial part of relevant wave function. For Thallium the
model predicts

P -2.9 a,

and photoionization measurements give |p0| = 1.8 ag: Hence the effect of
a 6s -+ 6p electron transition in Bismuth is corrected by a factor
(1.8/2.9) from the theoretical prediction. There are other relevant
contributions coming from 6p + 7s and 6p ~ (higher states including con-
tinuum) for which the estimates are made similarly, but with reference to
tests in Bi. 1In calculating the total predicted effect the relative
signs of these various contributions are very important. (The above dis-
cussion was given, with some further detail, in a talk by Peter Rosen at
the Workshop on Weak Interactions at Ames, Iowa last month.) 22

Where does all this leave us——after all corrections have been
applied the best value for the predicted effect, for either the 876 or
648 nm line is of order -10 x 10“8 using sin2 ew = .2 - .25. The experi-
mental situvation will be discussed in detail at the Topical Conference
next week. There are now four experiments, two from Seattle, one from
Oxford and ome from Novosibirsk. Of these, three including the second

generation Seattle experiment, give an upper limit about an order of

magnitude below the prediction while the fourth, from Novosibirsk finds
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an effect in agreement Qith the predicted value. Obviously not everyone
1s right--there are several options, among them
1. Novosibirsk, Atomic Theory and Weinberg-Salan are right
and Oxford and Seattle are wrong.
2, Novosibirsk and Atomic Theory are wron? and Weinberg-
Salam, Oxford, and Seattle are right.
3. Novosibirsk and Weinberg-Salam are wrong and Atomic
Physics, Oxford, and Seattle are right.
4, Everyone is wrong.
I do not intend my previcus discussion to be a judgment on the atomic
physics theory. I have not studied it carefully enough to make such a
judgment. Clearly there are some uncertainties, »ut the question is
whether they are at ~he factor of 2 level or as much as an order of mag-
nitude. One must also look very carefully at th¢ exnperiments to try to
understand what migint possibly be going wrong in any one of them, since
they disagree. These -“re difficult measurements but 1 do not know of
any telling point which has been raised against any one of them, all I
can say is the discussion next Wednesday promises to be interesting.
The situation may #lso be resolved by further experiments. An‘experi-
ment in Thallium is being worked on at Berkeley, which has the virtue
that certain cross-checks of the model can be made at the same time.
From the theorists point of view the ideal experiment is of course in
hydrogen. This will come; groups at Michigan, seattle, and Yale are
(Predictions

working-on it. Results are not expected for some time.

vary from a few months to more than a year.)



For the most part the composite quark picture of hadrons, together
with a gauge theor: of the weak interactlons, gives us a good description
of the observed weak interactions. Let me list some salient points:
We do not see second class currents.z3 (Their existence would be a
serious problem, if not a disaster for these theories.)

Deep inelastic neutrino scattering data is for the most part well
fit by the model; we do not need to invoke scalar component, which would
give a term proportional to (l-y) in do/dxdy, though such a contribution
is also not excluded by the present data. One outstanding problem here
is the ratio oL/OT which is found 1n electron scattering which, even
including higher order gluon effects, is predicted to be somewhat smaller
than the measured value.zA This quantity must be dominated by terms in-
volving mass corrections, terms dropped in all the standard asymptotic
have been made to estimate such

s : 25
(scaling) treatments. Various attempts

effects, it is a pretty grubby business. From a pragmatic point of view
it 1s fair to keep the magnitude of oL/oT in mind as a measure of the
order of magnitude of possible corrections to the quark model plus QrD
treatment which we have discussed.

There are some areas where the theory ceases to be useful. It is a
theory of the weak interactions of quarks and not of physical hadroms.
In deep inelastic scattering we could absorb our ignorance of the hadron
wave functions into a few structure functions and then compare experi-
ments. For explaining hyperon decays however we need to know more.
Certain absolute rules like AQ = AS arise as a natural consequence of the
However the AT = 1/2 enhancement, which

structure of the quark currents.

Stan Wojciki discussed on Monday, is a detailed property of the hadronic
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matrix elements of two quark currents. There are both AI = 1/2 and

Al

3/2 operators formed from these currents. Empirically we find the

AL

1/2 parts dominated by a factor of 50-100. Keeping higher order
gluon corrections, anomalous dimensions as discussed in the context of
scaling violations by John Ellis, gives some AI = 1/2 enhancement,26 but
it is my judgment that with reasonable values of the parameters involved
it is not enough to fit the data, it is more like a factor of 5 than the
factor experimentally observed. Tha* does not mean the theory is wrong,
simply that the effect is dominated by the part which we cannot calculate,
the long distance part, rather th:.a by the short distance part for which
this calculation can be made. £ se really understood hadrons as quark
bound states we should be able tn explain the effect, but that of course
is a strong interaction problem, gauge theories of the weak interactions
can at present only make useful predictions where such problems can be
avoided.

TLere 18 another area of we:k phenomenology which I have barely
ment lcned--the azrea of CP violation. As Stan Wojcicki told you on Mon-
day a six quark version of Weinberg-Salam in general has some CP vioclating
phese in the quark-mixing matrix which defines weak eigenstates in terms
of mass-eigenstates (or vice versa). Adding more than one Higgs doublet
can also introduce CP violating effects. John Ellis will tell you more
about how these things work. I just want to comment that these theories
naturally incorporate CP violating effects without having to add anything
radically new. The simplest Weinberg-Salam theory with just four quark

flavors and one complex Higgs doublet does not have CP-violatioms, but

experimental results are already pushing us beyond that model anyway.



A complicated Higgs sector can lead to CP violations of the milliweak
type, with a predicted value for the neutron dipole moment not much below
the present experimental upper bound. 28 The CP violations coming from
phases in the quark sector are typically superweak in character. The
CP violating phase in this case, like everything else coming from the
Yukawa coupling terms, is a free parameter in the model.

I have tried in these lectures to give you some feeling for the
generality of the gauge theory idea, as well as of the status of the
"standard model”. There clearly are some questions yet to be settled,
but in the last year much progress has been made. A year ago there were
many candidate models to discuss—-now there is just one, and that is a
very economical one. A viable model tust at least reproduce the neu-
trino phenomenology of the Weinberg-Salam model. There is a large class
of models of the type SU(2) x U(l) x G which do so;29 the parity viola-
tion situation may force us to extend the model in this way. There are
many areas yet to be explored. I have focused on what we know now,
leaving John Ellis with the problem of spending his next three lectures

talking about things we know practically nothing about, at least experi-

mentally speaking.
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Introduction

These lectures will attempt to cover a subject of weak decays from

the phenomenological point of view. Clearly, a subject this wide cannot

hope to cover all of the possible material in 3 lectures, and thus a choice

needs to be made as to what should be included and what excluded. In

making this choice I have been guided by the following conmsiderations:

a)

c)
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the last few years have witnessed a whole spectrum of new theoretical
and experimental successes =na chus it appears reasonable to empha-
size these new results and ideas.

In the same last few years there has been a profound change in our
ideas as to the number of “elementary“quark and lepton fields.
Accordingly, I would like to emphasize the relation of the recent
results to this new "standard" theoretical model.

Some of the burning questions of five years ago appear to have been
settled experimentally in the last few years. Accordingly, as far
as the "old" physics is concerned I would like to limit myself to
the discussion of those toplcs that either have received recent
experimental attention or else are relevant to the "new'" physics
being pursued more recently. For more detail on this subject I
refer the Interested reader to the lectures on this topic at the
SLAC Summer Institute of 19721) or to several other more recent

2)

reviews in the intervening time.



These lectures will thus divide themselves naturally into the
fellowing topics:

a) Introduction, discussing the general framework within which we view
the weak decays, some of the relevant fundamental questions and the
standard model against whose predictions the new results on new
particles can hopefully be tested in the near future.

b) Discussion of the weak decays of "old" (i.e. noncharmed) hadrons.

c) Discussion of the decays of heavier leptons, i.e. p and t decays with
the emphasis on new results.

d) Discussion of the decays of charmed particles.

I shall start out the introductory discussion by reviewing very
briefly some of the sacred tenets of the weak interaction theory. The
general Lagrangian thought to be responsible for the weak interactions

in general (and hence weak decays in particular) is

G
EQIEE-EAER
V2
where G is the weak interaction coupling constant and JA is the current
which can be decomposed into the hadronic and leptonic parts, i.e.

_ o, () (%)
Iy =9 * Iy

The individual components of the current are written in terms of the
fundamental fields, i.e. quarks and leptons, based on the belief that the
subsequent 'dressing” of the quark fields into physically observable
hadrons will not obscure the basic features of the fundamental weak
interactions.

Thus to understand the full structure of the relevant currents one
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has to understand the full spectrum of quarks and leptons. It is here,

that there has been a very profound.revolution in the last few years and

I would like to briefly summarize what is our current understanding of

this topic. One might start out with some general features that appear to

be emerging from both the theoretical and experimental work.

a) SU(2) x U(l)3) appears to be an important gauge theory group. The
spectacular recent SucceSSESA) supporting the Welnberg-Salam model
strongly suggest that this group must play an important part in the
ultimate theory of weak interactions.

b) Charged weak currents have a lefthanded nature.

c) Leptons and quarks appear in doublets. Some of the empirical evi-
dence for 7T lepton not being a singlet will be diécussed in Part 3.

d) An "elegant” theory demands an equal number of quark and lepton
doublets tn cancel the divergences in the triangle graphs
(A@ler anomalics).

e) Quark mass eigenstate doublets are different from the doublets di-
agonalizisg the weak interactions. The natural question arises here
whether the samn: statement holds true for the leptons.

£) The discovery of the T 3,6) and the rapidly growing evidence con-

firming the leptonic rature of the T suggest that a six quark, six

lepton picture 1is the most economical one that can accommodate all

of the known particles.

I would like to end this introduction by elaborating more fully on
these last two points. It has been known for a long time that the up
(or p) quark couples both with the down and strange quark, the latter coup~

ling leading to the obcervable effects of strangeness violation. In the



conventional language this has been known as the Cabibbo mixing,7) where

the relative strengths of the AS=0 and AS=1 transitions were given by

2 2
cos Gc and sin ec. The observed strong suppression of the strangeness

8)

changing neutral current transitions as evidenced by the absence of the

+ -
Kz + pyu and K+ -+ ﬂ+vv,coupled with the observation at CERN,g)

10)

and later at Fermilab,

decays
of the strangeness conserving neutral currents
in neutrino interactions, led to the hypothesis of the fourth quark and
the so called GIM model.ll) This model provided a natural, up to second
order, suppresion of these phenomena, and the spectacular verification of
its many predictions, culminating in the discovery of the bare charmlz)
led to the acceptance of this 4-quark picture.

The ideas described above can be recast and generalized in an
n-quark formalism where the bare quarks can be placed in mass eigenstate
doublets (PiNi) with the charges of the two members given >y Qp = 2/3 and

QN=‘1/3- On the other hand the lower members of the doublets that diagon-

alize the weak interactions are now given by

4 = A, N ik=1, ...n

and Aik ls an n x n unitary matrix. Because of arbitrary phases of the .
quark fields and the one overall arbitrary phase, one has (n-l)2 free
parameters in the A matrix. In the conventional 4 quark picture, we have
n=2, and hence 1 free parameter, traditionally called the Cabibbo angle,
ec. This leads to the A matrix given by

cosb sing
c c

-5inb cosb R
c c

which relates the traditional bare quark doublets (p n) and (c i), to the
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=-1/3 members of the weak interaction doublets i.e.
n =n cosb + A sind
w [+ [+

A = -n sin® +A cos®
w c c

These ideas have been generalized to the 3 doublet picture by

13)

Kobayashi and Maskawa. '

The 4 free parameters are now 3 "Euler angles’
and 1 phase,and the whole matrix can be written as
/Cl 518 515,

16 i
162 C1C2C3—SZS3e CICZS3+SZC3E

€.5,5.~C.C.e°

id
S S C.§,C +C, S e 1525476584

172 17273 7273

where Si = sin ei and Ci = CcOoS (i.

Tlearly, if 52 and 53 are small, as appearsto be indicated by the
dat:}A) (see below) one recovers ill of the standard 4 quark phenomenology,
with only small couplings for the potential new (t, b) doublet with the other
2 oid coublets. The other attractive feature of the K-M model is the

natu ‘al appearsnce of a small amount of CP violation without the necessity
of introducing a very small, i.e. N10-3, parameter characterizing the CP
viclation.

The obvious question, and one that can only be answered experimental-
1y,is whether this dichotomy between the mass eigenstates and the weak
interaction eigenstates is also present in the lepton sector. If so, then we
canexpect transitions between different lepton doublets, leading to ex-
pectations of possible y + ey decay mode. We shall say more about this
in the chapter on lepton decays.

Finally one must pose the fundamental question, i.e,can we say anything

about maximum potential nyoliferation of quark and lepton doublets. The



theory says very little here and the pumber of flavors in principle is
unlimited. However there have been 1ecently put forth cosmological

15) .
arguments, based on the big bang theory and the relative abundance of
helium in the universe. This argument is summarized in Fig. 1, which
shows that with the present measurement of the helium abundance, the

number of additional lepton doublets cannot exceed 2 or 3.

Another limit, albeit far less stringent, can be obtained from the

limits on the partial widths of the bound heavy quark states, i.e. y,T,etc.

into neutrinos, as pointed out by J. Ellis in a parallel series of lec-

16)

tures. In principle, those states have to decay via

g+, T >y

and existence of more lepton doublets will provide more open channels,
leading to a larger width. Experimentally, this decay mode could be

15,

observed

Vo mT, oy W
Finally, more recently Ma and Okadals)

4 - - . .
for e e -+ yvw as a means of obtaining total number of possible lepton

flavors.

I1. "0l1d" Hadronic Decays

In this section we shall discuss several topics dealing with the

weak decays of "old" i.e. noncharmed hadrons. Specifically the 5 distinct

questions we shall address are:
a) Status of the Cabibbo theory

b) Form factors in the semileptonic decays

have suggested measuring the rate

pg Limits

r— e — v.,vu+5 Mflssless Leptons

| _Helium Abundance
0.3 ™ Limits

HELIUM ABUNDANCE

. L
10”3 10730 10729

BARYON DENSITY p (T=2.7 °K)

t0-78 3493A1

Fig. 1 Helium abundance in the universe versus baryon density as a

function of number of neutrizo types.
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c) AI=1/2 rule in hadronic decays
d) Status of the CP violation

e) Status of the AS=1 neutral current decays.

In each case we shall emphasize both the most recent results, as
well as the relevance of those ideas to our extended "standard" model of
six quarks.

a) Cabibbo Theory. The Cabibbo theory was able to extend the basic
ideas of Feynman and Gell-Mann's CVC theory to strangeness changing cur-
rents by applying the symmetry ideas embodied in SU3. More specifically
the theory firstly provided an elegant framework which incorporated many
of the observed regularities in the semileptonic decays of the hadrons, 1i.e.
1 - Suppression of the hyperon leptonic decays with respect to the

nuclear 8 decays
2 - The AS=AQ rule

3 - AI=1/2 rule in semileptonic decays

4 - Absence of AS=2 transitions.

Furthermore, however, the theory had a considerable predictive
power and its predictions were readily subjected to the experimental tests
in the immediate future. We shall start out this section with a brief
outline of the basic ideas of the Cabibbo theory, followed by a discussion
of the comparison of the experimental results with the predictions of the
theory.

The CVC theory incorporated the strangeness conserving charged weak
current as a member of an isotopic spin triplet, whose neutral member was

the vector part of the electromagnetic current. The Cabibbo theery
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extended these ideas to strangeness chamging currents by postulating
that all currents have transformation properties of members of an octet
under SU3. Since we have not only vector weak currents, but also axial
weak currents, two distinct SU3 octets are necessary to incorporate all
the possible currents.

To be more specific, the construction of the actual currents can be

seen by considering the direct product of two octets, i.e. a baryon and

antibaryon one where the baryon cctet is given by

- 1 ]
B = z G G a
g 2° )
/6

and there is a comparable octet for the antibaryons. The direct product
of ? occets can be decomposed as follows:

88 =27+10+T10+8+8+1
Thus we see that there are 2 possible octets in the final sum, i.e. 2
possible ways to couple 2 octets to give us an octet. These are tradi-
tionally decomposed into the symmetric coupling (D coupling) and anti-
symmetric coupling (F coupling). Thus the most general formulation of
the weak currents would involve two terms (and thus two arbitrary coupling
strengths) for both the axdial and vector currents, i.e. we could write

symbolically :

for the vector current: DV 8s + %ISA



and for the axial t
curren DA SS + FA BA

where the DV’ DA’ FV’ FA are the coupling constants and the 85 and SA,

the symmetric and antisymmetric couplings of the baryon antibaryon octets.
The requirement that CVC be incorporated automatically into the Cabibbo
scheme imposes some constraints however. .These can be seen most readily
if we examine the exact nature of the 4S=0 coupling for both the symmetric

and antisymmetric case.

For the symmetric case we have

-+ -=
———ZAZ+2———ZA+Ep+
/6 /6

and for the antisymmetric case
T+ 2%t - E P+ mp

Thus we see that the symmetric coupling generates a transition between
members of different isotopic spin multiplets i.e. £ + A, a transition that
is contrary to the CVC hypothesis. The only way to reconcile the CVC
requirement is to demand that this particular coupling vanish, i.e.

DV=0 (note that no corresponding requirement exists for the axial currents).
Furthermore, by the CVC hypothesis, the strength of the other vector
coupling is now completely determined.

The additional Cabibbo hypothesis involves the idea that there is a
mixing between the AS=0 and AS=l parts of the hadronic current. This
mixing is parametrized by one number Bc,in such a way that the strength
of the AS=0 transitions is given by coszecand of the AS=1 transitions by
sinzec. Thus we have 3 free parameters in the theory, DA’ FA, and ec. In

principle, the mixing angle could be different for the axial and vector
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currents giving rise to an additional free parameter. In practice, however,
the overall global fit to all of the data is not improved if we allow this
extra degree of freedom, so for the purpose of subsejuent discussion we
shall deal with but one Cabibbo angle.

We have to ask next how do we relate these parameters to the actual
observables that we measure in the laboratory. As the bulk of the inform—
ation comes from the baryonic semi-leptonic decays we shall consider them
in some detail. The matrix elements for the vector -.ad axial transitions
can be written as

A L [eosB - 24 A ; 24 AP + 24 A
M, (sinez)ui [fl(q WhH L fa(g®)e g+ £3(a%)a ] uy

x cosf )— 2 A5 |, . 2y AP_S 276 i
/\{A = (sinez uy [gi(q WOYT + iy @07y e 4 g3(a")v%afu

where cosg

e (sinec) is the multiplicative factor app.opriate for the

<)

spinors and £, and g
i

i

the form factors that .y Lorentz invariance can depend only on the

4 momentum transfer between the two baryomns.
We can now make some assumptions that simplify the whole situatjon

considerably. Firstly, as q2 is quite low in all the "0ld" baryon weak

decays, we assume that the form factors are conmstant in the physical

2
region. Seconily, since the contribution of &g is multiplied by m,

that term is irrelevant for the electronic decays. Thirdly, £, and g, are

3

forbidden if second class currents are absent, 50 we also neglect them.

Finally, the contribution of f, is small, so it is customary to assume

2

for it the theoretical value.

The form of the symmetric and antisymmetric couplings discussed above



yields then the following values for f. and 8, expressed in terms of

1
D and F axial coupling strengths for the baryonic semileptonic decays

accessible to the experimental study:

Table I. Cabibbo expressions for form factors.

Mixing

f

Decay £ 8 £./5 Multiplier

n -+ pev 1 D+F up—un cos ec

*

rEane®y 0 /273D -3/2u_/D cos 8

I »nl v -1 D-F pp+2un sin ec

rpl v -3/v6 1 (D+3F) up sin 6,
3

- - 1

2Ty -3//6 - = (D-3F) p -+ sin
'/g P n c

* fz/g1 for this decay only

Thus a measurement of 9} constitutes a measurement of a specific
linear combination of D and F coupling constants, and once scis known,
this measurement determines a straight line in the D-F space. The predic-
tion of the Cabibbo theory is that there exists an angle ec for which all
of these lines will intersect at a point (within the approximation of the
theory and the experimental errors). The position of this point will
determine the D and F coupling constants.

It remains accordingly to discuss the kinds of measurements that
allow us to determine f1 and 8y These can be divided into five categories
and are summarized briefly below:

1 ~ Decay rate (i.e. branching ratio combined with the lifetime) is pro-
portional to |fl[2 + 3|gl|2.
2 - Measurement of the recoil spectrum of the nucleon (identical to measur-

ing the angle between % and v, i.e. 9, ). More specifically we

v
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must have

3 ~ Shape of the lepton spectrun.

2 2

IR
cos elv) with a) =

l£,1% + 3lg,|?

4 - Decay asymmetry (if the initial baryon is polarized).

5 - Polarization of the final state baryon.

At the present time the availa'.e experimental input can be grouped

into 9 different kinds of experiments.

Some of these reactions nust yield

the same answer independent of the Cabibbo theory, as a "more fundamental"

symmetry principle is also operative.

In these cases the two reactions

are grouped together, as they contribute only one independent piece of

data to the overall Cabibbo fit.

belsw in Table II.

fable II

The individual experiments are listed

Different experiments entering into the Cabibbo fit

Reaction

Type of Measurement

Comment

1) n~+pev

2) A ~+pe v
A+ puv

3) I +nev

4) Z: - ne:v
I »mnpv

5) A+ pev

6) I, o+ Ae v
2+ - Ae+v

7) =+ ke v

8) r ~»>mnewv

9) = A’y

+

Overall decay

Decay rate

e~y correlation

Decay rate

Decay asymmetry

Decay rate

Decay rate

Decay asymmetry

Decay chain

Connected by the p-e
universality

Connected by the
y-e universality

Connected by
charge symmetry

Measures sign of g, /f

1771
Two measurements
disagree.

Tests CVC.Does not effect
the parameters resulting
from the Cabibbo fit.




The main part of the original work on hyperon semileptonic decays comes
primarily from low energy K—p bubble chamber work and electronic low energy
associated production experiments. The last few years have seen the ex-
perimental innovation of hyperon beams and the bulk of the recent information
on this topic has come from primary beam hyperon decays.

There have been two new high statistics experiments measuring the
neutron spectrum in the I - ne v decays, which disagree however with each
other at the level of three standard deviations. The Yale-NAL-BNL experi-
ment at the Brookhaven AGéggbtained for the ratio of form factors
]g1]f1| = 0.435 + 0.035 while the Orsay~Ecole Polytechnique grou%o&uotes

+0.07

lg l£.] = 0.17 0.09 pased on their work at the CERN PS. The overall situ-

1* 1 o

ation on the I decay is summarized in the accompanying table.

Table ITI
I + ne ;e Form Factor Measurements
Group Method Events |g1|f1|
Maryland 49 0.23:0.16
Dalitz plot and 33 0 37+O.26
Heidelberg (e,v) Correlation "T-0.19
Columbia - Stony Brook 36 0.29-{”0'28
-0.29
Yale - NAL - BNL 3507 0.435+0.035
Neutron Spectrum +0.07
Orsay-Ecole Polytech- 519 0.17_0'09
nique )
Heidelberg Lepton Spectrum (+) 0.20+0.28
+17
Berkeley 61 (=) 0.19“0.20
Electron asymmetry +0.85
BNL, Mass, Yale with polarized ¢ 63 (+) 0‘33_0'30
+1.5
Oxford et al. 43 (+) 0.40_0.52

Two new pieces of experimental information on the decay I7 > Ay
fromthe I beam work have been published in the last few years. The Yale-

NAL-BNL group has performed an analysis of their 55 reconstructed

I” + Ae"v events to obtain £,l8; = -0.1740.35 based on the assumption that

the weak magnetic form factor is given by the theory. The Pittsburgh-BNL group

has measureél)the branching ratio for that decay mode to be(0.6010.06)x10_4.
Finally, in the same experiment, the Pittsburgh-BNL group has measur-

ed the branching ratio for the decay ¥ =+ Ae v as (0,31+0.11) x 10_3 and
obtained a preliminary upper limi%z%or the mode =~ + ’ev of 1.3 x 10_4.

As yet, there are no new results from the wck on the neutral hyperon
beams, although there is in progress at this time an extensive high statis-
tics study of lambda beta decay by the UMass-BNL grou%j%nvolving some
150,000 examples of :his decay.

Regarding the vverall fit of all the baryon data to the Cabibbo theory
one can probably say that the :it is quite goou but the numerical values
of the parameters (especially of the D and F cougzling constants) are un-—
certain due to the confusion regarding the £~ > na"v situation. As an
example the fit by Roogago all the data in 1971 (i.e. before the hyperon
beam data were available) gave A

ec= 0.239 + 0.003
a = 5= = 0.638 £ 0.009
That fit utilized the world average value of Igllfll of that time of
0.23 £ 0.10 and a negative sign i.e. in agreement with the Berkeley result.
On Ehe other hand, a subsequent fit performed by the Yale grouplg)

which included their new I data and a value

[%}— = 0.413 + 0.033



gave for the values of the parameters

6.= 0.232 + 0.003

a = 0.651 + 0.008

Clearly the CERN result is closer to the old average of Iglifl‘ but an aver-
age of the different experiments is probably not meaningful because of the large
discrepancy between the two measurements. The other recent results quoted
above are consistent with the predictions for the overall fit and their
inclusion would not change the value of the fit significantly. 1In over-
all summary one might say that the twe sets of values quoted above
probably represent a reasonable estimate of the systematic uncertainty on
these parameters, due to possible systematic uncertainties in some of the
measurements.

For completeness, one should summarize here the results obtained for
the Cabibbo angle ecfrom other data.

+ + + +
a) from the rates for K > y v and m > y v one obtains

fK
—z— tan 6_= 0.2755 % 0.0007
£ c

In the limit of perfect SU3 symmetry, i.e. f

K= f,,’ one obtains ec=0.269.

b) from the Ke rate and form factor analysis one obtains
3
f+(0) sin ec= 0.220 + 0.002

Again, if one takes f+(0)=1, since SU, symmetry breaking effects

3

should be here of second order, one obtains the results ec=0.222t0.002.
c) finally a comparison of p decay with nuclear B decay transitions

yieldgsgfter inclusion of the radiative corrections

coszec= 0.948 % 0.004

One might combine this last result with the value of sin Gc
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from the baryonic decays to obtain (using sin q:= 0.235 + 0.004)
sin’0 + cos’6_ = 1.003 % 0.006.
This last comparison is very interesting in the framework of the heavy

quark phenomenology. In the Kobt.yashi-Maskawa picture this sum becomes

+ cos®6. sin’s. = 1.003 + 0.004

2
cos 61 3 1

and thus the difference of this sum away from unity is a measure of

sinze1 sin293- Thus at the 95% confidence limit we obtain the

result that
< 0.005

. 2
1 sin 93

< 0.09

sin26

2

in" 6
or sin 3
giving us an upper limit on th. strenqgth of the possible coupling of the

p quark to the b quark.

b) Form factors in K semileptonic decays. This topic has been a subject

of conciderable experimental controversy as recently as 5 years ago and
also appeared to be ome area whire the theoretical ideas of current algebra
migit be in scte disagreement with the data. In the last several years,
however, considerably improved experiments appear to have converged upon a
common answer, one that appears to be in good agreement with the theoreti-
cal predictions. In this section I shall attempt briefly to summarize
some of the recent work on this subject.

I start out by reviewing briefly the formalism used in the form
factor analysis.

The general V-A matrix element in KE decays is

3
G . 2 A 2 A, e
.J4 = 7% sind _ F+ﬂq )(PK+P") + £ (q )(PK“P“) ] JA

where sineC 1s the sine of the Cabibbo angle, and f+ and f the two form
factors describing the <scay. It is convenient to define two other form

factors, i.e.



£ @h = £ @D, @D

2. 2

2 q°f_(q7)
£,(a7) + 5=
Mg~Toy

1]

2
and fo(q )

and since the range of q2 in the region of interest (i.e. physically
accessible region) is relatively small, we might hope that a linear ex-

pansion of the form factors is justified, 1.e.

£, = £,0 G+, a’m D

it

2 2,2
£,0@7) = £.(0) (L +A q/m ")

It is conventional to use here fo(qz) rather than f_(qz) since this is the

form factor that is more meaningful from the theoretical point of view.
Traditionally, the K23 studies have provided a rich testing ground for

some of the theoretical ideas that form the cornerstones of the weak inter-

action theory. More specifically one can test here:

1) General V-A nature of the decay (i.e. absence of S, P, and T
interactions).

2) AI=1/2 tule, which predicts that the form factors for the K° and Kt

must be the same.

3

must agree with each other (contribution of f_(qz) to Ke3 decay is

3) u~e universality, which states that A+ as derived from Ke and Ku

negligible). In addition, under this hypothesis the Ku /Ke branch-
3 73
ing ratio must be entirely determined by A+ and xo.

4) SU3 breaking effects. In the limit of perfect SU E(q2)=0; further-

31
more up to second order in SU3 breaking effects, f+(0)=1.
5) Current algebra, i.e. Callan-Treiman prediction.26) Specifically,

it states
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2
‘
i S
f+(0) fﬂf+(0)
which gives fo(mkz) =1.26 f+(0). The test of this prediction
involves extrapolation to the unphysical region, since the physical

m
2 . . .
region extends only to about q~ % —g— . Assuming linear extrapolation,

27)

as motivated partly by the Dashen-Weinstein theorem, this pre-
diction yields Ao g 0.021.
*

6) K (890) dominance of the f+(q2) form factor. Assuming this pole form,

and fitting to a linear variation of the fn:a factor,one obtainsk+=0.029.

It was mainly on these last three points that there appeared for a
long time to be a serious confrontation both between different experiments,
and also between the experiment and theory. Before discussing the situa-
tion in detail, one must enumerate three kinds of experiments that can

provide information on £ and fo form factors.

).
1) Measurement of the Dalitz plot population ;ields A+ from a study of
Ke3 decays and A+ and Ao from a study of Ku3 decays.
2) Direction of polarization of the muon in KU3 decay gives the value

of E(qz), and thus of fr(qz) if f+(q2) is known.

3) Ke3/KU3

A+ and Xo.

branching ratio szives a quadratic relationship between

There are several general experimental comments that one can make

about these experiments, that, at least in my mind, help to understand

some of the potential difficulties in obtaining and understanding some of

these results available in the literature.

1) The branching ratios for the K+ decay modes are rather low (10_2—10—1).



Thus the sample of K:3 decays can be easily contaminated by the

process K+ b4 ﬂ+ﬂ°, followed by ﬂ+ -+ u+v decay in flight.

2) A 2-fold ambiguity in reconstructing the x° decay provides some con-
fusion on an event by event basis.

3) It is important for the polarization measurements to have the capa-
bility both to precess the p's and to reconstruct the position omn the
Dalitz plot. This technique allows one to measure directly the
direction of the polarization vector rather than its magnitude along
some direction. The relative sensitivity to the level of under-
standing of the Monte Carlo, polarimeter, etc. is considerably reduced
in this kind of arrangement.

4) At low qz, the sensitivity to variations in fo(qz) is considerably
poorer than at high q2. This is true both for the Dalitz plot and
polarization measurements (see Fig. 2).

5) Partly as a result of the spinoff from CP violation studies, there
has been in the last few years a considerable statistical improve-
ment in the K° Dalitz plot studies.

Having made these rather general comments, I would like now to
summarize the experimental status of the KE3 form factor situation. Rather
than quoting world averages, a job that is done much better by the Particle
Data Group, I limit myself to a personal assessment of the present status.

Regarding the A+ situation, I feel that a world average 1s probably
meaningful for K: decay since these experiments are relatively bias free.

3

+
On the other hand, the KU3 experiments are much more bias prone, and the

existing experiments do not really allow one to disentangle the strong corre-

lation between A+ and Ao.Thus a simple average is probably not very significant
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Fig. 2 Muon polarization as a function of Dalitz plot position for
Re £= +1, Im £=0. The orientation of the momentum vector is

showir 2t the top of the figure.



in this case, Finally, the situation regarding Ki and K° is entirely

e
3 28,29)

dominated by the recent two high statistics experiments, and I think

it is more meaningful to just quote those two results. In Table IV I dis-

: + )
play the averages for the two K decays from the Particle Data Group com-

30)

ilation
ments. As can be seen, the agreement is excellent even for the most sus-

*
pect average, i.e. K: Furthermore, the values agree with the K (890)
3

dominance predictiom.

Table IV. X+ status in KE3 decays

Decay A+ Reference
Ktretn®y 0.0285%.0043 30
Kopteoy 0.026 +.008 30
Ko»etnFy 0.0312%.0025 28

o *

Ky 0.030 +.003 29
K+ dominance

prediction 0.029

As far as the status of the Ao is concerned, I choose to be even

mere arbitrary in quoting the relevant results. I quote only the 2 recent

31’32)from experiments that both pre-

30)

high statistics polarization results

cess the muons and reconstruct the event; the world average
27)

-+
for K 3
u3

+
Donaldson et al. value for K33; the world averages for the Ao from K

(o} s
and K~ branching ratios, but also separately the one from the most recent

. 3 . . .
experiment 3) relative branching ratio. For reasons

3

. +
mentioned above, the K world average values are probably the most suspect

+ o+
measuring the KH3/Ke

ones. All the values mentioned above are summarized in Table V. Even
though the agreement is far from excellent, there appears to be no reason

to doubt the validity of the Callan-Treiman prediction, especially if the

and the values for X° decays from the two high statistics experi-
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two suspect averages are partially deemphasized.

Table V. AO status in K£3 decay
Experiment Ao Reference
k't Polarization  0.008:0.021 32
+

K°+u'n;v Polarization 0.044+0.009 31
KTy ™1% Dalitz Plot  -0.003:0.007 30
K +pfrFy Dalitz Plot  0.01940.004 29
+

K .

NS BR 0.014£0.012 30
+
kot BR 0.0190.010 33
uy ey
X2 e BR 0.037£0.011 30
H3 " e3

I would like to end the discussion of fi.rm faztors with a few
comments about KLA decays. 1In the last few years a Geneva-Saclay experi-

34)

ment studied a sample of 30000 Ke4 decays, a:taining a considerable

statistical improvament over the previously putlished data. Their over-

all results can be bricfly summarized as follows:

a) the form factors are in fair agreement (v25% level) with the current
algebra preJictions.

b) m-71 phase shifts obtained from this analysis of K&, decays are

4

consistent with those vitained from the m-m scattering experiments.
c) scattering length is consistent with the PCAC prediction.

35)

d) there is no evidence for AS/AQ forbidden decay K+4-ﬂ+ﬂ+e—u.

The obtained 95% C.L. upper limit is

© o @ ) < 34 x 107
4



c) AI=1/2 rule in hadronic decays. We examine here very briefly the

general theoretical framework in which this rule has to be viewed, its main
experimental implications, and the present experimental status regarding
the validity of this rule.

We can start out with two very simple minded ideas. Firstly, if we
look at a 4 quark coupling e.g. (sp)(np) that is presumably responsible
for the strange particle decay, then we see that a priori the effective
Hamiltonian can involve either AI=1/2 or AI=3/2 in this transition. On
the other hand, experimentally the AI=3/2 transitions appear to be relative-
ly suppressed. The assumption that AI=3/2 transition is identically zero
leads to several quantitative predictions; alternatively we can say that
the deviation of the experiment from these predictions will allow one to
estimate the size of this amplitude. The wide range of the kinds of pre-
dictions that are obtained under the assumption of the vanishing of the

AI=3/2 amplitude are illustrated below:

1) Branching ratios: A»pﬂ—/A+nn°=2 K:+ﬂ+ﬂ—/KZ+ﬂoﬂo=2
2) Lifetimes: T_o, = 2 1__

3) Decay asymmetries:u(Eo) = a(g) alfspn )= a(A+nz)
4) Suppression of decay modes:Kt%*n+n°

5) Dalitz plot population: G1 = G2 =0

where G = 846~ 840

27 B T 7 B

G
and g is the coefficient in front of the Tﬂo tern (or odd Tﬂterm)
in the expression for Dalitz plot density for K - 37.

It should be added that the above predictions must be corrected for

the obvious electromagnetic effects, e.g. mass differences.
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The second observation (which may or may not be related to the
question of AI=1/2 rule) has to do with the apparent enhancement of the
decays fopm  (i.e. purely hadronic eecays) with respect to the semi-
leptonic decays (e.g.A> pe v). In a simple quark picture the two types
of decay proceed via the processes illustrated in Fig. 3. If the coupling
of the W boson to quark antiquark system is of the same strength as to the
fv system, as indicated by universality, then the relative strength of
these diagrams (for a single color state in the case of the quark diagram)
should be equal except for phase space arguments. This simple minded
picture predicts that the electronic decay of the A would be of the order
of 20% times phase space correction, a prediction that appears too high
by at least an order of magnitude Other more complicated possible diagrams,
however, would upset this simple prediction.

Are these two observatirms related? The answer would be yes if for
some reason the AI=1/2 part of the purely hadronic weak Hamiltonian were
"enhanced" with respect to the naive prediction.

This is basically the origin of the idea of octet enhancement. If
the Hamiltonian is of the current-current form, each current being a
member of an octet, then their direct product can be written as

8x8=27QLLOHIPs@8sD1
The AI=3/2 part (which is contained only in the 27 representation) would
be suppressed if the effective Hamiltonlan itself also transformed like
an octet, i.e. the octet part in the sum were enhanced.

How valid are these simple minded arguments? This is certainly a
complex question and we shall limit ourselves here to two statements.

36)

Firstly, the theoretical situation is not very clear and it is not

obvious how big a special dynamical enhancement is really necessary here.
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10-78 3493A3
Fig. 3 Simple quark picture for A hadronic and beta decays.
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Conceivably, a test of AI=1/2 rule in a system involving another SU3
multiplet, e.g. Q" decay, might shed some light here. Secondly, these
ideas and questions can be extrapolated to the higher group of SU4 that
we have to deal with when we discuss the questiop of charm non leptonic
decays. We shall return to this specific point in the last chapter on
charm decays.

We might briefly end this section with a short summary of the
experimental situation on the status of the AI=1/2 rule. In general, it
appears that there does exist a finite AI=3/2 amplitude, zbove and beyond
purely electromagnetic corrections, whose gagnitude is of the order of
few percent of AI=1/2 amplitude. Furthermoré, in decays where such
amplitudes could a priori contribute (e.g. K+3w) there appéars to be no
need for AI=5/2 or 7/2 at the level of 1% of the dominant amplitude.

As an examplz we quote several illustrative, and thus by no means
exhaustive, examples of the relative magnitudes of the AI=3/2 and

AI=1/2 amplitudes:
36)

n

1) Ay,/a,, <n K2 decay 0.0448 + 0.0002

37)

2) 53/2/81/2 in A decay 0.027 + 0.008

38)

3) in

t
(]

decay 0.041 + 0.015

S3/2/81/2
In addition, the analysis of the decay rates and the slopes of the
various charge states for the K + 31 also indicateag) clear violation of

the AI=1/2 rule.

40) of

d) CP violation. The observation in 1964 by Christenson et al.
the apparent decay process Kz»ﬂ+w_ has led during the next few yéars to

a burst of experimental and theoretical activity. This activity appears



to have culminated after a decade of hard work in the conclusion that no

presently experimentally accessible CP violation effects exist outside

41)

of the K° gystem and that the superweak model of Wolfenstein appears
to adequately explain all the data. The question of CP violation received

recently renewed theoretical interest, by virtue of its possible manifes-

42)

tation in the weak decays of the anticipated heavy quark states. In

this section we briefly review the experimental situation that led to the
conclusions stated above.

The fact that the process observed by Christenson et al. was
indeed due to CP violation and not to some other strange phenomena was
established shortly after the initial discovery. Possible effects due to

cosmological force543) were soon excluded by lack of any energy dependance

44)

in the branching ratio and the possibility that the observed process is

really due tothe decay of some new particle was killed by an interference

45)

o
observed between the Ki and the regenerated KS component. . The spectacu-

lar difference that can be seen in more recent experiments, between the
no interference and interference hypothesis 1s illustrated in Fig. 4,

taken from the latest high statistics work at BNL?G)

To discuss the experimental work on CP violation in the K°-k° system

one must define a minimum amount of formalism:

o o o °

K - >
Defining IKi > = K2+ K> g |K; > = 2. K
V2

2

THET -

[K) > + e[K] > " [} > +e |K >
B K 2 ———

Yl + e[z s

leads to <K:|K:> = 2 Re ¢

L

and |KE >
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Fig. 4 Time distribution of K® » 171 events behind a regenerator.
Curv2 A 1s the best fit obtained under the assumption of no
interference between KE and K:; curve B is the fit with inter-

ference effects.



i.e. € is just a measure of CP violation in the mass matrix. In addition,
CP violation effects can exhibit thumselves also through a violation in the
K+2m decay amplitude itself.

We define A
s

0,2 as the amplitude for K»+2rn decay leading to the 27

system in T=0(2) state. Taking AO to be real, we define

. i
£ = =

V2

e2089780) 1 A sa
Z U
where 60’2 are the m-7 scattering phase shifts in the T=0(2) state.Thus CP
violation in the decay amplitude simply means a non zero phase between the
T=0 and T=2 amplitudes.
We can furthermore define two "experimental" parameters that are

related more closely to the actual empirical observations:

A(K€+1+n_)
n,_ =

AGRE+2%2)
e -
AKS+n 1) 0 AES°r®)
s s
These two sets of complex amplitudes are related by
= + = g— -
n,_ € € Moo e- 2 €
We should next mention the different types of experiments

that can provide some of the information about these parameters

o+ -
1) Measurement of K »n v determines ]n+_|
2
2) Measurement of Kz*ﬂowo determines [n_ |
00
o + - o + -
3) Interference between KL*ﬂ 7 and Ks+n m gives phase of n,_-
0o 0o o oo
4} Interference between KL+ﬂ m  and Ks+ﬂ m  gives phase of Mot

5) Charge asymmetry in K&, decays yields Re €.

3
In addition two other pieces of information can be obtained from the

data from non-CP experiments.
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0) 7-7 phase shifts measurement (from m-m scattering or KEA decays)

yields phase of e”.

7) From the unitarity condition one obtains the -elation
Y.ty
L 's 0,0 o % o
“ilmm) + 52 K> = §<fITlKL> <f|T|K>

Because of AI=1/2 rule and very low decay rate of KS into any other
than 27 channel, only important state |f> is [2ﬂ‘s in T=0 state>.

*
The right hand side can then be simplified to yss and we obtain

the relation

Z(WL-mS)

s

tan arg € = since Ys >> ¥ .

L

A graphical way to summarize these data ha: been suggested by Wu and
Yané7gnd is schemati:ally illustrated in Fig. 5.

The statistical and systematic precision o’ the recent experiments
is extremely h

h and the ‘peters of t

We enumerate here

briefly some of tho:e results =g compiled by Kleinknechtg)

can now be determirned /ith very high accuracy.

and compare

them with the predictions of superweak theory (which demands e¢”=0).
Experimentally we have

44.9 + 1.3°

b:d
[]

) 48.0 % 13.1°

o.
to be compared with the superweak prediction for both of these of
-1 Z(mL—ms)

tan
- YS

= 43.8 + 0.2°
For the ratio of amplitudes we have experimentally

In,ol/n, | = 1.008 + 0.041



im z
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Fig. 5

Re z 349045

A schematic representation of the Wu-Yang triangle.
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to be compared with unity in superw:ak theory.
And finally, from charge asymmetry experiments

2 Re e/‘n+_| = 1.448 + 0.055
to be compared with the prediction of

2 cos (43.8 4 .2°) = 1.443 t 0.005.

Clearly the agreement of the data from the Ko-;3 system with the
superweak theory is excellent. The results are displayed graphically in
Fig. 6 in terms of a Wu-Yang triangle.

For the sake of completenest one should mention that no statistically
significant CP (or T) violation has been seen in any other system. The other
kinds of experiments looking for chose effects included a whole variety
of diverse phenomena, such as detailed balancing in nuclear and particle

reactions, n and n” charge asymmetry, T vielation in AQ=-AS K2_ decays,

3
transvevse polawization in K“S’ charge asymmetries in Ep annihilations,
hyperon decays, etc.
By far the most promising place to look for T violating effects appears

to be the neutron electric dipole moment which must vanish if either parity
or time invariance are good,i.e. absolutely conserved. The present experimental
48),

i.e

limit . Dnm(O.é +1.1) x 10~24e cm,where D, is the neutron electric

dipole moment,appears to exclude all but superweak models from among the
"conventional” models of CP violation.
s 13) .
One can ask to what extent the Kobayashi-Maskawa model, with
its natural small CP violation, is compatible with all of these experi-
mental results. The answer is that the predicted effects would be far
smaller than the existing limits and thus within the present experimental

42
uncertainties, the Luperweak model and the K-M model are undistinguishable.)
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Fig. 6 The K° CP violation data displayed on the Wu-Yang triangle.

The values come from the compilation by Kleinknecht (Ref. 2).
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For example, one would expect a finite electric dipole moment for the
neutron due to contributions of diagrams illustrated ir. Fig. 7, but anti-
cipated order of magnitude is only about 10—28—10_31 e cm. One does

however expect in this model potentially observable effects in the decays

of new particles composed of heavy (i.e. b and t) quarks.

e) Status of the AS=1 neutral current decays. It was the apparent

absence of the AS=1 neutral current decays, demonstrated most dramati-

cally in the processes

o+ -
K>
+ -

and K+*ﬂ v
that led to the formuls:ion of the GIM mechanism. In addition, howeverthe

+ -
)for the decay mode Ki+u u set an upper limit

original search by Cl:rk et a1§
for this process that was significantly lower than the so called unitarity
limit due to the 2y iutermediate state (see Fig, 8). Since that time,

however, three differe:t groupshg’so’Sl)

have studied this process, and
all obtained mutually consistent results that were also slightly above
the unitarity limit. The original Berkeley result has been recently re-
vised slightly upward,sz) taking into account a new value of |n+_| that
was used in the flux determination, and correcting small errors in the
original Monte Carlo calculation. It still remains however significantly
below the unitarity limit. The overall situation is summarized in
Table VI. -

For completeness, we should mention that the A5=0 counterpart'of

53)

+ - + - .
the K;+u u decay, i.e. ﬂo+e e process, has now been observed with a

branching ratio of (2.2372°%) x 1077 (90% C.L.). This number should be



Fig. 7

Typical diagrams involving heavy quarks that give rise to a

finite neutron ‘electric dipole moment.
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compared with the unitarity limit of 4.75 x 10_8, and is in fair agreement
with the calculations for the second order electromagnetic process
by vector mesons.

Table VI

o, + -~ ; s *
Status of KL+u p  Sranching ratio measurements

Group Value(x167) Reference
Berkeley <3.1(90% C.L.) 52
Columbia - BNL 1%, 49
Princeton - U. Mass 8‘8+10.35.5 50
Chicago-Argonne U.4+2'8‘1.8 51
Unitarity Limit 6

*
All measurements bave been adjusted to the value of
0.21% for Ki*ﬂ+ﬂ-/x;+all.

We finally end with some comments about the decay K++w+v;. The

8)

experinsent ' of J. H. Klems et al. designed to search for this mode set

a 90% C.L. limit of 1.4 x 10_6 on its branching ratio by looking for
cnergetic 7's unaccompanied by any other particle. Thus this apparatus
would have been also sensitive to the possible decay :

Yf%g h
where h is any light, non-interacting particle. Because of the two body
nature of this decay, the sensitivity of the experiment to tbis mode is
even higher and one can interpret the result as setting a branching ratio

54) of 2.7 x 10~7 (90% C.L.). The importance of this

limit for this mode
result stems from the fact that the existence of a low-mass isoscalar

pseudoscalar meson (referred to as axion or higglet) is very attractive



from the theoretical point of viewSS) since it prevents the appearance
of strong interaction CP violating effects in QCD and gauge theories of
weak interactions. If the axion exists, the theory gives a branching
tatioS4’55}or the decay K+*w+h comparable (within an order of magnitude

or so) to the upper limit quoted above.

II1. Lepton Decays

We divide this chapter into three sections:
a) discussion of y decay with special emphasis on the new results on

exotic decay modes of the muon

b) few brief comments about neutrinos
Fig. 8
c) our present understanding of the t leptom.
Clearly in the spirit of trying to emphasize the newest results,

the large fraction of this chapter shall deal with the rt.
a) p decay. For a long time the muon decay

* +

o+ e VeV,
was the unique accessible purely leptonic process. Accordingly, it was a
good testing ground for the theory of weak interactions, insofar that this
transition is unencumbered by the difficulties associated with the presence
of hadrons. This uniqueness aspect of y decay has disappeared in the last
few years as technological improvements and new discoveries have provided
us with several new laboratories of pure leptonic interactions. For ex~ Fig.

ample, in neutrino interactions we can study the processes
ve + ve
ve + vy {(i.e. inverse y decay)

vZ -+ £+£— v Z (in the field of the nucleus)
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10~78 3492A8

The diagram for the Ki -+ p+u_ decay via a two photon intermediate

state.

Vp

1078 3493A9

. + =
Conventional diagram for u+ + e vevu decay.



and in the colliding beams
T + ew

T & vV

- - + - o
e+e + u+u (or 1 1t ) for weak-electromagnetic interference.

The historical importance of the muon is still there, however.

the p decay provides an opportunity to
A 2
albeit in the low q
a high degree of accuracy.
It is important to remember that
a point particle without any anomalous
reached on the basis of the remarkable
experiment in a variety of experiments

56)

fine structure of the muonium, the
duction cross section of muon pairs in

Thus we can have great confidence that

Furthermore,

do very high statistics experiments,

region, and thus test the weak interaction models to

to a very high accuracy the muon is

interactions. This conclusion is

agreement between the theory and

involving the muon, 1.e. the hyper-

57)

g~2 of the muon, and the pro-

58)

+ -~
high energy e e collisions.

the p decay does test solely the

weak interaction diagram illustrated in Fig. 9.

We shall commence our discussion

data agree with the standard model of weak interaction,

by seeing how well do the u decay

39) i.e. a model

incorporating universality in the framework of the Cabibbo theory and a V~-A

interaction. Rather than looking at the most general complete theoretical

expression for the u decay, we shall examine it piece by piece in such a

way as to be able to compare specific experimental measurements with the

predictions of various models.
son to look at 6 different

1) The decay rate i.e. the lifetime

It is conventional in this kind of compari-

experimental parameters.

of the muon. This is the test of

u-e universality and of the Cabibbo theory, since the integrated muon
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decay rate measures weak interaction constant squared Gz, and nuclear

g decay Gzcoszec- We have already previously discussed Cabibbo theory
universality in a slightly different context. Here we merely restate the
result as

sinzec + coszec = 1.003 + 0.004

i.e. an excellent agreement with Cabibbo universality.

2) Overall spectrum of the decay electron. If we define a parameter x

x=E /Emax
e’ Te

and integrate over all the other variables, then we obtain the expression

for the electron energy spectrum
2 2
N(x) dx o x 1 -x+ g P (4x-3)| dx

In general, i.e. for an arbitrary mixture of S, P, T, A, and V
interactions, we have the restrictions

0spsl

whereus V-A demands p = 0.75.

The exberimental value is 0.752 + 0.003.

3) Decay asymmetry parameter (averaged over all x). Defining as 6 the
angle betwean ine direction of the y spin orilentation and the momentum

vector of the decay electron, the most general distribution in the

variable cos 8 is

N(cosb) dcosd a(l + P % cosg) dcosg

For the most general case, the restrictions on g are
8

0sx [g] s3- 3°
whereas V-A dictates § =1

The experimental value is £ = 0,972 + 0.013.



4) The decay asymmetry parameter is in general a function of x, and
thus can vary in magnitude (or even change sign) as the energy of the decay
electron is varied.

This variation is described by a parameter conven-

tionally called 8, and the double distribution is given by

N(x,cos6)dxdcosb o xZ {B—x + %2(4x~3ﬂ ;‘g cosd [1—x + 26(4x—3ﬂ} dxdcos8

The most general restriction is

Jes]

A

p

1

and the V-A predicts § 0.75

The experiment gives § 0.755 + 0.009.

It s 2l aptrang

Helicity of the decay ele n genera 1 in rit

5) ctrons. In general, since pa
in p decay, the decay electrons will be longltudinally polarized along
their direction of flight in the muon rest frame, i.e. have a non-zero
helicity.
The general requirement on the helicity h is
0s |nfs1
whereas V-A demands h+ =41, h_ = -1

and the experiment gives:

h+ =1.03 + 0.13
h_ = -0.89 + 0.28
6) The low end of the electron energy spectrum. That end of the energy

spectrum is influenced by a parameter n, as the general formula for the

spectrum contains the term

m
N(x)dx ¢ x2 [.... + Eﬁ-ilizl n] dx

The most general restriction on n is

0 < fn| <1

=214~

I

whereas V-A predicts that n 0
The experimental value is n = -0.12 £ 0.21.

In conclusion we can say that the p decay studies are in excellent
agreement with the V-A theory. However one can still pose several import-~
ant questions relevant to this decay. The remainder of this section shall
be devoted to the study of those points.

1) How good are the limits on possible admixtures of other possible
interactions and how well is the V-A phase determir:d? In spite of the

excellent agreement of the data with a pure V-A theory, there is a sur-

prisingly great deal of room for admixtures of >cher couplings. We quote
60)
here the results of a review by Derenzo
< 0.33
!gs: e,
< 0.28
gT[ [8v|
g, £0.33
I8p lg, |
where 8g> B> etc. arc the strengths of the §, T, etc. couplings.

The V-A phase ¢ is measured to be
¢ = 180 + 15°

2) Are the neu’ rinos really massless? Assuming that the electron

neutrino in u decay is Identical to the one in B decay and the muon
neutrino identical to that in 3*uv decay we can quote the following upper

limits on their masses

m < 60 eV6l)
Ve

m < 550 KeV
Yu

62)

However, there is a considerably better limit on these two neutrino's

mass difference from the neutrino oscillations. We shall return to this

"point in our discussion about neutrinos.



3) What is the exact nature of the 2 neutrinos emitted in the u decay?

More specifically, can we have a multiplicative conservation law opera-
Ly 63)

tive, where we ccaserve Le+ Lu and (~1) but not LE and Lu separately.

Such a law would allow a process

aets v
Y e Vu

. + +
in addition to n +e Ve v

The present data do not exclude completely this situation even though this
would be a rather inelegant theory from the point of view of universality.
To discuss this question quantitatively we define the ratio r by

BR(T + e+veG )

r =
u+ + all

Then r will be 1.0 or 0.5 for additive and multiplicative laws respective-
ly. The results from the recent Gargamelle exposure to the PS v beam
yield:
from the neutrino exposure: r = 0.910.3 (from excess of e+ events)
r = 1.040.6 (from lack of e events)
and from the antineutrino exposure:
r = 0.8+0.2 (from excess of e events)

r = 1.320.6 (from lack of e+ events)

Clearly the data show no evidence for violation of the additive law but

are not able to put a very significant limit on the contribution from

the multiplicative law. I understand, however, that an experiment currently
in progress at the Los Alamos Scientific Laboratory will soon be able to

improve on these numbers by almost an order of magnitude.
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4) Are there U~e transitions at any level, or are the Le and Lp quantum

numbers conserved rigorously? Specifically are the processes

+ +

Borey

+

v oevy

+ + + -

B reee

vzZ-+e 2
totally forbidden? This is the question that has received a great deal
of experimental and theoretical attention in the last couple of years and
we shall conclude the discussion of p decay by giving a summary of the
present status on this point.

The upper limits given or these exotic processes by the recent

experiments are summarized in Tabie VII.

Table VII
Experimental upper limits on various possible p-e transitions
i vpres limit Accelerator
Pricess (90% C.L.) and Group Reference
p— :
3.6 x 107° TRIUMF
Montreal-UBC- 64
+ + Victoria-TRIUMF-
ey "Melbourne
-9
1.1 x 10 SIN
ETH-Zurich-SIN 65
2.0 x 10720 LASL 66
LASL-Chicago~Stanford
ut o etyy 5% 1078 Theory + p+ey limits 67
¥+ Sulfur » e 4x 1010 SIN 68
+ Sulfur Berne
u+ - e+e+e_ 1.9 x 10-9 Dubna 69




These limits, although representing a significant improvement over
what was known several years ago, still allow a wide range of theories
with a finite rate for u-e transitions (see discussion below). Accord-
ingly, one might ask how much further one could push the existing limits,
and what are the fundamental background and/or flux limitations on im-
proving these numbers. To be specific we shall consider the decay u —+ ey.

The two serious backgrounds appear to be:

a) simultaneous u decays, one ordinary decay with an electron near

the tip of the spectrum, the other a radiative decay with the Y energy
being almost half of the muon mass. Alternatively, the electron from
the other decay could give an energetic externally radiated y ray (for
example in the stopping target).

b) u #+ € vvy process with the two neutrinos almost at rest.

We can estimate very roughly the limitation imposed by each of
these potential backgrounds. To avoid the accidental problem, we would
want to look at individual u's, 1 at a time, i.e. u's should stop in a
target with a time interval between different p's that is long compared

to u lifetime, e.g. 10 psec. That would give us about 1010 u's a day,

and assuming a run of 100 days a potential branching ratio limit of 10“12
with a 100% detection efficiency. 10% is probably more reasonable, but
on the other hand the spatial extent of the stopping target can be made
large enough so that there is no ambiguity problem between u's stopping
in different parts of the target. That factor can probably gain us

the loss due to detection efficiency, so that 10—12

appears to be an

achievable limit.

-216-

The background due to radiative decays can be reduced only by im-

proving spatial and energy resolution of the detector. The expression
0

for the branching ratio for p»evvy with e and y going off at 180 with

respect to each other is
B (180°) =2 ta-x? + 4(1-x)(l-y)] y dy dx dcos8
rad 2n ev

where we have defined

max max
z =z E
x Ee/Ee y = Y/EY

The radiative decay will look like a u+eY decay 1. wichin the resolution
of our detector all the kinematical variables will be consistent with

the 2 body decay. Defining our normalized energ, resolution parameters as
r = AE /E r = AE /E MB¥
e e’ e Y Y'Y

70)

we obtain the achievable branching ratio linit as

BT w2.4x%x10 2% r 88
rad e v

where 6§86 is the error on the e-y angle.

To give an idea of what has been achieved already, one can quote the
relevant parameters for the Stanford~Chicago-LASL experiment
o

r = 3.6% r = 3.3% 6 =1.9
e Y Y

-12
These set a limit on achievable branching ratio of about 10 . One
can probably improve the resolution on each of these parameters by at

least 50%, leading to an order of magnitude improvement on the rate limit.

We conclude accordingly that the accidentals probably present the most serious



limitation on the quality of the potential upper limit measurement, and
that this limit is somewhere in the vicinity of 10—12.

We turn next to some of the theoretical arguments for the importance
of searching for p-e transitions. The basic point is that in general in
gauge theories u-e transitions can occur at levels that conceivably could
be as high as 10_9 of the total decay rate. The experimental limits on
these exotic processes discussed above can thus put stringent limits on
determining which of many possible gauge theories are still viable. We
shall briefly enumerate some of the possible models predicting finite
rate for p»e transition.

a) standard model with a heavy neutral lepton (Fig. 10a). If the neutral

71)

lepton accompanying the 7 is massive then in general there will be

mixing among the neutral leptons, and weak interaction eigenstates will
not be eigenstates of mass matrix in a manner comparable to the quark
situation. The limit on the amount of the mixing is given by the avail-
able data on hadron-lepton universality, u~e universality and nonortho-

ganality between Ve and vu. For BR % 10-9

one needs mL° s 12-30 Gev
(the branching ratio is preportional to (mLO/mw)4 where L. is the mass of
the intermediate vector boson.

b) Presence of right handed doublets, i.e.72)

(e, ()

with massive neutral partners Ng, NU’ in addition to the conventional
left handed doublets (see Fig. 10b). The transition rate here will be pro-

2
portional to[cos¢ sin ¢,(mN z . my 2)/n§ ] where ¢ is the mixing angle
e Hu

10

'and will yield branching ratios 10~ for a mass difference squared

=217~

w w
p e p N2 e
(R) (R}
{c) {b)
w
h, k
p e . e,
Y
10-78 (c) (d) 3493410

Fig. 10 Examples of possible diagrams generating u + ey transitions.

h, k in (c) are postulated doubly charged leptons; ¢ in (d)
1is the Higgs boson.



of 1 GeVz.

c) Left handed lepton triplets, with the third member of the triplet

being doubly charged.73)

The doubly charged leptons (called heptons by
the authors) mix with a mixing angle ¢ andAthus give rise to u-e transi-
tions (Fig. 10c). The transition rate has a similar dependance on the
parameters of the theory as the theory with the right handed doublets.

d) Existence of several scalar bosons74) (Higgs particles). The
dominant contribution in this case to a u-e transition is via two-loop
diagrams, with the scalar boson coupling once to leptons and the second
time to some intermediate heavy particle (e.g. Zo, wi, or the Higgs boson
itself). An example of one of these diagrams is illustrated in Fig. 10d.
The order of magnitude of the branching ratio for u+ey transition is
(a/m?.

Clearly, there can be constructed a variety of other models involv-
ing larger gauge groups that can also generate u~e transitions. The dis-
cussion above is by no means meant to be comprehensive but rather illus-
trate the order of magnitude of various effacts that can be expected
within the framework of recently popular models.

Finally, one should say a few words about the relative sensitivity
of the various "forbidden'" processes involving u-e transition. Clearly
a detailed answer can be only given in the framework of a specific model.
In general, however, the decay p+3e is suppressed with respect to the
decay p+ey by a factor comparable to a/m which one might expect a priori.

73)

The exception is the triplet model where the u+3e process can occur by
virtue of non-zero tramsition charge radius and where this rate can actu-

ally be larger than the p+ey rate. The nuclear capture process,
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vzZ+e 2
turns out to be generally the most sensitive probe of potential effects

74)

generating pe transitionms. The reasons are quite general and stem from
the fact that this process can occur coherently rn all the nucleons in
constrast to the "allowed" | capture in nuclei:

S (z-1).
I VU

There is an additional enhancement factor, as large as an order of magni-
tude for copper, originating from the Pauli principle suppression of the
allowed process. The p~e capture process, leavin~ the capture nucleus
unchanged, is not subject to the same suppression factor and thus is
relatively enhanced. There are,however, models ~“er: the p » ey experiment
is predicted to be rore fruitful. For illustrative purposes we present in

Fig. 11 the relatie rates calculated by Altarelll c¢t al.75)

for three
of the forbidden procerses as a function of neutral 1 lepton mass assuming
standard 6 lepton uodel and maximum mixing compatible with the data.

b) Neutrino decars_and oscillations. In this section we briefly

discuss the available limits on neutrino decays and make a few remarks
about neutrino oscillations, a topic that has receilved renewed interest
recently in light of the enlarged family of leptoms.
If neutrinos have a finite mass, then in principle it 1s possible
for them to decay, the natural mode being
v+X+y
where X is some lower lying state. As an example, if mv > mv and lepton

e
number is not rigorously conserved, then we could have

v+ v+
" e Y
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In the exposures of large bubble chambers to the accelerator beams of
neutrinos a considerable neutrino path length has been accumulated, the
appropriate measurement scale being of the order of light years (2.3 light

6)

years for the Argomne experiment)? If the general decay mode mentioned
4+ -

above exists, then one should se: in the bubble chamber e e pairs point-

ing aiong the v beam direction, and having a typical energy of the order

of half of the neutrino energy. Since this technique measures the decay rate

in the lab, that is related to the more fundamental quantities by

AB

_ L
FLAB =m, F/Ev
one can set limits only on the jioduct of mvr, T being the decay rate in

the neutrino rest frame. The upper limits obtained by different experiments

are enumerated below in Table ViITI.

Table VIII.

Experimertal Limits on mvP

Tyoe of Neutrino Lird: (90% C.L.) Experiment Reference
- alﬂ 1

v 4.6x10 4 MeV/sec 127 8.C. 76, 77
u Argonne~Purdue

v 1.4x10_4 MeV/sec Gargémelle B.C 78
N Milano

3 2x10—5 MeV/sec | Gargémelle B.C/ 78
M Milano

- -8 Reactor

Vo 0.8x10 = MeV/sec U.C. Irvine 79

of general gauge theories, by comparing this limit with the limit on pvey
results discussed previously.
Al x 1077 sec ©. We would expect the decay to be proportional to (m

Thus if we take the existing experimental upper limit for mvu, we obtain a

One might ask about the significance of these numbers in the content

4 -1

crude theoretical limit on m 1“\J

i u

<1x10

16

The latter corresponds to a partial rate of

MeV/sec on the assumption

lepton



v

that the same mechar .sm contributes to the decay u+ey as to vu > vey. Clearly,

the existing experimental limits do not approach anywhere near this number.

80)

The neutrino mixing idea has becn introduced by Pontecorvo some

time ago who observed that if Ve and vu are not both massless and non

degenerate, then the observed states (Vu’ Ve) will be different from the

8
mass eigenstates N N )

v N Specifically they will appear as linear com-

binations of N1 and NZ' characterized by one parameter ev i.e.

v =N,cos 6+ N
u v 2

1 sin B\J

v = -Nsin 8 + N
v 2

o 1 cos Sv

Thus in analogy with the K°-x° system, a beam, composed initially mly of

vu, can give rise to ve after traversing a certain distance 3. This proba-

bility for effective \)u - Vo transition is a function of the mixing angle

and difference of squares of individual masses, i.e.

22
1™

2
4 pc)

P = sin2 (26v) sin2 (

78)

The present limit on this effect allows us to set a limit on the
difference of squares of masses
(mlz—mzz) < 1 evz

on the assumption that mixing is maximal (i.e.0v=ﬂ/A). This is considerably
smaller than the limit on individual neutrino masses obtained from direct
measurements.

Just as it is with the quark mixing, the situation here also becomes
more complex as the number of different leptons increases. The situation
for the 3 neutral lepton case has been discussed recently by Cabibboaz)who
showed that in that case phase factors will occur in the mixing matrix,

just as for the 6 quark case, which will give rise to time reversal and

CP violation effects.
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c) Status of the 1 lepton. The initial observat10n83) of 2 prong ep

+ -
events in e e annihilations at SPEAR was accompanied by a conjecture that
these events are due to the production and subsequent decay of a pair of

new particles, denoted initially by U (for unknown) i.e.

e+e‘* Ui Ut T
L.__; e + ...
L—? ui + ...

The absence of any other visible particles besides the ey pair led to the
natural speculation that one or more neutrinos are emitted in the decay
together with the charged leptons.

This hypothesis of production of new particies had to overcome two
potentially serious objections, namely:
1) Are these events genuine or could they be misidentified hadrons?
One must remember here that the probability of misidentifying hadrons as
leptons in this initial experiment was close to 20%.
2) If these events sre indeed real, could they be somehow associated
with charm production? This question was relevant since the apparent
threshold for UU prcduction appeared to be the same (within the experi-
mental uncertainty c¢f 100 MeV or so) as that for the charm production.

84)

The first of these questirne was soon answered by the PLUTO group

at DESY who confirmed the SPEAR results with a much better lepton-hadron

discrimination. The unambiguous dissociation of U particles from the charm

phenomena was achieved by the observation of 2 prong ey events below charm .

threshold; at the y” by the DASP groupas)

the DELCO group?G)

and at several other energies by
These data dispelled the last remaining objections against

the existence of a new phenmomena, and the proposed hypothesis of a new



lepton, henceforth referred to as T, became well accepted.

In the followiag, I shall try to discuss the evidence leading to
the point of view that the 1 is most likely another sequential lepton,
which together with its own neutrino forms a third doublet of leptons and
appears to satisfy e~yu-1 universality. The outline of the discussion will
follow the following steps:

1) The t is apparently a spinm 1/2 lepton (i.e. a point particle).

2) The 1 needs to have its own neutrino, i.e. the economy model of 5
leptons appears excluded.

3) The t is unlikely an ortholepton or paralepton.

4) The t appears to couple to the standard weak interaction current
with the standard V-A coupling.

The arguments for the t being a spin 1/2 lepton have been recently

summar ized by Tsai.87)

These are by no means unique arguments and a great
deal of additional data support this point of view. They do, however,
form a rather brief but cogent argument in support of this thesis and
we shall summarize them briefly below.

The 1 cannot be a baryon (assuming baryon conservation) since if it

were a baryon decay, its decay products would have to include a baryon. On

the other hand, the missing neutral(s) in the decay

7 + ey + neutral(s)

has been shown to have a mass well below the mass of a proton.SB)

The t also cannot be a boson,since the 1t production threshold clearly

exhibits s wave behavior.gs) (see Fig. 12). Since a boson and its antiboson

< . + -
have opposite parity, we cannot have a t T production in an s state from
R P -
an initial J state of 1 . The only possibility is the production process
+ - *
ee > TT
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T production cross section near threshold as measured in the
DELCO experiment. The curves indicate the expected threshold
behavior for a pair of spin O (dashed), spin 1/2 (solid) and

spin 1 particles (dash-dot).



*
where T is some excited state of the hypothetical T meson that has

*
opposite parity. In that case the decay mode of 1 would be expected t¢ be
* o *
T T+ or T +1T*Y

leading in either case to a large number of y rays associated with the
ey events. Experimentally, this is not observed and the only possible out
is to require the T*—T mass difference to be small enough so that the
photons would be below the experimental detection threshold.
Finally, the spin of a point particle t could not be greater or equal to
3/2, since that threshold behavior is much more divergent. That point is
dramatically illustrated in Fig. 13, taken from Ref. 87. One is thus led
to the conclusion that the 1 is most likely a spin 1/2 lepton. The argu-
ments made further on in this section will only reinforce that conclusion.
We consider next the question whether T could be a lepton singlet,
or do the data require it to have its own neutrino? Clearly, the T would
be stable in the former case (contradicting the data), unless there is p-e-t
mixing. We need to see, therefore,to what extent other available data set
limits on the amount of possible p-e-t mixing, and what do those limits in
turn tell us about the 7 properties. This point has been considered in

89)

detail by several authors with a conclusion that the singlet possibility

is excluded. We review briefly the relevant arguments.
The SU(2) x U(l) classification of the leptoms in this case would

consist of two lefthanded doublets and one left handed singlet, i.e.

() () >

where E, M, and S are linear orthogonal combinations of e,u, and t.
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Fig. 13 Expected threshold behavior for a pair of particles with
different spins. K, A, B, C, D represent constants related to
the gyromagnetic ratio and multipole values of the produced
particles (see Ref. 87 for details). Note that the scale of

the ordinate is linear up to 1, logarithmic above 1.



The mixing is defined in terms of two real parameters, called v and 8.

90)

One can now impose the following limits on Y and £. From the limit

on the process
¥ +Cu-+e +Cu

2

one obtains B Y2 < 5.3 x 10672

and from the limit on the lifetime of the T, and hence its total decay

2 1

rate: 82 +y° > 1.0x10 ",

The only way to make these two limits compatible with each other is

by requiring imbalance between 82 and YZ, i.e. 62 >> y2 or 72 >> 62.

There are, however, two sets of experimental consequences, violated by the
data, which are demanded by this imbalance:

1 -~ the ratio Rue z T(t + ww)/T(1+evv) must be very close to either 1/2
or 2. The experimental value is very close to unity.gl)
2 - there would have to be an appreciable decay rate into 3 leptons, i.e.
of the order of 2-3%. The experimental limits at the 90% confidence
limit are better than 1%.92)
Accordingly one concludes that the economy model of a 1 singlet is

excluded. We turn now to the possibility that t is a paralepton?3)

i.e.
either a paraelectron meaning that the lepton number assignment for t+
. ; - : : +
is identical to e , or a paramuon, which would assign to t didentical
lepton mumbers as to y . The basic argument which excluded this assign-
ment has to do again with the value of Rue defined above. A paraelectron
+
1 could decay either via
+ + s .
T *+q +v“+ 3 (2 distinct neutrinos)

+ + . N ;
or T +e + ve + Ve (2 identical neutrinos) .
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Because of the Paull exclusion principle the rate for the second process
would be twice as large as for the first one. Thus for a paralepton
assignment, Rpe = 2 or Rpe = 1/2. It has been pointed out however recently

by RosengA)

that this result strictly holds only for a pure V-A assignment
for the decay process, which does appear to be favored experimentally
{see discussion below). For a more general interaction one could have
Rue = ] for a paralepton assignment.

An experiment that is relevant to the paralepton question is the
search for electrons unaccompanied by muons produced by interactions of

predominantly vu beams. Such events could be potential signatures of the

process _
v +Z+1 + ...
u

{—9 e + ...

and similarly for t+. These events were looked for by the Columbia-BNL
group in the FNAL 15' bubble chamber filled with neongs). All the events
of this nature which were fournd were consistent with being produced by the
Ve (or ;e) contémination in the beam, allowing one to set a limit on the
production cross section times branching ratio for a paramuon of an arbit-
rary mass. These upper limits could then be compared with the theoretical
production rate for such a heavy muon assuming a V-A coupling of standard
strength (see Fig. 14). This result can be interpreted in several ways.
It excludes a simple paramuon hypothesis for the 1; if the r‘does have a
muon lepton number then the strength of vu—r coupling must be only 2.5%
of the vu~u coupling. Finally, for a mixing model, it limits the mixing
angle to tanze < 0.025.

Another kind of a possible lepton is an ortholepton, 1.e. a lepton
with identic.l zharge and lepton number as the electron or the muon but

with a heavier mass. Thus a possible decay mode for a Tt orthoelectron
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The expected ratic of heavy lepton to muon production in the
Columbia~BNL experiment as a function of the heavy lepton mass

together with the experimental 90% confidence limits.
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would be
T+ b e+ + v
and similarly for the orthomuon possibility.
The standard orthomuon picture is again excluded by the bubble
chamber experiment discussed above, since that woild require 4gain a full
strength coupling between vu and T. The orthoelectron possibility is

9¢€)

rather unlikely in light of the low reported branching ratio for t© =+ ey,
i.e. T(t + ey)/T(x » all) < 2.6% (90% C.L.).

We conclude accordingly that the possibilities other than that of
sequential lepton appear to be highly unlikely for the 7, and the most
reasonable possibility is that 1 forms a new lepton doublet (v vT). The
typical decays of the T might thus be expected rc prcczed via diagrams
illustrated in Fig. 5. The subsequent discuscion them naturally will
break up into 2 parts; firstly, is the current tr which 1 couples the
standard weak interaction current, i.e. we examine the right hand side
of the diagrams of Fig 15; and, secondly, how do the t and Vo couple to
this current, i.e. the nature of the lert hand side of the vertex.

The first question is answered by studying the different decay modes
of the T and comparing them with the predictions based on the assumption
97)

that we are dealing here with the standard current.

1 - equality of electronic and muonic branching ratios. The various

measurements relevant here and available as of April, 1978, have been

summarized by Feldman.gl)

‘His overall fit to all the data gives Rue
= 1.07 + 0.17 to be compared with the theoretical prediction of 0.97.

Clearly the agreement is excellent.

2 - absolute value of e,p branching ratlos. The theoretical numbers are

here less certain because ~f the uncertainly associated with the rate into
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Fig.

15

The standard diagrams for the decay t1+wv and 1revv.

3493A15
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wultipion final states. The best theoretical estimates are 16.42 for the
evv mode and 16.0 for the pvv mode. These numbers should be compared with
Feldman's fit yielding 17.4 %+ 2.1%Z and 18.7 + 2.0% for the electronic and
muonic decay modes respectively, and a recent number for the pvv decay
mode from the DELCO experimen?%k 2145%.
3 - nv_decay mode. The theoretical estimate for this decay rate is on
very firm ground, insofar as the calculation relies solely on the mv
decay rate and the assumption that we are dealing in 1 decay with a
standard weak current. Accordingly, the early low value for the branch-
ing ratio for this mode reported bythe DASP group,99) 2.4 + 3.0Z to be
compared with the theoretical %.8% gave rise to serious doubts as to
whether the 1 does indeed fi: into the standard weak decay picture. Subse-—
quently, however, 3 different :xpeviments have yielded results in very good
ggreement with the theory, so the issue of the wv decay also appears to be
settled in favor of the standard mcdel.

The most direct observation of this mode has been made by the DELCO
grduploo) who used a hadron filter to identify #'s and the Cerenkov counter
to identify electrons and thus were able to isolate a sample of the events

of the type

and quote a branching ratioc of 8,0 + 3.2 + 1.3%, where the first error is
statistical and second systematic. The spectrum of n's and p's (from
uvv decay) shown in Fig. 16 agrees very well with the Monte Carlo calcula-

tion, supporting the hypothesis of correct identification of the events.
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The data is from DELCO.
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101)

The SLAC-LBL group used a more indirect method by looking for

2 prong events with an energetic pion and no detected y rays. A clear
excess (Fig. 17) is observed over what one would expect if no 1+mv mode
were present. Estimating the hadronic background on the basis of a jet
model, they calculate the v branching fraction to be 9.3 & 3.9%.

02)

More recently, the PLUTC group1 has looked for 2 prong events

with an identified hadron and no photons to obtain a branching rate for

this mode of 9.0 + 2.9%.
4 - Kv decay mode. This should be the Cabibbo surpressed mode and the

theoretical expectation is 0.62%. The only. experimental imput here is by

99)

the DASP group who find BR (Rv) < L.6%Z (90Z C "..).

5 - pv decay wode. This should be one of the major decay modes, with the
standard mwodel predicting 23%. To my knowledge “he unly information avail-

able on this subject is the pr:liminary data presented by the DASP group

[
at the Hamburg meetingg‘) who quote 2439%. Thelr evidence rests on the

observation of the channel

Yy - + o
e'e” * a0 7" + 1 charged track

+
where the w°7° mas: spectrum, and the mouentum of the ﬂ+ﬂ° system (Fig. 18)

is consistent with those events coming from the process
+ - +
ee + 10 v -
Loty -
Lﬁ+°
TT
1 charged track + ...

6 - Multiprong decay modes and their composition. The rates for these

s A + -
decay modes, as well as their composition can be calculated from the e e
annihilations in the appropriate energy range since the isovector electro-

magnetic current is believed to be directly related to the weak hadronilc
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0.62 0.74 0.86
pﬁ/meX

340747

The ratio of the pion momentum to its maximum value for 1 decay

for the SLAC-LBL events with a pion, another charged particle, i

and no detected photons. The solid curve is the expected dis- Fig. 18
tribution if the 1 decays normally; the dashed curve if nv

decay is absent.
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current%03) The results of the standard model are listed in Table IX.

Table IX

T branching ratios into various multibody channels

Mode Predicted branching ratio
AV 9.3%%
17t
Q v 0.4%
v + Sd (Mﬁd>1’l GeV) 21.3%
v_ 4+ us (M- _>1l.1 GeV) 1.5%
T us

*
half of this mode will go into single prong topology.

The experimental situation is in good agreement with the theory,
dlthough there is room for considerably more work here on the experimental

side. We attempt to summarize the experimental situation very briefly.

104)

The PLUTO collaboration has reported a branching fractiom of 5> + 1.5%

+ +
for the decay mode 1 + v poﬂ . They argue that the mass spectrum of the

3n system is consistent with coming from am Al (see Fig. 19). A similar

105) b

measurement has been performed y the SLAC-LBL collaboration, who however

do not claim to be able to separate out the events with extra s,
. b + -t 0,
Accordingly, they choose to quote a total rate for 17> vr % 7" (ar 's) as
18 + 6.5%Z. Again, there is some enhancement in the data in the 37 mass Fig. 19

spectrum around the A, mass, as demonstrated im Fig., 20.

1

The total branching ratio into multiprongs has been measured by

several groups. The DELCO group has obtained a branching fraction of

86)

the rate for eX events

06)

3215% in 2 different ways, i.e. by measuring
which yields Zbe(l - be - bmp) and by plotting1 the ratio of the observed

multiprong events with an electron to the eX events as a function of minimum

electron momentum cutoff.The asymptotic value of this ratio will be free of charm
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SLAC~LBL mass spectrum of 3 n's from events with a u, 3 charged
m's, and no detected y's. The dotted line represents
T*ﬂiﬂ+ﬂ_ﬂ°v hypothesis, the dashed line non resonant T*ﬂtﬂ+ﬂ_v,
and the solid line 1 -+ A v, with mass and width of A
1.1 GeV/c2 and 200 MeV/c” respectively.

1 being

contamination and thus measures the ratio of multiprongs to 1 prong
non-electron decays (corrected for slightly different detection effici~
encies) in T decays. These data are displayed in Fig. 21.

The DASP group has measuredss)

the same quantity utilizing the rela-

tionship b =1 -b - b where b is the branching ratio into a non-
op e ns ns

showering single charged prong. They obtain 35 + 11% for the multiprong

mode. Finally the PLUTO gtoup107)

has obtained 30 + 12% for this rate by
looking at multiprong events assocrfated with a muon,

7 - Rare decay modes. The standard current model predicts that there
should not be any exotic decs y modes, besides those discussed above.

This is indeed the case experim:ntally, as can be seen from Table X

reproduced from the Hamburg Crauference proceedings.

Table X

Upper Limits on T Rare Decay Modes

Experimental. Group Mod Upper Limit on | C.L. | Ref.
cr Detector € Branching Ratio
PLUTO Group T +(3 charged particles) 0.01 95% | 108
PLUTO Group 1 +(3 charged particles) 0.01 95% | 108
SLAC-LBL Mag- 1 +(3 charged particles) 0.006 90% 92
necic Detector
SLAC-LBL Mag~ |1 + p + n° 0.024 90z | 109
metic Detector
PLUTO Group T e_+ Y 0.12 90% 108
THpt+y
LBL~SLAC Lead - -
Glass Wall T+e+y 0.026 907 96
LBL-SLAC Lead Ty 0.013 90% 96
Glass Wall




In summary, we conclude that the branching ratios of the T lepton
are in excellent agreement with the standard model predictions and thus
the evidence is very strong that the 7T couples to the same weak Interaction

current that appears to be respomnsible for all the other hitherto observed

I Ar I weak processes.

We can now turn to the other vertex and discuss what we know about

— distinguish between the V-A and V+A couplings. One can characterize the

|
(%\ v e* + > 2-Prong
*\# - ei +]- Prong the t-\)_[-w vertex. We first consider the electrecn .pectrum which can

3 - \+

\ spectrum by the Michel parameter, p, which taket on the value of 0 for V+A

N\ hypothesis and results in a spectrum peaked near the center of possible

electron energies, or the value of 0,75 for V-A which gives an electron
- energy distribution peaked at the maximum possible value.. These two dis-
tributions, illustrated roughly in Fig. 22, become less distinguishable as
we go from the T rest frame to the laboratory systcm because of Lorentz

110) effect significantly the lower

| | ! [ smearing. . The radiative corrections

O 0.5 |.O !. 5 2.0 part of the spectrum and have the phenomenological effect of reducing the
expected p value for each hypothesis by about 0.1.
32, MINIMUM ELECTRON MOMENTUM  (GeV)

The experimental data is in good agreement with the V-A and appears

to exclude the V+A hypothesis. The most powerful data statistically comes

from the DELCL experimentlll) and is displayed in Fig. 23, both for all
Fig. 21 The ratio of observed multiprong electron events to the observed the energies and the energies near threshold, where the statistics are
two prong electron events at electron momenta above the value poorer but the sensitivity comsiderably higher. The preliminary result

hori tal axis. The dashed curve is drawn -
Indicated on the horizon quoted by the DELCO group is p=0.66 1+ 0.13.
to guide the eye. Note the suppressed zero on the vertical
scale The data is from DELCO The overall T decay rate, i.e. its lifetime, measures the strength
of the T—VT—W coupling. In the standard model, i.e. assuming universality

and no lepton mixing, the expecte” decay rate is 3.3 x 1012 sev:—1 yielding
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10-78 Pe/Pe 3493822
Fig, 22 Rough sketch of the expected electron momentum from T decay

for V+A and V-A hypotheses.
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The preliminary electron momentum spectrum for eX events from
DELCO. The solid line is the V-A prediction, the dashed line

V+a prediction. (a) all events; (b) events below charm threshold.



a lifetime of 3.0 x 10—13 sec. Such a value appears to be below the capa-

bility of the present measurements, but an upper limit would nevertheless

be useful in putting a severe constraint on the various models incorporat-

11) 112)

ing lepton mixing. The best limits came from the DELCO1 and PLUTO

groups who quote T, < 3x10.12 sec respectively, ob-

~-12
sec and T< 3.5x10
tained by looking for a finite distance between the annihilation point of
+ - 7
e e and T decay point.
The final question has to do with the nature of the neutrino associ-
ated with the 1. On the assumption that it is indeed the 1 neutrino that is
emitted in 1t decay we have the following most recent experimental limits

on its mass:

from the DASP groupss) m_ < 0.74 GeV (90% C.L.) for V-A

v
T

m < 0.54 GeV (90% C.L.) for V+A
13 i
from the PLUTO group m < 0.36 GeV (90% C.L.)I
88) T ‘for V-A
and from the DELCO group m,

T

< 0.25 GeV (90% C.L.)

i1 114
On the other hand there exists the possibility that m, >m, gnd
T
T
T decays via a non zero mixing angle between v_ and vu and Voo In that case
we observe either the electron or muon mneut-ino in the decay and those ex-

perimental limits are meaningless. One should point out, however, that

this possibility is probably already ruled out experimentally.SI)

The mixing in the six lepton picture involves two parameters, a and b, which

are bounded from below by the limit on the T lifetime, i.e.

a2+bp2>1.0x 107t

12

for T < 3 x 107" sec. On the other hand, the relative rates for mrev

15)

1
and m*iv put limits on bz—az. Specifically there is a l.50 difference

in the ratio of these 2 rates from what one expects from theory giving

b2 - 2% = (322 x 1072
Thus this inequality may be interpreted as setting a bound on the value

of |b2—-a2 , 1.e.
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2 - a?] <7 x 1072

within 95% confidence limits.

Finally, in the framework of this model there will be a finite proba-
bility for the muon neutrinos to turn themselves into electron neutrinos.
Experimentally, this would allow a neutrino beam, that is initially a pure
vu beam to produce electrons unaccompanied by muons. This rate is given by

v + N e+ vuu. _ sz
v FN T 4

and the experimental 95% confidence limit bound obtained from the Gargamelle

experiment of J. Blietschau et al.?3) is
2.2 o 3

a®h” < 1.2 x 107
Interpreting these last two numbers literally, we obtain an upper bound on
the higher of a2, b%, i.e.

Max (a2,b%) < 8.3 x 1077
The value of the smaller parameter corresponding to this limit would then
be 1.3 x 10_2, thus bavnly disagreeing with the limit on b2 + a2 and rul-
ing out the hypotlesis of a heavy neutral t lepton,

A similar conclus:ion can be reached in a slightly more direct way

by considering the Cabibbo uniarsality, i.e. comparison of muon decay

with the nuclear § decay. In Chapter I we have shown that
. 2 2
sin ec + cos Bc = 1.003 + 0.004

i.e. at a 95% confidence limit the violation of universality is less than
1.1%. -In terms of a2 and bz, this limit can be written as
b2 < 1.1 x 107

2 PR .
in the approximation that terms O(sin ec) can be ignored. Combining this

with the data from the g+ev/s+uv ratio. we obtain a clear contradiction



with the lower limit omn a2 + b2 from the lifetime limit, thus ruling out

the heavy 1 neutrino hypothesis.
One can conclude this section with a summary of what we know today
about the T.

1 - It appears to be a sequential spin 1/2 lepton with its own neutrino.

2 - Mass of the T neutrino 1s probably low, and a mixing scheme with m >mT

T
appears to be ruled out by the data.

3 - The three precise measurements of the t mass are in good agreement

and are listed in Table XI.

Table XI

1 Mass Determinations

Group Value (GeV) Reference
DASP 1.807 + 0.020 85
+ 0.002
DELCO 1.782 _ 0.007 86
c + 0.010
Heidelberg 1.787 _ 0.018 116

4 - Branching ratios are n good agreement with the standard model

5 - Coupling appears to be of the V-A form.

6 - Decay rate consistent with universalilty but within rather large limits,
however.

On the other hand, one would still like to obtain better informa-

tion on the following points:

1 - how exact is the e-yu-T universality.

2 - what is the nature of vT? Is it massless? If no, what is the mixing
with the vu and Voo

3 - better branching ratio measurements in the multibody sector.
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Unless these last three questions will be answered in a surprising
and unexpected way, we can assume that most likely T is a standard sequential
lepton, If so, and the mass of its neutrino is zero, then unfortunately
we shall not see any of the exciting experimental possibilities like
neutrino oscillations, CP violation in the lepton sector, and p-e transi-
tions due to mixing phenomena. One has to regretfully conclude that the

standard model is a dull model.

Iv. Charm Decays

In this chapter we shall fiscvss the available experimental informa-
tion on charm decays and compare it with the standard charm model. As
shall be hopefully apparent frc. this discussion, there is still a lot to
be learned on this topic and many questions remain unanswered. This can
by contrasted with the question of T decays, where we appear to be much
closer to the ultimate understanding.

We shall discuss in this chapcer the following topies:

a) expected charm spectroscopy

b) evidence for weak decays

<) comparison with GIM predictions

d) semileptonic decays

e) pure hadronic decays

f) DO—SU mixing

g) F meson and charmed baryons

h) the status on the lifetime of D meson.

a) expected charm spectroscopy. We shall review here very briefly some

of the fundamental ideas put forth for the first time in great detail by



17)

Gaillard, Lee, and Rosner.l Their classic paper is remarkable in its great

predictive power and in the good accuracy of their quantitative predictioms.
In the quark picture the mesons are bound states of a qq system.

Before the introduction of charm, different mesons could be obtained by

allowing the general gq system to be a different combination of the u, d,

and s quarks and the U, H, and s antiquarks. The introduction of the new

quark, the ¢ quark, will allow one to create new meson states by forming

systems composed of a ¢ quark plus an antiquark. Thus the expected mesonic

states with c¢=1 quantum numbers are:

cd => D+
T=1/2

cu = »° and their antiparticles

cs = F+ T=20
We also indicate above the isotopic spin multiplets and the conventionally
assigned names to the new quark states. Fig. 24 exhibits the expected
mesonic states (old and new) displayed in the 3-dimensional space defined
by the C, Y, and 13 (Y is the hypercharge).

Clearly, if the charm quantum number is to be conserved by the strong
and electromagnetic interactions in analogy with strangeness,then at least
one of the 3 new meson states should be stable against those interactions
and thus have to decay weakly. In the conventional picture,all three:

D+, DO, and F, were predicted to decay weakly, since the electromagnetic
splitting is expected to be less than a pion mass and the predicted masses
of the quarks were such that the tramsitijon F + D + K would be-energeti-
cally forbidden.

The baryons are qqq states and thus we can form charmed baryonic

states with charm quantum number equal to 1 by replacing one of the old
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quarks with a ¢ quark, or equal to 2 by using 2 charmed quarks. The three
¢ quark state would be expected to be a 3/2+ state in analogy with Q.

Accordingly, we can expect to have:

9 C =1 states i.e. S =0 triplet and singlet
S = ~1 two doublets
§ = -2 singlet

and 3 C = 2 states i.e. ccu

=
i
—
~
N
w
(
[=]

ced

[
e
wn

I

1
L

ces T

Together with the 1/2+ ground state octet of the old baryons, they will
form a 20 representation of SUA which is displayed in Fig. 25 in the
3 dimensional C, Y, 13 space. The figure is a truncated tetrahedran and
each of the 4 large sides represents an SU3 octet composed with a differ—
ent set of 3 out of the 4 quarks.

Considering the charmed baryonic decays in general, we have 2 distinct
possibilities, i.e.

1 ~B

charmed N Bold " Mcharmed ,

i.e. strong decay

BCharmed - BOld + MOld , i.e. weak decay.

2 -
Woether the first process goes is strictly a kinematical question,

i.e. is it energetically allowed. If the answer is yes, then we would see no

weak charmed baryon decays. That is the possibility that appeared more plausible

to Gaillard, Lee, and Rosner. The nature, however, appears to have chosen
the second possibility as we shall discuss towards the end of this chapter.

b) evidence for weak decays. We would like to consider next two points

that appear to confirm the theoretical prejudice that the D decays proceed
via weak interactions, i.e. their narrow width and the existence of parity

violation in the decay process.

10—78

Fig. 25

The predicted baryon spectrum in the charm scheme.
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In spite of the relatively large Q value released in most charm decays,
their mass can be measured experimentally in e+e_ collisions quite accurate-
ly, leading to a stringent upper limit on the natural Do(Di) width., To
see this we can consider the process

fe” » 0D
near threshold. In general, we have for the mass of the D squared

2 _ 2 + 2
M" = ZEi - Epi

where the summation is over all the D decay products.

2 > -
§M” = ZZEiGEi - 2 Py Gpi
=2E _SE _+2F | sP
tot tot tot tot

where the last sum implies that the proper correlations between 6Etot

>
and GPtot are taken into account. Now usually near threshold Ptotwo i.e.
Etot >> Ptot’ and thus the first term tends to dominate the error. But

+ -
in e e collisions Eior = Ebeam which is known very well, and thus GEtot

and hence GMZ is indeed very small.

This technique is especially useful in the case of the DD system

118)

because of the presence of y" just past the DD threshold ,» resulting

in an appreciable rate (about 1 R unit) for the DD production. The narrow

19)

1
peaks seen at the D mass

pEWHM
exp

are exhibited in Fig. 26, with a typical
s 10 MeV. Parenthetically, one might add that the circumstances
discussed above allow one to measure the D mass with a very high accuracy,
yieldinglzo)

1863.3 + 0.9 Mev/c?

o

mo+ = 1868.4 £ 0.9 Mev/c’
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The evidenc~ for parity violation parallels very closely the arguments
relevant to the old 1-8 puzzle. We recall that in the days before the
discovery of the parity violation, the two distinct decay modes of the K
meson

67+ 7t° and <t > aTr
were believed to have to have been two distinct mesons since the parity
of the two final states had to be different for the same value of angular
momentum,

The experimental situation in the case of the D is very similar. A

20)
sharp enhancement around 1870 MeV is observed both ié O’the K: ™

and
in the KF ot o spectru&lg)(see Fig.26d and e). The identical value of the
mass for both of these cases leads one to believe that these are two decay
modes of the same particle.

Considering now spin-parity assignments for the 2 decay modes, we
note that KDTri is a system of 2 0  mesons. Accordingly, its JP assign-
ment has to have natural spin parity, namely P = (—1)'J i.e. 0+, 17, 2+, 3....
On the other hand, the Kmnn system is composed of 3 0  mesons and as such

121)

has te have a vanishing population at the boundaries for natural

spin-parity assignments. This is not the case, as illustrated by th=a

datalzz)

shown in Fig. 27. The symmetrized Dalitz plot shows no depopu~
+ +
lation around the boundaries for the resonant K¥n n~ events (Fig. 27a).
For comparison we also show the non-resonant Kin*n* events in the same
mass region.
For low values of the spin, the argument can be made even more
. . P . + - +

quantitative. We consider the J assigoments of 0 , 1 , 2 . The first

state is absolutely forbidden for 3 0 mesons. The 1~ assignment would
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. + s
predict an additional zero at the symmetry axis and the 2 on additional

121)

zero at the top of the Dalitz plot. Accordingly we can now consider

K

, + +
the size of the enhancement in the 11 mass spectrum for both the

allowed and forbidden regions of the Dalitz plot under the hypothesis that

- +
the JP assignment is either 1 or 2 .

The dividing line on the Dalictz
plots was chosen in such a way that for a 0" assignment (i.e. a flat Dalitz
plot population) the two peaks would be equal. As is clear from Fig.28,
the two enhancements are equal within statistics (the ratio of the enhance-
ment in the allowed to the forbidden regions would be 8.2 and 5.6 for the 1~

+ . ; . . .
and 2 assignments respectively)excluding the natural spin parity assignments.

Accordingly,we must conclude that the parity is not comserved in this process.

c) Comparison with the GIM predictions. We have already seen how the

central prediction of the GIM model, i.e. exdistence of narrow states
characterized by the new quantum number charm has been verified experi-
mentally. In this section we shall consider how well does the data agree
with the other predictions of the GIM model.

The GIM model requires that the final state of the decay products
of Di have exotic quantum numbers, i.e. quantum numbers that can not be
possessed by any qQ combination. This is because in terms of quark
transitions, the D decay corresponds to

c > s+ W+
and thus the final physical state can have quantum numbers S$=-1, Q=1
Eor D+ the quark composition of the imitial state is cd) which are in-
accessible to any qa pair.

Thus, more specifically,we have the prediction that
b+ kTt

should be an allowed decay whereas
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D+ . 1(+'"+‘"—

should be forbidden. This prediction was confirmed in the first observation123)
of a bump in the K7 state by Peruzzi et al. whose data 1s displayed in

Fig. 29. The sharp enhancement present at 1.876 GeV/c2 in the exotic com-
bination is totally absent in the nonexotic channel.

The second quantitative prediction of the GIM model has to do with
the Cabibbo favored nature of the ¢ + s tramsition, and hence the Cabibbo
suppressed nature of the ¢ + d transition. Thus the former decays should
be enhanced by a factor of tanze as compared to the decays into non strange
final states. This prediction will be somewhat modified by the phase space
factor that will enhance the non-strange decays by %2 and by possible dy-
namical effects. The experimental data at 4.028 GeV for both 2 and 3

24)

body decays1 is summarized in Table XII.

Table XII

Comparison of Cabibbo suppressed and forbidden decays

oB for K;ﬂi(K;ﬂiﬂt) o8 for 1T (rTn | o for KK
2 body 0.57 £ 0.11 mb < 0.04 mb < 0.04 mb
3 body 0.40 £ 0.10 mb < 0.03 mb

Even though the Cabibbo suppressed decays have not yet been observed,
the data does indicate strongsuppression of AS=0 transitions 4 la GIM model.

Finally we can ask what is the measured number of K's associated with the
D production, since the GIM model predicts this number to be very close to 2.
Experimentally, one looks at multihadron events with an electron, on the
hypothesis that those events represent associated production of DD pair,

followed by a semileptonic D decay. and measures the Ki content in those
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events. The result is 0.90 t 0.18 Ki/electron event, 1in excellent

agreement with GIM if one doubles this number for possible K%'s.

d) (Semi) leptonic decays. We shall start by making some comments

about purely leptonic decays of the charmed mesons. In general for the
decay
M= 2wV

where M is a 0 meson, we have

2 m
_G" . 2 fcos. B 2 2
I'=gr iy (sinze>mn a 2 My
Ty
where fM is the coupling constant that in the limit of perfect SUA would
be equal to fﬂ, and cosze (sinze) is used for the Cabibbo favored

(suppressed) decays. We now make some general observations:

1 - electronic decays are totally negligible
2 - F leptonic decays will be enhanced over D leptonic decays by roughly
a factor of tan29. Specifically, we expect

T (D~ u+v) R 2 x 108 :-‘.ec:_l

P (F+ ™) 3.6 x 10° sec?

26)

Compared to a total estimated1
12
s

semileptonic rate of the F of A

10

~1
ec .,

3 - expected decay rate for
F+ > T+V
should be about 16 times larger than the F +uv rate.
Not surprisingly, none of these decays have been observed as yet.

We turn next to the question of semileptonic decay modes of charmed
mesons. The first interesting problem here is the total semileptonic
branching ratio. That number tells us right away whether there exists in

the charm decays an enhancement of the purely hadronic decays analogous
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to the situation in strangeness violating decays (see¢ our previous dis-
cussion of AI=1/2 rule).
Very crudely we can estimate the total D semileptonic decay rate by

assuming that it proceeds via the fundamental frocess

cr*rs+ 8 +v
and then the rate can be related easily to the totgl muon decay rate via
tot _  tot _ (E‘)S rioc
Drevx Duvx m u
This kind of calculation gives ~ 3 x 1012 sec—1 for the total semileptonic
rate into ev + hadroms (or uv + hadrons). In this simple pi:zture, the
total hadronic decay rate would then be given by

c+s+u+d
resulting in a comparable rate times the appropriate hadronic enhancement

factor.

There appears to be some theoretical disagreement whether the mechan-

isms believed responsible™ ") for the octet enhancement in "old" particle

decays will be relevant when carried over to the case of charm decays.

More specifically the quantitative estimates for semlleptonic branching ratios
1283 o X s

range from a low f about 1%,corresponding to an enhancement eguivalent to

one found in strange particle decays to about 257, corresponding to essen-

tially no enhancement at all}ZG)

We shall say more about the details of

hadronic enhancem:nt when we discuss the nonleptonic decays, but in the

meanwhile we turn to see what do the semileptonic decay data have to say
about this question.

There are now several independent measurements of the total semi-~

leptonic rate, obtained by means of slightly different primary measurements.



One can measure the total semileptonic rate by comparing Re(Ru) i.e.
cross section for p.oduction of hadrons associated with an electron (muon)
expressed in terms of point cross section,with Rcharm i.e. total charm

contribution to R. We have then

BR{e) = 2 Re/Rcharm.

We should note that this procedure gives the branching ratio for all
charmed ground states (i.e. states decaying weakly) weighed by their
production rate, i.e.
2 Re/Rcharm = i Ui BRi/EUi

Alternatively one can compare the rise in Re vs. the rise in R at
y". This has the fundamental simplicity of measuring effectively an
average branching ratio for D° and D+ since their production rates there
are almost equal (except for phase space factors).

Finally, the branching ratio can be extracted by a comparison of

R e with Re (R, is the total rate of hadronic events accompanied by

2 2e

2 electrons). The last 2 measurements together can in principle disentangle

+
any possible difference between the p° and D branching ratios.

We shall discuss first the experimental measurements at low energies:

129 has measured the DO—Di B.R.

1 - The lead glass wall (LGW) collaboration
into evX at the 3" (3.77) to be 7.2 + 2.6% by locking at the total
number of eX events. The result is mildly dependent through the de-
tection efficiency on the assumption that the two dominant decay modes
Kev and K*(890)ev are equal.

2 - The DELCO grouplBo)

has measured the same branching ratio at the " by
comparing the relative sizes of the Breit-Wigner peaks in both R, and

R (see Fig. 30). They obtained 11 + 2%.

Fig. 30

-241-

R

= I_
0.15 =
Re - 3
0.10 | +—:
005 - N -
L Background ]
oLl g by 11317

3700 3750 3800
o Ecm,  (MeV) e

DELCO data used in extracting the D semileptonic branching
ratio at the y". (a) raw R plot, (b) R plot after subtracting
the ¢ and 7 tails and (c) Re plot. The curves are P wave

and S wave fits to the resonance.



31)

3 ~ The DASP group1 has obtained 11 #+ 3% for the eX branching ratio

overaged over a wide energy range. The majority of their data however
comes from 4.03 GeV total energy point, and thus should reflect mainly

+ .
p° and DY contributions.

As we can see, all the experiments are consistent with a number
BRe % 10%, indicating that the hadronic enhancement discussed above is
probably not very important in the charm decays.

132)

The lead glass wall collaboration has also published their

determination of BRe as a function of energy. Their average value,
8.2 + 1.9% is consistent with the DASP value quoted above and with the
low energy (3.77 GeV) measurements. Taken at face value, that implies
either that there is very little F and charmed baryon preoduction or that
the F and the charmed baryons have a semileptonic rate comparable to that
of the D mesons. As seen from Fig. 31, however, the experimental errors
are large enough so as yet no strong statement on this point can be made
from the published data.

We should finally mention two values for the electronic branching
ratio obtained from the comparison of RZe and Re, i.e. 16 + 6% from the

3D and a preliminary value from DELCO of 16 t 4%}33)

DASP collaboration1
The experimental uncertainties are too high to be able to conclude anything
meaningful at this time about the possible difference of D-'t and Dosemileptonic

branching ratios.

We turn next to the question of specific exclusive channels responsible

for the D semileptonic decay rate. The most likely candidates are the Kev

* *
and K (890)ev final states, the K (1400)ev final state being suppressed by

phase space, and the Kev(nr) channels expected to be negligible by virtue

117,134) 126)

of the soft pilon theorems. One rough theoretical estimate
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Fig. 31 The average branching ratio for charmed particle decay into an
- electron plus additional particles vs. the center of mass energy

(a) DASP data; (b) LGW data.



indicates that the Kev rate should form about 30% of the total semileptonic

6 T T T
rate.
| 3.90<E.n<4.446GeV (a) |
Experimentally, the electron momentum spectrum appears to be the
- 4} e R E
most sensitive way to extract this information from the e'e” annihilation D—Kevgt T8 iy
* - —a T
data. The two expected spectra, however, i.e. for Kev and K ev decay modes, '/ '\"/D Kevet T~¢elp Vg
do not diff 134139 104 one has to ise considerabl i 2rl T
o no eI Very muc and on s exercise considerable care in /,} : T ey, contribution
-/ , .
understanding the experimental backgrounds and detection efficiencies.to be o/ N
1 1
able to draw correct conclusions. Some of the relevant backgrounds are:
—~ 4} 4,44<F, < 5.71Gev (b)) |
1 - hadrons misidentified as electrons §
D
2 - 1T multibody decays 9 3 ~
o
c
3 - Cabibbo suppressed decays. ~ [ \
2 e -~ —
The first source would tend to enhance the lower end of the spectrum, é? ;
~ 1 '\
the latter two the higher end. The experimental situation at the present b | —‘/ %r\ -1
h-] / .
[}
ti is 1 lusi ari to favor sizable contributi £ both ’ :
me is inconclusive,appearing e con utions from bo o y lim | .
*
the Kev and K (890)ev modes. Figs 32 and 33 display the published DASPUD 6.31<E. m <7.38Gev  (c)
and LGWlBZ) data together with some curves giving an estimate of the ex- 2r I
pected spectral shapes for the two hypotheses as well as the shape of the L i
backgrounds. The DASP collaboration quotes 35 %+ 30% as the fraction of )
| - —_
Kev in the total semileptonic rate. The preliminary data from DELCOlBﬁ) ;
* Ak
is shown in Fig. 34. A 50-50 mixture of Kev and K ev gives an adequate fit '4, QE 7
_ i 3
to the data, This problem can probably be best settled by looking at DD o ! I s %
events at 3.77 GeV where one D is tagged by its hadronic mode and then ° ( 2 3
- P (Gev/c)
doing kinematical reconstruction on the remaining particles. 1078 e 3493832
A slightly more indirect information on this question can be obtained .
from the study of Di > K; + X inclusive rate. The hadronic rates contri-
Fig. 32 The electron momentum spectrum from the electron multi-prong

. . - + + -+ + 0 .
buting to this process would be Knwm , Km® 1, and other final states events from the LGW experiment for the 3 different center of

involving 4 or more pions. Furthermore, the Kev state cannot contribute mass energies.

~243~



Fig. 33
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events from the DASP experiment for the 4 GeV ECM region
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The preliminary electron momentum spectrum from the electron

multi-prong events from the DELCO experiment.



*0 4 .
here (final state is Koe+v) but 2/3 of the K e v state will decay via
K~v+e+v. Thus we can see whether the purely hadronic states already satur-

*
ate the experimental inclusive rate, or is there still room for some K ev
*
and K uv decay.
The published experimental number from the SLAC-LBL collaboratiorllzn

o . - +
for the inclusive rate is 10 + 7% to be compared with the K 7 1:+ rate of

3.5 + 0.9% and the expected contribution of the 4 and 5 body hadronic

states with a charged K of about 20-25% according to the statistical model |20

* l 1 I |
of Quigg and Rosner.mg) A 100% K ev contribution to the semileptonic
rate would add another 13% to this rate (assuming 10% BR each for e and {_) [OO

=

u semileptonic rate of Di). Thus the room for an appreciable amount of o 80 -
% oJ +\
K ev appears limited. < 60 }‘ n

* & ?

Some information on the Kev/K ev ratio question is also available = i

| g w0 by b
from the high energy v-Ne interactions at FERMILAB., The Columbia-BNL group = # *_+
has observed both the u—e+ eventsl39) and the processmo) L 'ZO -

- o
+0%+ ... l l
\)Ll + Ne + yu D O [ 1 l l 1

Cr'n 5 16 L7 1.8 L9 20 2.4 2.2 2.3

-+
(see Fig. 35). Thus, at least some fraction of the j e events must be 0+ -
.0-78 M ( Kemr*m ) Ge\/ 3493435

due to
vp+Ne—>p—+Do+
+

L e

; e +
and therefore study of pe events with a KO, and specifically of the ¥%e

o_~ . . . Fig. 35 K°w+1r— mass spectrum for events with a y  from the Columbia-

and K'm mass spectra should provide some information about the relative
% BNL v-Ne experiment.
strenths of the D° » Key and D° » K ey decay modes.

141)

The experimental situation on these points is far from clear

for the following reasons:

-245-



1 -

Presumably some of the u—e+ events come from semileptonic decays of
+
charmed particles other than DO, i.e. D, F, charmed baryons, etc.
Thus, we should have the inequality
-~ + +
ue BR(D e +...)
-.,0 + - 2 o 0 + -
p Kww )Do BR(D »K @7 = )

where the left hand side represents the number of events of each type

from the Columbia-BNL experiment and the right hand side can be ob-

tained from e+e— annihilation measurements on she assumption that the

p° and D+ semileptonic decay rates are equal. Using the data of

ref. 140 and the LGW data on branching ratios, the inequality reduces to
(0.7 + 0.3) 2 (1.8 £ 0.9)

Use of the DELCO or DASP numbers would raise 1.8 on the right hand

side to 2.7. Maybe even more importantly, if one also uses the DELCO

and DASP data, the error oo the right hand side becomes essentially the

fractional error on K0w+w_ branching ratio, L.e. f 30%Z. Thus there

appears to be a discrepancy here, possible explanations of which are:

a) statistical fluctuation
+ + o +

b) BR(D e ) > BR (D *e)

c) an error in one of the data inputs.
The mass spectrum of the KZ e+ system (Fig. 36) appears to favor the

*
K ev decay hypothesis rather than the Kev hypothesis. It must be
remembexed, however, that if it is the p°'s that are dominantly produc-
ed here, then the 3 body semileptonic decay mode would not give a x°
(since D° -+ K_e+v). The majority of the K°'s that are observed would
then be produced directly rather than come from the D decay (i.e. we
have charm production from the sea s quarks).
There appears to be no significant enhancement in the ISl spectrum at

- + -
890 MeV for those events where m(Koﬂ e ) <1900 Mev, i.e. k%7 combina-

tions compatible with having originated from a'n° decay (see Fig. 36a).
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Only single V events have been included.



Clearly, mo conclusiy can be drawn here and the resolutiom of some
of these experimental discrepancies must await further data.

e) Hadronic decays of the D mesons. We start by reviewing briefly the

theoretical ideas leading to the possible extension to the SU, of the
octet enhancement concept in SU3. Consider a product of 2 hadronic cur-—
rents i.e. (ud)(su); its transformation properties will be those of a

H—K+ system and thus the isotopic spin decomposition will give

ST\ 12, 172 5 - == | 372, -1/2 5
3 V3

i.e., both T=1/2 and T=3/2 pieces. Experimentally, we have the AI=1/2

127,128) it

rule which appears to work to a few percent; theoretically is

attractive to explain it through the idea of octet enhancement. The

a 27 representation; it is only the latter that contains a T=3/2 pieces
and thus enhancing the 8 will automatically generate the approximate
AI=1/2 rule.

In SU the 8 is replaced by the 15, so again if our Hamiltonian is

X
to be of the current form, i.e.

H = JJ+ + h.c.

w
then we must decompose 15 x 15. If we limit ourselves to the symmetric
terms since H is symmetric, then we are left with 1® 15@ 20O 84.
The presence of charm and strangeness changing transistions excludes the

142)

singlet, and the 15 does not occur for the GIM current. We can now

consider the SU3 decomposition of the two remaining representations, i.e.
20 and 84. The charm conserving SU3 multiplet in the 20 is the 8; in the
84 we have 1, 8, and 27. Thus it is clear that to eliminate the 27 in SU,

one should eliminate the 84 in SUA, and the SUA equivalent of octet en-

hancement in the 20-plet enhancement.

~247=

To consider the experimental ramifications of this ansatz we

decompose the 20 into SU3 multip?zts i.e.

20-6@8@6"
where the 8 gives us the charm conserving transitions, and 6 and G*AC=+1 and
AC=-ltransitions respectively.lhe sextet dominance reduces the number of para-
meters needed todescribe the AC=+]l transitions and thus leads to some rather
stringent relations between different possible decay modes. Specifically,
all 26 charm changing decays of a pseudoscalar meson into two pseudoscalar

143)

mesons can be represented in terms of one common parameter.

126)

As men-
tioned before, there have been arguments put forth to the effect that
the 20 enhancement in SU4 will be minimal, a point of view at least parti-
ally supported by the semileptonic total branching ratios. What we want
to emphasize here, however, is that the enhancement hypothesis is subject
to A rather direct experimentzl test.

Experimentally, the most significant pieces of information have to

+

do with the measured branching ratio for D+ + %7 R p° -+ K_w+, and

(s} -+ o0 . .
D -+ K n @ . The interest in the two body decays stems from the fact

that iu the sextet dominance model we have the prediction,

rat -1y =0 @ -kt £0

On the other hand, the experimental branching ratios for these two decay

modes are comparable, i.e.lzo)

BR (07 = k%)

it
—
o

+ .6%

BR (0° + K 1)

1
[
N

+ 6%

To reconcile the data with the pradiction of the sextet dominance we have
+
to require that the D lifetime be significantly larger than the p° life-

time. We can define ratio R by

- + o
R =2 Tpgp (D )/rTOT (D7) .



The model would be in good shape if R were simill. Accordingly, we shall
consider next the general theoretical considerations regarding the value
of R.

If the Hamiltonian for the charm charging decays is of the current
current form then it must be mainly of the AT=1 type. This can be seen
easily if we consider the relevant transition in the quark picture, i.e.
¢ +s ud. This has the implication that in D+ decays the final state can
be only T = 3/2; in the p° decays however, it can be a mixture of both

+ -4+
T =3/2 and T = 1/2 (to see that consider for example D =+ K n 7 and

p° + Koﬂ+ﬂ~). This difference leads to bounds on R, i.e.
0<sRs<3
144)

as first pointed out by Peshkin and Rosner
143)

and independently by Pais
and Treiman
We consider next the experimental information on the D =+ Kurm
channels that has a bearing on this question.
The experimental facts are the following:
1 -~ The two relevant branching ratios are

BR(* > Koty = 3.9 & 12120

- 14
BR(® » K nn®) = 12 + 67 146
2 — The Dalitz plot population for the K_n+n+ decay mode is consistent

122) . . . *
i.e. there is no evidence for any Kp or K #

with being flat
contribution.

In addition,from the consideration of the AT=1 rule in this decay,
we have a theoretical prediction
- - +
I'(D+ + X n+n+) =4 T(Kr no)
which is valid for the case of no important intermediate state (i.e.
flat Dalitz plot).
Combining the experimental information with the theoretical prediction
one obtains R=12 + 6. The errcrs on this number are still large, but shculd

this result hold up with better statistics, it would be a serious

=245~

148)

problem as emphasized by Rosen. The least palnful way to get out of
it would be to accept important contributions due to K*n and/or Ko which,
in light of limited statistics at the present time, might still be com-
patible with the data.

We see thus the fundamental contradicting demands made on R; the
2 body data requires R to be significantly less than 1, the 3 body data
wants R as large as possible. One should emphasize here that the Kuw
problem is independant of the idea of sextet dominance; even 1f we abandon
the sextet enhancement, on much more general grounds .e have the require-
ment that R £ 3. Parenthetically, we should remind the reader that a small
R would also solve the apparent discrepancy discts.ed previously between

the vNe data and the D branching ratios.

In principle, at least, the question discussed above can be resolved
+
by extracting the separate semileptonic branching ratios for p° and D N

149) That

since the absolute rates for these decays have tc be equal.
question should be znsweired soon, either by comparing the RZe/Re rates or
by comparing the D branching ratio numbeis extracted at 3.77 and at 4.03
where the relative production rates for p° and Di are significantly
different.

We finally say a few words ebout some more general treatments of
hadronic decays of charmed particles. Quigg and Rosner138) have used a
statistical model to estimate the relative branching ratios. That kind
of model would be expected to be very good in the limit of very high mass
of the pérent particle and large multiplicity. On the other hand, for
decays involving only 2 or 3 particles special dynamical effects might be-

come important. The general predictions of this model are illustrated in

Fig. 37, for both the D% and Di decays. The predicted branching ratios
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Predictions of the statistical model for (a) p° hadronic decays

T ;
and (b) D™ hadronic decays. The shaded areas are the experi-

mental results from the LGW collaboration.
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have been renormalized to take account of the fact that the model does not
calculate the semileptonic decays (or decays involving n's for Di). The
shaded regions represent the experimental measurements.

In general, as can be seen from Table XIII the model predicts a

higher charged multiplicity than is observed experimentally.

Table XIII

Comparison of statistical model predictions with experiment

<n > <n >
(‘DO CD+
Model predictions 3.0 3.1
Experiment (Ref. 137) 2.310.3 2.310.3

51)

S. Kaptanoglu has adopted a different approach,l namely one utiliz~
ing PCAC with an extrapolation to physical region that takes final state
interactions into account. He also explicitly requires the validity of
AT=1., He finds that final stace interactions without requiring a specific
resonant state contributions, caa give significant enhancements for some

52)

of the decay modes. We should also mention that L. Maizmi1 has calcu~
lated the two body decay rates of charmed particles using the parton model.
He gets a good agreement with the experiment for the ratio of the branch-
ing fractions for ° s K_-n+ and D+ + K°n+.

In summary, we can say that the situation of the hadronic decays of
D mesons is far from understood. As can be seen from Fig. 37, the experi-
mental data is very scanty, and some of these questions probably will not

be answered until more information is forthcoming.



£) p° - BB mixing. We expect here an analogous situation with the

K'-K” system, i.e. physical states will be

1 -

T (DO + p°
v 2

where ¥ is a state characterized by a definite mass and lifetime. In other

words just as we have second order transitions, i.e.

Ko 1e x°

. . . . . ]
where 1 is some intermediate state that can communicate both with the K

0 . : :
and K~ system via lst order weak interaction so we expect also to have

D° « i+ D°

. . ' . X o
There is, however, an important difference here: whereas in the K,

o + - X
K" system one of the intermediate states could have been |7 7w >, i.,e. the
dominant decay mode, here the allowed intermediate states are the Cabibbo

suppressed states i.e, [nn's> since the states with non zero strangeness

cannot communicate with both D~ and D - Thus, whereas for K -K  system

we have Fs % Am, in the charmed system the ratio of the off-diagonal to

4 - .
diagonal terms is expected to be % tan Gc i.e. % 10 3‘ The experimental

ramification is that Do(or Do) will not live long enough to transform it-

self into the state of opposite charm and mixing effects will be negligible.

143)

In additicn, as pointed out by Kingsley et al. in the limit of exact

5U3, the mixing would vanish altogether, and thus the effects could be con~

siderably smaller than 10 3.

153)

On the other hand, one could have first order [AC|=2 neutral

. O o P . .
currents which would create D -D mixings effects on a time scale of the

order of D° lifetime. This interaction then would manifest itself as a

50% mixing effect. The experimental data exclude the latter hypothesis

but is far too poor in sensitivity to approach the standard model prediction.

In the 3.9 < ECM < 4.6 GeV region in e+e~ annihilations a search has been

54)

1
performed for charm events exhibiting apparent strangeness violation.

The absence of such events allows one to put a limit of 18% (90%Z C.L.) on

this kind of a process.

155)

A search in the 5 < ECM < 7.8 GeV region for the process

* +
D+—Pﬂl?o

L—) K+ﬂ-

has yielded a 90% C.L. of 16% for this process. This d.cay chain,

representing a AC=-AS transition, would also have to result from some

-0 fo s N
sort of D°-D mixing mechanism. A better limit on this mixing parameter
should be soon forthcoming from the DELCO experiment, from the search for

2 electron hadronic events, where the 2 electrons have the same charge.

(-
The D"-D” mixing phenomena can also give rise to observable CP

. . : o L0
violating effects in analogy to the K -K system. Since these effects are
expected to be small, howavir, and as yet no experimental data is avail-
able on this subject, we refer the interested reader to the extensive

literature on this top‘c%so)

g) Status of the F nd charmed baryons. The experimental situation on these

two topics is very scanty. Let us first summarize the totality of relevant
experimental data on the subject of charmed baryons.

57)

1 - One famous eventl of the type

- ++ + -
v“p -y Anrmnaw

has been observed in a BNL 7' bubble chamber exposure. None of the
other possible interpretations are stated to have a probability in

excess of 3 x 10‘5 and thus the event is most likely an example of



may

AQ=~ S which could be understood as a production and decay of a charmed
baryon. The effective mass of the A4w system is 2426 + 12 Mev.
58)

A narrow peak has been observedl in a photoproduction experiment at
Fermilab in the A m m system with a mass of 2.26 + 0.0l Gev/cz.

(see Fig. 38) The quantum numbers are consistent with the state being

a charmed baryon. In addition the experimental width of the state is

consistent with the resolution and thus compatible with a weak decay.

One should note that one of the 3 possible Aﬂ+ﬂ+ﬂ_ combinations in the
BNL event has a mass of 2.26 GeV/cz.

The inclusive p(p) cross section (expressed in terms of the point

59)

cross section) is reported to have a step around 5 GeV center of
mass energy. (see Fig. 39) To a lesser extent a similar behavior is
seen in the A{R) cross section, but the statistics there are much less
significant.

There appears no significant step in the inclusive antiproton cross

160)

section in the preliminary DASP data as evidenced by Fig. 40.

Note, however, that this plot is in terms of absolute cross section.

161)

There is some weak evidence from the UCLA~SLAC collaboration for

o im po ot I
a rise in the Ei production in e e annihilations at 7 GeV as compared
to 4 GeV. The evidence comes from a presence of a significant peak in

-t
the nm mass spectrum at the mass of Zi at 7 GeV, whereas no such peak

is seen at & GeV (Fig. 41).

Clearly the data are very scanty and some of the results quoted above

not hold up with better statistics. One can however draw some tentative

conclusions accepting on face value the main features of the results quoted

above.

EVENTS /25 MeV

0 [ N N N o
5 20 25 30 35 40

MASS  (GeV/c®) susass

- 4 - - 4+ 4+ -
Fig. 38 Mass distribution for (a) A # n 7 events and (b) Am 7 7 events

from the photoproduction experiment at Fermilab.
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Fig. 39
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Plot of the R value for (a) Ep production and (b) AA production

as a function of the center of mass energy.

1

(b) | + + +__
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++++++Jr

Eean, (GeV)

the SLAC-LBL collaboration.

J493A39

The data is from

Fig. 40

(nb)
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I
—e
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35 40 45 5.0
10-78 ‘/_S (Gev) 3491440

Tne cross section for pp production as a function of center of
mass energy from the DASP experiment. The data shown 1s pre-

liminary and includes only events with momenta above 500 MeV/c.



15 t T T ¥ i
(a)
. 1 - The mass of the ground state of charmed baryon spectrum is low enough
10 - g g
(2.26 GeV/cZ) so that it decays weakly,
% Sr - 2 - The production of charmed baryons ia evke_ annihilations bears the
g 0 I 1 1 | 1 I 1 same ratioc te non-charmed baryons as charmed mesons to mon charmed
~ (b) mesons (assuming that the rise in R_ - is due entirely to charmed
w s
L 15 bar duction)
= b - yon production).
W - -
> 3 - The observed larger rise in the pp system than in the AA system would argue
wl
10 - that a KN (an's) decay modes are rel_tively more important than the
5 hyperon modes.
The experimental situation wita respect to the F's is almost as scanty.
1 1 ] ] i l -
OO | 0 o.1 0.2 The F being a cs combination, the searches have concentrated on particle

systems containing either an n or a KK combination (n has some ss content).
Am=mz e-mgs (GeV)
Again we summarize the overall situation:

0.2 1 | T T ; 1 I ! T 1 - The DASP collaborationlez) finds evidence for an enhanced production
(C) : of n's associated with a soft photon at 4.4 GeV. One possible mechanism
A,c Threshold | explaining such an observation would be
Production ™~ . - *
" | ee >F + ...
+
(121§ | l_) F+y
b b O.f— | new ]
" I ARE" l—) n+ ...
+
Q , ! The relevant data are displayed in Fig. 42.
x Extrapolation 163) .
of 4 GeV 2 - The same group also found evidence for enhanced n production at
Results a fns 4.16 GeV when no soft photon requirement was made (Fig. 43). The detailed
! l ] |
0 m__ spectra in the region of these two enmhancements (4.16 and 4.4 GeV)
0 2 4 6 8 Yy

are shown in Fig. 44,

10-78 Ec.m. 3493a41 162,163)

3 - The same group has also looked at specific events to see whether

Fig. 41 The 1" data from the UCLA-Mark I collaboration. Im (a) is any 2¥ + soft Y+ 7 events at this emergy gave an acceptable fit elther
displayed_  the difference between the mass of the nn® system to the hypothesis ee” LF 4+ (F+ v )
and the 2$ mass at 4 GeV, and in (b) the same quantity at 7 GeV. T+ n soft
The corresponding R): value at these two energies is shown in (c). - Yty
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- * *
or e+e +F +F
L>F+y

T +n

[ I T 1 J | i T Loy +y

soft

%
40 — . — — For each event the mass of the F (or F ) were allowed to be a free

*
parameter but the mass was forced to te the same for the 2F's (or F 's)

B - N in any given event. The events fitting one hypothesis generally also
% 30 | ] | _ gave a satisfactory )(2 for the second one with slightly different mass
= values. The events satisfying the first hypothesis are displayed in
8 = = - Fig. 45. The cluster in the upper right hand corner is interpreted as
; coming from the FF*production giving m, = 2030460 MeV and mF* = 2140
BL:J 20 ] B 7 + 60 MeV.
E — - . 4 - The SLAC-LBL collaborationw[‘) has studied the KK (nm) combinations at
L the ECM energy of 4.161 GeV. Treir preliminary data analyzed on the

- — + - =
|O hypothesis of e e - FF is show: in Fig. 46 indicating a possible F
with ¢ mass of 2039.5 + 1.0 MeV. The channels into which the F is

forhidden to decay according to the GIM scheme, show no such enhancement.

O|||1[1n—[||1

Again, to summarize the situation, we can say that there appears now

O 0'5 I'O O 0'5 |.O to be a reasonably good and self consistent evidence for the existence of
M IN GeV an F meson with a mass in the appropriate range. Its apparent weak decays
10-78 YY 3493A44
support the conventional charm picture.
h) Charmed particle lifetime. We shall finally discuss the theoretical
and experimental situation on the D lifetime. As we saw above, only crude
Fig. 44 Distribution of m  for (a) Egy between 4.10 and 4.22 GeV ® o

without soft photon requirement, and (b) at 4.4 GeV with the - hand waving arguments can be made about the total decay rate; on the other

soft photon requirement. The data is from the DASP experiment. hand, one can estimate the D -+ Kfv rather reliably, since presumably one

knows the matrix elements reasonably well, and the only uncertainty comes
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Fig. 45
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Scatter plot of events that fit the reaction e+e - FF

*
F+nm, F —+ Yeoft F. The data is from the DASP experiment.
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KY¥K™ 7t {a)
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K*K°®
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Background

LHWH;

(b)

EVENTS
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2000 2020 2040 2060 2080
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+ - +
Fig. 46 Preliminary invariant mass spectra at 4,161 for (a) KK 7,
- KfK~w+w_w+, K+K° combinations and their charge conjugate states

and (b) K™ and KK 1" combinations. The results are from

the SLAC-LBL collaboration.



from the value of the form factor f+ (the other form factor, f_, will not

If K&, data can be our guide, then one can

contribute to the Kev decay). 3

*
probably assume that f+(0)=1 and pole dominance (F in this case) are

reasonable assumptions.

165)

The calculations for comnstant form factors give (D > Kgv)

H _1; inclusion of form factor dependance raises this to

165),147)

B 1.1 x 10 sec

11 -1

*
1.4 x 10 sec =, The less reliable calculations for T(D + K 2v)

and I'(D » Kmiv) give 0.8 and 0.5 x 1011 sec_1 respectively. This is in good

agreement with qualitative indications from DELCO that Kev 1is responsible

for 50% of total electronic decay rate of the D.

%3 x 1053

These arguments give us

sec for the D lifetime, and a pretty rigorous limit of

T 29 x 10713
*

K ev or Kmev contribution.

sec, on the assumption of constant form factors and no

There is indirect experimental evidence on the question of D lifetime
through measurements of lifetime dependent limits on charm production on
one hand, and positive results which can be interpreted as observation of
charm production in hadronic interactions on the other hand. We shall end
these lectures with the discussion of these experiments and comparison
with the numbers discussed above obtained through theoretical arguments.

In principle, the most stringent limits on charm production in hadronic
interactions come from the emulsion exposures at Fermilab. These experiments
look for short tracks emenating from a proton interaction, and to avoid

backgrounds require two such tracks (l.e. associated production of charm)

The two most sensitive ex-

167)

to classify an event as a charm producing one.

166)

periments by G. Goremans-Bertrend et al. and by W. Bozzoll et al.

have comparable sensitivity, insofar as the latter experiment looks at a
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smaller sample of events but accepts a larger field of view. Neither
experiment sees any double decay events, but the limit that corresponds to
it is very highly lifetime dependent since the efficiency for detecting
two decays varies strongly as a function of lifetime (see Fig. 47).

Three CERN experiments have recently reported evidence for excess of

. s 1
electron neutrino events coming from the beam dump. 68)

169)

Both the Gargamelle

and BEBC collaborations have been able to identify the individual

1
70) has seen an excess

electron neutrino events; the CDHSB collaboration
of apparent neutral current events whose characteristics were such that

they are most readily interpretable as the v_ events. The details of the

170 and his comparison

three experiments have been summarized by Wachsmuth
of expected and observed event ra.es is reproduced below in Table XIV.
If one interprets these data as dus to the process

p + nucleon + DD + anything

folloved by semileptonic decay of the D then one obtains the following
2/3

pp cross sections, on the assumption of A dependance
BEBC, Gargamelle 100-200 wb
CDHSB 40 b

A lirear A dependance, which might be a more reasonable assumption on the

172)

basis of the ¢ production data would give cross sections a factor of

smaller. We can make several comments about these data:

1 - For the purpose of subsequent comparison with the emulsion data the A
dependance question is irrelevant since the value of A in emulsion and
the beam dump experiment (which used copper) is very comparable.

2 -~ The CERN experiments do not contradict the most stringent lifetime

Aindependent experimental limit on charm production in this energy rangé73)
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t

obtained by looking for p° » K; + 1 decay. With some assumptions
about y dependance. their limit is about 25ub for p° and E produc-
tion. It thus should be multiplied by at least a factor of 2 (to allow
for D+, F's, charmed baryons) for comparison with the CERN beam dump
experiments. Clearly the A dependance assumption is important here.

3 - There is clearly an internal inconsistency between the bubble chamber

experiments and the CDHSB experiment. The data relevant to the 3

1000
detectors has been summarized by Wachsmuth”l) and is reproduced in 2 000 :\\\ UL L L B AL LR L L L AL | 7Y
2 I \\\ -Upcer Theoretical .
Table XV. The origin of the discrepancy is not understood at the present - \Y CIT-Stanford Limit B e Y 4
g\ T — :
time. = -
Table XV S W BEBC-Gargam e/ /’/ //
& 100
= \ 7 -
Comparison of the signal in the three detectors » E AN - /// 3
2 - "\ CDHS® B prie 3
BEBC CDHSB [ARGAMELLE] € L N i
> z - Emulsion Upper Limit 7 B.C.Upper
0 mr |15 mr 0 mr 0 mr Q (Scoled 1o 400 Gev/c) 4 Limit
G 0k l ]
3 & FNAL 3
mass (t) 13 12 580 10.5 e c L Neutrine 3
a N Event h
solid angle (ust) 10 9 10.8 1.8 @ i v 7
& Theoretica! Volue 7
length (m) "3 9.3 4.6 [ NS RIS AR T] B NI S RTLT I S A RN 11! BN AR 111 | B S FIN R R IT!
~16 - - - - -
interacting protons (1017) 3.5 3.7 4 3.5 Y 1o7's 1ot 10713 1o'2 1o
10-78 MEAN LIFETIME (sec) 3493448
distance from target (m) 820 890 950
~
neutrino flux dilution 1.0 0.85 0.75
y~ events (E; > 20 GeV) predicted 17 4.5 790 10
observed 26 7 850 =y rig. 48 The relevant data that has a bearing on the production cross
excess e+ and e events (Evis>20 cev)| 11.3 1.7 236 7.3 section and lifetime of charmed particles. For ease of com-
normalized to BEEC (0 mr) T TG 78 1 parison all the experiments on nuclear targets have been
<E> of excess events (Evis>20 Gev) 71 10 85 73 ) converted to the nucleon cross sections by assuming A2/3
dependence.
v flux per proton and psr, derived -8 _8 8 _8
€ + - 5x1077f 2.1x167° [1.8x10° 5%10
from excess e, e~ events
(E_, »20 GeV)
vis

* 15 mr data were obtained with a Be (rather than Cu) target
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Recently the Cal Tech~Stanford collaboration has presented resultsl74)

indicating the production of single prompt u's in p-Fe collisjons. Their

preliminary analysis indicates that the observed rate, if interpreted as
due to production and semileptonic decay rate of D mesons, would corres-
pond to a cross section of about 40 pb (uncertain to a factor of 2) if one
assumes linear A dependance.

There are a couple of final experimental comments to be made about

75)

. : . s : 1 .
the D lifetime. The Fermilab neutrino emulsion event, interpreted as

a possible charm condidate, had an observed lifetime of 6 x IO_IBSec.

Furthermore, the amalysis of 2p events in the v bubble chamber exposures

. -12 176
appear to exclude lifetimes longer than 2-3x 10 1 sec. )

ec
The experimental data and theoretical considerations discussed above

are displayed in Fig. 48. The translation of the emulsion limits to a

curve in the opp T~ Tp Space has been taken from the analysis of Crennell
et al.177) There is probably a narrow window i.e.
5x 1072 < pp <107t

with which all the pieces of information can be made compatible. Whether

this is indeed the case, or whether this topic contains some deeper myster-

ies, will be hopefully answered in the future with more experimental results.

The lifetime range quoted above, coupled with a y g 10 gives a typi-

cal mean decay path of the order of one millimeter. These distances

unfortunately fall into the awkward region of being too short for a bubble

chamber or electronic detectors, but unconveniently long for the emulsion

73)

experiments. The newly developed high resolution steamer chamberl should

however be able to cover well this lifetime range.
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OBSERVATION OF PARITY VIOLATION IN POLARIZED ELECTRON
SCATTERING

pavid J. Sherdan
Stanford Linear RAccelerator Center

I. INTRODUCTIGN

I am going to discuss an expe:iment (1) performed at SLAC to
zeasure a parity non-conserving asymmetry in the deep
inelastic scattering of electrons from deuteriua, The
pacticipants in the experiment, and their institutions, are
listed in Table I. The reaction measured is
e {(polarized) + d --> e' + X. (1)

in which only the scattered electron is detected. The
asymaetry sought is given by

R

A =g " aL
<)

N (2)
R 4+ oL

L
in whict 0 is the differentia’ cruss section 4d o/dQdE', and
the ruperscripts R and L designate the helicity of the
incident electron as right-handed and left-handed,

respectively.

TABLE I
Participants
SLAC Yale
C.Y. Prescott J.E. Clendenin
W.B. Atwood V.W. Hughes
B.L.A. Cottrell N. Sasao
H. DeStaebler K.P. Schuler
BeLe. jarvin
A, Gonidec CERN
R.H. filler M.G. Borghini
L.S. Rochester
T. Sato Aachen
D.Jd. Shkerlen K. Lubelsmeyer
C.K. Sinclair ‘
S. Stein Hamburg
R.2. Taylor W. Jentschke '



Bacause the asymretry given hy eyg. 2 violates parity

conservation, and one does not expect such a violation in
parely electrodymamic processes, measurement of such an

asymaetry provides a anigque opportunity to observe
interference effects bhetveen the weak and electromagnetic

asplitudes. Furthermore, because recent gauge theoretical

godels provide specific vpredictions for the asyametry (2),
its measurement can test current theory at a rather

fandamental level.

In virtually any weak/electromagnetic theory the asymmetry is
expected to be of the form

2
Gy -4 2
A= f{rodel)y~ 10 ¢ £, (3}
Umna

¥here ¢ 1is the Fermi «coupliny constant, a is the
2
electromagnetic coupling constant, Q is the square of the
2
momentum transfer (im Sev ), and £ is some model dependent

fupction X1 (3). Conseguently one expects the size of the

asyractry to be,5164 Q2

Specific calculations fros a number
of theoretical models give predictions in accord «ith these
simple argquments. The prime difficulty of the experiment

then becomes the measSurement of such a srall asymmetry.

The amajor elements of the experiment are shown schematically
in  fig. 1. ©polarized electrons whose helicity could rapidly
be reversed were produced frowm an intense gallium arsenide
source and injected into the SLAC accelerator. An extensive
b2am zonitoring system was Used to stabilize the accelerated

beam and to verify the apsence of systematic effects due to
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asymmetries in beam parameters. Flectrons inelastically
s.atterel from a deuteriunm targyet were momentum analvzel by a
three elz2ment maqgnetic spectromweter and detected in 1  gas
Ce2renkov zounter and a lead glass shower counter. 3ecause of
the high rates roquireﬂlhv the evperiwzent, the Adectentors were
iastrumented to measure the scattered electron flux cvather
than to count individual scattered eleaztrons. The
polarizatinan of the incident elestron team was measured after
acceleration using Moller scattering from a longitudinally

magnetizad supermendur foil.
II. POLARIZFD ELFCTFON SONURCE

The high statistical precision of the experiment required the
Jevelopment of an infpnse source of polarized electrons.
Furthermore, the waipimization »9of systematic effects placed
stringent requirements upon the source. In vparticular, it
vas important that the beam helicity be rapidly reversible,
and that changes in ‘the hear parareters upon helicity

reversal should be negligibly small,

The source utilized optical pumping by circularly polarized
light of electrons in a gallium arsenide crystal from the
J=3/2 valepce band to the J=1/2 conduction band (4%, as
(hopefully) can be aunderstood from fig. 2. The circularly
palarized light has a well defined spin component alonj the
iacident Adirection (2). Hence for a given photon helicity
{(¢t/- 1), siwmple consideration of Clebsch-Gordan coefficients

indicates that the ratio of (J,= ¥3/2-->31/2) to

J=1/2
Conduction Band AE

Valence Band

J=3/2
+3/2 +1/2 -1/2 -3/2

8~78 3388A14

Pig. 2. Schepatic illustration of the electron spin
structure for the valence and conduction bands of
galliunm arsenide crystal.
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Jz= %1/2—->¢1/7) transitions shotld e 3 to 1, thus giving a
prlarcizatian  of €S0% for the conduction hand electrors. The
surtice of the rrystal <can be treated with cesium and oxyqgen

ta produce a nejative affimity surface, allowing the

za3ndiaction hand electrons td escape from the crvstal.

Tag 3our<T2 apparatis is shown scheﬁaticallv in fiq. 3. A
pulsed 4dye laser was used to produce light of =71003 which
passed throuth an opti~al ponlarizing system to produce the
circularc polarization. Tke circularly polarized 1ight
iacidient on the GaAs crystal caused the emission of
longitudinally polarized electrons. These were accelerated
through 2 65 kV potcntial in a structure very smilar to that
2f the unpalarized th=rmionic electron sources normally nsed
it 5LAC. The 9polarized electrons were then magnetically

deflected by 900 and inimcted into the accelerator.

12
Bzam intansities o©of 2x10 electrons per 1.5y, sec long pulse

(natched to the acceleratnar duty cycle) bhefore injection vere
11

achieved, resulting in heams of 1-4 x 10 electrons per

pulse after acrceleration, The average bear polarization

obtained was 377,

The optizal polarizing system by which the beam helicity was
reversed 1is shown schematically 1in  fig., 4. Because the
h2licity of the electron beam is determined by the sense of
circular oslarization of the incident light, the objective is
t> produse a circularly polarized light source whose sense of

pd>larization can te rapidly reversed with minimal changes in

-65 kV

Insulator

GaAs ~rystal

X

A Focussing Coils

2

) //
M t £ Iy occ
& A e|e|0'0|

Dye Polarizer

l.aser

Q
_~7I100A

P

Mirror

-7s
RETTPAE]

Fig. 3. Schematic illustration of the polarized source.

-270~



Rapid Reversal
(random)
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(rotated by 90°)
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Beam
OPTICAL REVERSAL SCHEME 238043

schematic illustration of the source optical
polarizing svstem.
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other parameters. Light from the laser vwvas first linearly

polarized using a calcite (Glan) prisa. The linearly

polarizeil light was then circularly polarized using a Packels

c2ll, which may be thought of as an electrically driven

fractional wave plate vhose retardation is proportional to

the applied electric field. Application of a voltage of a2

kv resulted in a quarter-vave plate, producing the required

circular polarization, The retardation in the Pockels cell

is reversible with voltage, so that changing the sign of the
applied voltage reversed the sense of circular polarization.

Thus the only change required to reverse the beam helicity

wis the veversal of the sign of the voltage applied to the

Pockels cell. In particular, no mnmecharical =motion wvas

ra2gueired, and ro changing magnetic fields were involved.

The Pockels cell voltage could easily he reversed within the
8.2 nsec hetween beam pulses, so that the beam helicity could

bz reversed on a pulse to pulse basis. This ability to

sbtain many reversals was important in eliminating the effect
2f long-term drifts in the source, accelerator, and detection

system, R=2ther than wusing a fixed pattern of helicity

changes, thé helicity for each beam pulse was chosen randoaly
in order to avoid accidental correlations between helicity

and any periodic patterns which might he present in the

acceleator beam parameters. The random helicity selection

wis obtained using the number of disintegrations detected

from a pair of radioactive sources.



YITI. MEASUREMENT OF THE BEAM POLARIZATYON

The polarization of the beam was méasured after acceleratic
using Holler (elastic electron-electron) scattering fros a
magnetized supermendar foil as shown schematically in fig.
5. The foil was tilted at 20° with respect to the beawm axis
in order to provide a large longitudiral polarization, and
was magnetized using a Helaholtz coil. Electrons elastically
scatterel in the horizontal plane at 30° in the center of
®1sSSs vera momentuR analyzed in the vertical plane by a septunm
magnet and detected in a proportional wire chamber placed
bahind 4 radiation lengths of tungstern to enhance the
electron signal. The wires of the chamber vere spaced
horizontally to provide an anqgular distributicn. Because of
the high counting rates involved, tpe vire chasbers could not
r2solve individual scattered electrons. Instead, the outputs
from the chamber were integrated over each beam pulse to
provide a sigonal which, when normalized to the incident bean

£5r that pulse, wvas proportional to the cross section.

The asymmetry measured, =alculable from quantum
electrodynamics, is the asymmetry in the differential cross
saction for longitudinally polarized incident and target

alectron spins parallel vs. anti-parallel:

Amorr= 'p - "a = -7 at 90° in c.m. ()
g +a 9
P a
When the finite target polarization, the non-Moller

backgrounds, and the angle of target magnetization with
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respect to the beam axis are taken into account, one obtains

an experimentally oiserved asymmetry of
exp ~
M Moli™ 0-05% (5)

vhere Pe is the polarization of the electron bean.

Sample results of the angular distributions obtained are
shown in fig. 6. The Moller peik is clearly visible in bhoth
the cross section and1 in the measured asymmetry. The
bickground is principally due to the radiative tail from
scattering off nuclei. The finite asymmetry at small angles

is due to the radiative tail of ®oller scattering.

Bacanse of +the high counting rate available, the beana

pdlarization could be neasured with good statistical
precision (8F, /P, ~ 3% in approximately 20 minutes.
Systematic errors are estimated to be ﬁqa/Pe o~ 5%,

principally due to uncertainty in the background subtraction.
The beam polarization was measured roughly once every eight

hours.
IV. SPECTROMETER

Bacause of the factor Q? in eqg. (3), one might be teapted to
parform the wmeasurement at very large Qz. However, the
ra2lative statistical precision of the experiment is
proportional to Mk , ard the cross section falls faster than

f - Consequently, one does fnot gain statistically by

increasing Q2, and ve content ourselves with 02~ 1 Gev. In
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Fig. 6. Angular distributions from Moller scattering:
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order to maxisize the detected scattered electron rate, a
spectrometer was constructed which, at least by End Station &
standards, had & verv large ac~eptance. As shown in fiqg. 1
the spectrometer consisted of two hending nmagnets and one
gquadrupole. Flectrons were scattered from the 30 cm liquid
j2uterion tacget at 4 in the vertical plane, and wmomentun
analyzed in the borigzontal pléne. The quadrupole was
horizontally focussing in orier to provide momentum
rasolution within the spectrometer acceptance, although this
faature vas not used hv the .present experiment. (To the
axtent that the target may be considered a point source in
the vertical plane, vertical focussing is Bnot necessary to

obtain angnlar resolution.)

Most of the data were taken with a beam energy of 19.4 GeV
and a spectrometer mozentum of 14.5 GeV/c. Fig. 7 shovs the
sross sectionm at 19.4 GeV for electrons and -pions as a
function of nomentue, together with the spectrometer
azceptance. As can be seen from the figure, the momentox
azceptance is sufficiently broad to have some acceptance in
the elastic and resonance region. For beam energies above 19
3e¥, however, the elastic and resonance cross sections

contribute only a few percent to the total yield.

It should also be noted that the pion réjection of the
jatectors was rather poor. Pion backgrounds were kept to a
few percent of the electron signal by the simple expedient of
speratingy im a kinematic region where the‘ pioﬁ to electron

ritio is very small.

(nb/GeV ster.)

CROSS SECTION

-274-

] i
Deuterium
1.6 Target —
8=4.0 deq. SLAC(1975)
A\ 1)
.4 ]
1.2 ]
1.0 ]
0.8 B
. 0.6 ]
0.4 ]
II Momenium/\\
T Acceptance \
02 B I N
‘\\ ! \
F~ h
12.5 150 17.5 20.0
E' (GeV)

Spectroseter acceptance and electron and pion cioss
sections from deuterium as a function of momentum
for 2 beam energy of 19.8 GeY and scattering aagle
of 4 .



v« ELECTRON DETECTORS

The seall size of the expected asymmetry presents a serious
problen even in the simple consideration of coanting
statistics. Considering that some theoretical models predict
asymmetries of sigrificantly less than 10'“, one would 1like
ts> obtain a precision of £10°5 , which requires the detection
of :1&0 scattered electrons. If. ve were to perform a
traditional counting experiment, the limitation of the SLAC
daty cycle to I1 event per beam pulse would then require ~3
years of actual ranning time to obtain the required
statistics. (FPurthermore, if the 'events were recorded on
magnetic - tape, then even a modest detector arrangement would

5
reguire 10 magretic tapes).

The alternative adopted was to detect approximately 1000
scattered electrons per 1.5 wusec beam ©pulse (at 120
palses/sec) by measuring an integrated sigmal proportional to
the "flux" of scattered electrons, rather than to <count

individual electrons.

As shown in fig. 1, two electron detectors were used. The
first was a nitrogen-filled Cerenkov counter, which .¥as
frllowed by a 9-radiation-length lead glass shower counfer.
the anode current of each detector was

For each pulse (i)

integrated to provide a flux Y ¥hen normalized to the

i

incident beam intemsity Ii for that pulse (obtained from the

=275~

b2am-induced signal in a resonant toroid wmonitor), this

provided a guantity prorortional to the cross section:

L —— (6)

Clearly the two counters conld not be placed 1in coincidence
bacause of the high rates in the Jdetectors. The purpose of
using two detectors was to obtain two separate (although not
statisticallv independent) =measurements of' the asy-!eéry.
The agreement of the results between the tvo detectors, which
used separate electronics and tad significantly diffefent

rzsponses to pion and soft photom backgrounds, provides an

iaportant consistency check.

A third detec;or, not shown in fig. 1, vas used to aeasure
rion backgrounds. This detector wvas a lead glass counter
placed behind 27 radiaticn lengths of lead, which in turn was
lr>cated behind the shower counter. Electrons were absorbed
in  the showsr counter and the lead, so that only hadrons
{principally pions) and muons conld penetrate to the pion
coanter. By searching for an asyametry in this counter, we

could verify that the asymmetry observed in the electron

latectors vas not due to the hadron background.

Characteristics of the detectors operated in the flux wmode
are shown im Table TI. A further characteristic, which I

vish to iiscuss in somewhat more detail, is the guestion of



statisticzal accuracy. This is impot?an? both in verifying

that the de+* :ctors vere operating properly, and in
unierstanding the definition of the statistical uncertainty

of the measurerments.

Table IY
Flux counter characteristics
Non-linearity S0t s
Stability ~0.5% over 3.5 hour run
Pion contamination
Shower counter 2%
Cerenkov counter 4%

3tray lbackgqrouni << pion contamination

For an ideal counter the statistical wuncertainty in the
m2asurement of the cross section ¢ for a single pulse is
12termined hy the number of detected electrons W  for that
pilse:

c
= 7

L =
i

qf

b3

{
pE | =

where T4 is the incident bhear intensity, and C is a coonstant
ralatiny the incident ap1 scattered beam intensities. The
constant C was measurel hy runping with a very low bean
intensity and operating the detectors in the counting meode to
determine the numter of scattered electrons ‘per unit of
ircident beam. (Note that the constant C was used purely for
zalibration purposes, and was not used ir the data analysis.)
Operatiny the Jdetectors in the flux mode at higher

intensities onc coull eeasure 4oy /0y at a gJiven intensity

simply bv measuring the rms fluctuations in the value ofci

=276~

over many pulses. Thus we could compare the performance of
the detectors with that erpected from eq. (7). The measured
vilues of §c/0 for the shower counter are shown in fig. 8

plotted agaimst 1/YI. The solid line shows the behavior

ro® the independently measured calibration comstant
C. The agreemcnt between the ohserved and expected behavior
is quite good, indicating that the sta:istical behavior of
the detectors is indeed dominated by the statistical

fluctuations in the number of detected electrons.

T> combine the cross section measurements of eany pulses ({of
perhaps different beam intensity) we +ish to weight each
pulse by L@ciz , which we bave now verified to be

proportional to incident beas intensi 'y 1 The average

i
measured cross Section <o > and its statistical uncertainty

§g are then giver by

16, Y. Ty
<> =it =47 (8)
O SR
1 i
2 2 2
S0 = (g >=<¢> }/n (9

where n is the nusber of measured pulses.

By maintaining separate sums over beam pulses with each
halicity (which we designate by super-scripts ¢ and - (5)) we
lefine -the experimentally measured asymmetry A gy, and its

r2lationship to the desired physics asymmetry A as
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At this point I wish to emphasize that, becaanse of 1long-tern
irifts in the syster, we could not measure the absolute cross
s2ction to withir the statistical errors of <1d§ . However,
b2cause of the cancellution of drifts obtained by tﬁe
frequent helicity reversals, the regquisite accuracy could be
sbtained 1in the relative asymmetry measurement givem by eqs.
(10) and (11). Two tests were made to verify the 1legitimacy
of the quoted statistical uncertainties in the asymaetry

m2asurements.

The first test vas to measure a null asymmetry using the
sdrmal SLAC unpolarized "gun" beaa, rather than that from the
polarized source. The same randor bit generator as vas used
ts set the source helicity was used to tag each beam pulse as
hiviag + or -  helicity®, and an asymmetry vas mseasured
azcording to equation (10). The resanlting asymmetry obtained
was
Rpyp 70-37 = (-2.5 2.2yx107°

which is consistent with the expected value of 0. Here 0.37
is the average value of the beam polarization obtained with

the polarized source, averaged over the entire experiment.

(fe divide by this averaqe polarization so that the results



23y be compared with the observed physics asymeetry of

~16x1075 )

One zan further test the statistical consistency of the Adata
by lookinjy 2t the data on a run by rtun hasis, where a single
tan consisted of a few hours of data takirg. The individual
asymaetry @measurements for the dun bear data are shown as a
function o€ run seaunence in fiq. 9, from wbich it can be seen
that tkere are mno gross departures from the calculated
statistical nncertainties. This is shown more quantitatively
in fig. 10, which shows the distribution of variaances,
Assh, of the individual measurements. This distribution
should bhe a gqaussian of unit standard deviation, consistent
with the results obttained. ~In particular, we obtain a
standard deviation of 1.,02%0p.13, corresponding to a X2 of 27
with 26 degrees of frecadom for the agreement of the

individual runs with zero.

The second test of the statistical consistency of the data
also wmeasured a null asvmmetry, but in this case used the
paolarizel beam data itself. 1In this test, the ‘"helicities"
of the beam pulses were artificially juggled such that a
false asymmetry was measured between sets of beam pulses
which in reality had the same‘ helicity. The resulting
opserved asymmetry was
Nxp /Pe =011 £ 1.2)x107 .

The result is again consistert with the expected value of
z2ro, and with run to run distrihutions about Zero consistent

with the calculated statistical uncertainties of the
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m2asurements.,

VI.. BEAM MONITORING

While the tests just described astablish that the statistical
uncectainties of the asymmetry measurepents are being
pcoperl§ calculated, they <o not address the potentially more
sa2rious problem of systematic errors. Since the observed
sross section clearly depends upon parameters such as beam
anergy and position at the target, as well as upon hean
halicity, it is important to establish that there are no
significant <changes in tkese varameters which are correlated
with beam helicity. An extonsive beam monitoring system was
used for this purpose. A lint »f beam parameters which vare
m2¢ sured £or each beam piulse is aiven in Table III and shown

s~hematically in fig. 11.

Table IIX
Peam monitors and corrections
5

Parametor Device Resolution §X 10 GA/Q2

per pulse (correction)
I Resonant toroid n.027 0.01% -0.03
63 Resonint toroid 0.02% 0.01% -0.03
% uvave position monitor 0.01% 2x 1074 2 -0.35
B gwave phase difference 0.01% 2x107° ¢ -0.35
X pwave position monitor 10 p 0.09 p <0.06
14 pvave position monitor 10 g 0.03 -0.013
8 pvave position monitor 0.3 prad 2x1077 prad <0.05
e; pwave positiorn monitor 0.3 prai °?x107° prad <0.01

Tae Dbean intensity was wreasured using tvo independent
rasonant toroid monitors (6). In these devices, which have

baen in use for a nunber of years, a signal is induced which
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is proportional to the the electric charge of the bean
passing through the toroid. At the beawm intensities used in
this experiment, resolutions of ~0.02% for a single beaa

pulse were obtained.

The horizontal and vertical beaa positions just upstreams of
the target vere wmeasured using resonzat wmicrowave bean
pasitios monitors (7). In these devices the 2856 NHz
structure of the SLAC bearm is used to induce a signal in a
tuned microwave cavity. The cavity operates in the TH120
#yje, giving a node at the center of the cavity (located on
the beam axis) in the plane of interest (horizontal or
vartical). The operation of the monitor can best be
understond by analogy with a piano wire. I{ the wire |is

struck exactly 1ia the center, no first harmonic will be

ja2necated. If *he wire 1is struck & small distance
off-center, bowever, a firsit harmonic will be generated which

is proportional to the distance off-center and to the
strength of the impnlse 209pliel. By analogy, the microwave
pasition monitsrs oproduce a signal proportional to the
iistance off-axis of the beam and to the beanm intensity.
Rasolutions of ~10ym in position wvere obtained at typical

beam intaensities,

The angle of incidence of the beam vas measured using a
s2zondl -set of microwave position wmonitors =~ 50a furthér
apstream. A fifth hkorizontal position monitor, placed in the
haam switchyard at 1 point where the hear 1is wmomentus

iisparsed, was usel to weasure the heam energy with a single



palse resolutior of /6E/F <0.01%. An additional measurement

of the enerqv, with comparable resolution, was obtained usinq

aicrowave ipntensitv monitors located before and after the

baam switchyarl (8). The relative phase of the two monitors

gave a mz2asure of thte pathlength through the svitéhvard,

which is determined almost solely by the bear enerqy.

Ia aidition to being read by the main online computer, the

baam wmonitors were also read by an LSI-11 microcowmputer used

ty drive vernier steering magnets amnd a pair of vernier

klystrons in order to stabilize the average beam position and

PRnerCJy. Because rost steering changes were associated with

changes in the accelerator rather than in the switchyard, an

aiditional set of four position monitors and vernier

correction magnets were installed at the exit of the

accelerator in order to stabilize the beam steering joing

into the beam switchyardl.

The corraction to the physics asymmetry due to an asywmetry

in sosme beam parameter X is given by

~1 4o 8x
6k = —  — — (12)
Pecdx 2

+ - . PR .
wvhere 8 = <X >-<X >. Hence in addition ¢to measuring the

differente between the averaqge parameter values for the tvo

beam helicities, one must also know 1/0 {o/3X. This cross

seztion coefficien% could be determined in several wvays. For

most of the beam parameters, the coefficient could be

zalculated from the knovn kinematic dependence of the cross

s:ction, usinyg a Monte Carlo proiran to include geometrical
and accrptance effects. The coetfficients could also be
m2asared exporimantally by changing the beam parameters by

known anounts and observipg the associated change in cross

saction,

The cross section coefficients could also be measured

experimentally wusing the lata of the exreriment itself. To

seze that this can easily be accomplished, wvwe simplify

slightlv to the <case in which the only important bhean

pirameters are helicity and energv. (This simplified picture

iz, imn fact, a reasonable approximation to the actual

physical situatior.) Tyrical pulse to pulse changes in the

: s s . -5
crass saction  due to  helicity flios were A5x10° , whereas

. . ~3
chanjes iue to randonm fluctuations in energy were ~Ix10 .

Bzcause the correlatior between energy and helicity was

extrenmely small, one could measure the helicitv dependence of

the cross section hy averaging over enerqgy. Tt should be

clear, however, +tkat one could also measure the energy

ia2pend2nce by averaging over helicity.

Tha simultaneous measurement of the Cross section

coefficients in addition to the energy is somewhat .more

zomplicated hecause of the presence of strong correlations
hetween beam pararetars, Consequently, the simsultaneous
d2termination of mualtiple coefficients required the

accumulation and inversion of a corelation matrix bhetwaen

beam parameters.



AjCeedent imonas ~woSs seration ~ozfficients as  determined by

the three @rmethods was ~uite satisfactoryv. The agreement of

the coefficients determined from the matrix inversion with

those obtained by more straight-forvard reans vas important

in establishing the abscnce of unmeasured bheam parameters

which signi€icantly affect the cross saction. I£ such

piraneters wern vresent, one  wonld expect the matrix

inversion to result in artificially larqge values of some of
the coefficients Lecause of corctelations between these beanm
pirameters and the unmweasured parameters.

. . s 2
Correctiosns to the final asymmetry (divided by @) due +to
asymmetries 1in

beam parameters are shown in Table IIXI, from

which it can he seen that the only sigrificant correction is

that 3Ju> to beam enerqy. This asymmetry was due to a swmall
intensity differecce between the tvo heams of opposite
h2licity. Because of the presence of beam loading in the
azcelerator this resulted in a seall (f\,2x10"6 ) enecgqgy

difference at the farget. For some c¢f the beam parameters we

could determine omly an upper 1limit onrn the corrections.
However, the limits vere significantly stringeast to
demonstrate that corrections for these parameters were

negligible. The net correction Adue to beam parameter

asymaetries was only 4% of the final measured asymaetry,

which is 41/2 of the statistical unceftainty of the
experiment (9). ¥e thus conclude that beam parameter
asymeetries, while present, are not important. The

sarrection has been applied to the final answer obtained for

the experiment, but not to the other fiqures shown in this

piper. We have assigned a systematic uncertainty to the

correction of 100% of itself.
VIT,CONSISTENCY CHECES

The asymmetry measured at a heam enerqgy of 19.4 GeV is shown

20 a ram by run basis in €fig. 12, wvhere a single run

typically corsisted of 3.5 hours of data taking. It can be

saen that an asyemetry is clearly present, and that the

2ffect is present througaout the data rather than being due

t> isolatel anorolnus runs. The distribution of variances

ibout the mean, (A-<A>)/8k, is shown in fig. 13, Again the

with a gaussian of unit
2

X of 44 with 43 degrees of freedoam for

iita are counsistent standard

daviation, and give a

tae agrcement of the individual runs with the mean.

It should be noted that +he data shown consist of tvwo

saparate éeciods of running, bhetveen which the source was

1lzost coapletely dismantled and reassembled. The coasistent

behavior of the measured asymmetry is in marked contrast to

the behavior of

asymmetriss in the beal'pataleters, which

wa2re quite sensitive to the alignmsent of the source

optics

and showed large variations over the course of the

egperiment.

To further verify that thke measured asymsetry vas indeed due
t> beam helicity, it was desireable to devise tests in which
the observed effect could bhe made to

change in predictable

vays. Two such tests vere pr.rormed.
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The first test  tilized the rotation of the source calcite
prism to change the heam helicity by a means independent of
the Pockels cell, The helicity of the heam at the source is
jetermined by the plane of linear polarization incident on
the Pockels cell as well as hkv the voltage applied to the
zall. Tn vparticular, referring to figqg. 4, the plane of
polarization must be at U§ with respect to tte fast and slow
axes of the cell in order to obtain circular polarization.
If the prism (and consequentlv the plane of polarization) is
ratated py 90° about the beam avxis, then, for a given sign of
vdltage on tha Pockels cell, the sense of circular
prlarization is reversed. Furthermore, 1f the prisa is
ratated by 459, the plane of linear polarization is parallel
t> either the fast or slow avis of the Pockels cell, and the
b=2am remains lirearlv polarized. This results in an
anpolarized electron beam from the GaAs crystal and provides
an opportunity to» measure a null asyrmetry in the presence of
any systematics associated with the revecrsal of the Pockels

Tell voltage.

The experiment was run with roumghly equal amounts of data
taiken 1in the nominal 00 and 900 prism orientations. The
prism was rotated approxirately once per day. In the data of
fig. 12, the orientation of the nrism has bheen taken into
azzourt in calealating the asvometry. Fig. 18 shows the sawe
1ita, in whick anly the sign of the Pockels cell voltage, but

no>t the prisz orientation, is used to determine the heam

"he liciten, Tt is clear that, as exnacted, the 90° rotation

I I
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. Tuacividual asvemetrv measurements using the
polarized beam, in which the prisa orientation has



of the priss reverses the erxpericentallv observed effect.

A set of special rurs wis also taken with the prism in the

43° orientation in ocvder to measure the expectei null
asyametry. The measured valae ohtained vas
AEXP/0.37=(1.()21.0)x10"S , a3ain ~onsistent with the ecxpected
vilue of 0.

The data for tke three different prism orientations are
simzarizad in  fig. 15, in which the prism orientation has

agyain been iqgnored in determining the beam ‘*“helicity". As

can be seen, gJgood agreezent is obtained with the expected

bz2havior. The asymtetries measured by both the shower

counter and the Cerenkov counter are shown in the fingure,

giving good consistency.

The second test in which the experimentally observed effect

was wmade to change 1ir a predictable fashion also involved

changing the beam helicity. In this case, however, the

helicity change wvas completely independent of the polarized

ssurce, and utilized the the spin precession of the electrons

in the beam switchyard. The electron bean is deflected by

24.5° in going from the accelerator to the experimental area.

The anomolous wagnetic wmoment of the electron causes the
alactron spin to precess relative to the nmomentumr direction
by an amount
-2
Oprec Y(g )ebend = B . (13)
2 3.237

Canseguaently the electron beam at the target is
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longitudinally polarized onlv for energies which are

multiples of 3.237 GeV. Transverse components of the spin at

high esrrgies are expccted +o have a negligible effest in
alectron scattering (10) so thkat only the longitudinal
zrsponent 1is of dimportance, and the effective beam
polarization hecores
g
Peff = Pecos(.____——) {14)
3.237
The enerjies (F) and spectrometer momenta (®') at which data

w2re taken are shown in Table TV. 1If the spin precession is

naglected in determining the beam “"helicity”, then the

axperimentally observeil asymmetry for these four Kkinematic

ssttings should show the cos{En/3.237) dependence of eq.

(14) . Tn particular, for the point at E=17.8 GeV, the

iongitudinal beam polarization is 0., and ve again expect a

n1ll asymmetry. The measured asyemetry for this point was

A p/0.37:(—1.212.1)xm's‘

ex
Takle IV
Kinematic operating points
2

E ap,i‘,_c B <0’ <y>
(GeV) (ra’ (GeV) (Ge?))
16.18 5.0 7 12.5 1.05 0.18
17.80 5.5 ™ 13.5 1.25 0.19
19.42 6.0 T 14.5 1.6 =~ 0.21
22.20 6.9 ™ 17.0 S 1.9 0.21

Because the lata points at the other energies have different

kinematizs, some assumptions concerning the physics of the

asymmetry are required to relate the data at different

enerqjies. In most current models, the asvymmetry for a

iauterius target is expectad to be of the farm
2
Ao« 0 f(y) (15)

vhere y = (BE~E') /E. BRerause the functior f(y) is highly

m3iel Aapendent, the spectrometer =momentum settings vere

2
chasen to maintain constant vy, allowing ¢ to

vary. To
compare the data at different energies wve then remove the Q2
da2pendence by plotting Agn,/(PeQz), vhich is shown in fig.
16. Gond agreement is

obtained between the data and the

axpected enerqy dependence of the experime:tally observed

affect.

Th2 final tests required are to demonstrate that the observed

affect arises from the scattered electror signal, and not
from the small hadron background seen by the detectors
{a1lthough ve have no reason to expect such a hadron

asymmetry). From the lack of asymmetry in *he pion counter,

-6
we were able to place a limit of %10 on the contribation of

2 .
hairons to the measured varile of A/Q . A second test, which

gave a similar limit, was obtained froa special rums in which
the spectrometer was set to accept positively charged

pacrticles, These runs vwere sensitive both to hadron

asymmetries a.d to asysametries in pair produced positroas.

VIII:RESULTS AND CONCLUSIOKS

The final result obtained by coabining the shower counter
jata at beam energies of 19.4 and 22.2 GeV is
2

-5 ~5
A/0 = (-9.5%0.9%0.8v%107" = (-9.5t1.6)x10 ,



vhere the first error quoted is the statistical uncertainty,
and the second error is the estimated systematic uncertainty.
The measurements made at a beam energy of 16.2 GeV have not
b2en included because of uncertainties in the elastic and
ra2sonance reqion contributions, which are significantly

larger than at higher energies. The average value of o for

2
T the combined data is 1.6 GeV and the average value of y is
0.21. 1In addition to the 3% correction for beam parameter

asymzetries, the result alse includes corrections of 2% for

S (x1079)

/ \ ; \ the hadron background and 3% for radiative corrections. The
+ \\ systematic ervrror was obtained by linearly adding the 3%

- \ / — uocertainty 3ue to heam rparameter asymmetries and the 5%

\ / (5P, /P,) uncertainty in the beam polarization. The gquoted

-
| Qprec total error of 1.6x1n’ vas obtained by adding the
i

statistical and systematic errors linearly rather than in

51
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\ / yaadrature. It should be emphasized that the results are
— bised on a preliminary analysis, and, vhile we do not expect

\ / the answer to change =siugnificantly, ¢the quoted systeeratic
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i2termination. However, on the bLasis of the consistency

checks which I have already described, we feel confident that

| ] ! the systematic errors cannot he significantly larger than the
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statistical errors.
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In addition to the measurements from the deuteriunm target, a

Fig. 16. sehavior of the observed experimental asynmmetry as .

A linmited amounted of data was taken. with a hvdrogen target at
a function of beam enerqgy. h

1 beam =nergy of 19.4 GeV, giving a result of
a70% = (.72 Myx1070 L.

cirrent theoretical models (2) predict a somewhat smaller



asymsmetry from hydrogen than from depterium. Our results are
not inconsisten- with this expectation, but are not of
sufficient statistical oprecision to verify the expected

1ifferencze.

The most important conclusion of the experiment is that
picrity violation has been observed imn electron scattering.
Cartain classes of mauge theory models predict (at least to
first ordesr) no parity violation in experiments such as aurs.
Aaonjy these are left-right symmetric models in which the
jifferenze between neutral current neatrino and anti-neutrino
scattering cross sections is explained as a consequence of
the hanledness of the neutrino and anti-neutrino, while the
unierlving dvnamics are parity conserving. Such models are

incompatibkle with our results.

The siaplest gauge theories are based on the gauge group
STL2yrO(1) . Within this framevork the original
¥2inberg-Salam (®-S) madel (11) makes specific veak 1isospin
issigneents: left-handed electrons andi quarks are are
135siqned to loublets ; right-hanied electrons and quarks are
assijyned t> singlets. Other assigrments are possible,
hawever. Soecific vpredictions for a variety of isospin
assijnments have been made by Cahe and Gilman (2). The
aathors consider either sinqiet or douhlet assignments for
right-handed electrons and uw or 1 quarks, allowing all
pa>ssible sinjylet and doublet comkinations (for a total of 8).
In addition to the original W-S model, the most interesting

of these, which canmot be ruled onut by neutriro data, and

which is compatible with those atomic experiments which fail
to ohserve parity. violatiom (12), is the "hybrid® model in
wvhich right-handed electrons are assigned to a doublet, while

right-handed quarks are assigred to singlets.

T> make specific predictions for the asysmetry one must have
a model for the nucleon, the simplest of which is the naive
jiark model. For a deuterium target the guark distribution
functions for u and 4 guarks are the same. Conseguently, to
the extent that one can neglect contribriions from the
juatk-antiquark sea, the =x-dependence of the asyametry
cancels >ut., Thus the predictions are no" strongly affected
by the details of the model. For a given set of isospin
13siqnments the wagnitude and y~dependencn of A/Q2 can then

b2 specified in terms of the Weinberg angle 6y .

The asymmetry measurvd in this erperiment  gives a Weinberg
angle of sin 2ew = 0.204£0.03 in the W-S m.del, and a value of
sin 8_= -0.14%¥0.:1 for th. hybrid model. Comparison with
vilues Jdetecrined from peutrin> data clearly favors the ¥-S
aodel. The predicrved y-dependence of the asymmetry in the
twvo models for various values of sinzew is shovn in fig. 17.
It can be ser1 that a measurement of the y-dependence of the
asymmetry would provide a further means of distinguishing
betwean the two (or other) models. Plans for such a

mzasireffent are ir proqress.
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EXPERIMENTAL SEARCH FOR PARITY NC4-CONSERVATION IN ATOMIC THALLIUM?
By
E. D. Commins
Physics Department
University of California
and
Materials and Molevular Science Division

Lawrence Berkeley Laboratory
Berkeley, California 94720

In this lecture I will describe an experimental search for parity
nonconservation (PNC) in the SZPl/q - 72?1/2 tranﬁition in atomic
thallium (see the energy level diagram fig. 1). A somewhat similar
experiment on cesium 1s being duae ip Parisl.

Our group consists of P. Bucksbaum, S. Chu, R. Conti, and myself,
with new students P, Drell and L. Hunter. I will first explain why we
chosa this particular transition then describe our method, give results
to date, and conclude with a brief description of our future plans.

2 2

- bl 9
1. Why the 6 P1/2 7 2172 Transition in Thallium?

In an atom, according to the Weinberg-Salam model, an electron and
the nicleus are coupled not only by the usual electromagnetic interaction,
but aiso by a neutral weak interaction of very short range arising from

Zq exchange, The latter interaction has both scalar and pseudoscalar
{

- i This work supported by the Division of Chemical Sciences, Office of

Basic Energy Sciences, U.S. Department of Energy
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( ) parts, the pseudoscalar portion arising from coupling of the axial

hadronic current to the vector electronic current, and the vector

2 hadronic current to the axial electronic current. (A similar effect
828 ‘ I ' couples atomic electrons to one another but it is too small for
_L 2 62 D observation at present.) In a heavy atom the p-rtion vhadron x Aelectron
2 is dominant. It gives rise in the nucleon non-relativistic limit to an
— e - - F=| effective PNC potential Vp which takes the approximate form:
= G
F=0 vo=—q [0 p §3() + 83@)a « pl )
72 213 Gh SR S
S ) Z .
] 7nm where Q = (14 sin %0z - N, @
. W w

G is Fermi's coupling constant, Ow is Weinberg's angle, o, p and r

refer to the electron and we employ units m, = fi=c=1.

Since Vp is pseudoscalar and of zero range it couples only those
535 atomic states of cpposite parity with finite magnitude/gradient at the
Onm

origin. (ZP ,ZS ,, stetes). Thus, for example, the 62P s 72P
1/2° "1/2 1/2 1/2

states of thallium are perturbed as follows:

377.6nm

2 2 2
2 le%. ) > |62t , ) = 6%, ) + PV RV ALV
— 6 1/2 ‘1/2 1/2 n Egp ~ E o
3 )
2 2 2
la%s.,, ¥a%s,, v |77p, .
F=| 1721, 00 = 7%, ) + z V2 1z p 1/ )
2 1/2 1/2 n E7 - EnS
- — — — —
o P 21.2 Ghz o
—_— Let's now consider the magnetic dipole transition 6 P1/2 + 7 Pl/Z' To
2 F O first order in VP, the transition amplitude is, from (3) and (4):

Fig. 1
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A=(7"p! [HEM|6P =

1/2 i/z )

(7p|#_ |n9(nslv_[ep)
em P

2 2
(77 )y Mgy |678y 0 + :E E

- E
s 6p n

S

(72[V_|ns? (nsi, 6P )

*25—*_?

28 6p s (5)

The first term on the RHS of (5) is the ordinary magnetic dipole
amplitude M, For an allowed Ml transition as in the bismuth exper-
iments, this would be of order Ho = eh/Zmec. However, the

6P1/2 -+ 7P1/2 transition in thallium is forbidden (in the non-
relativistic limit M would be zero); in fact M ~ v/c ¥y ~ (10_4—10—5
(a more precise estimate of M is given in ref 2). The second and
third terms on the RHS of (5) together constitute the parity
non-conserving electric dipole moment ﬁp. At first sight one would
guess that because it is proportional to G, &P is extremely small,
However, on account of the Z3 effect (Z = 81 here) Ep is in fact not
hopelessly minute -— a crude estimate is |&pl ~ 10710 ea, (again, a
more precise estimate is given in ref 2).

Now when both M and ép are present, one has the possibility of
observing circular dichroism, which 1s a dependence of the absorption
cross section on the circular polarization of the incoming photons.
Employing the optics convention, according to which L, R circular
polarization correspond to +,- hellcity respectively, we can easily

show that

o) ~o®) 42 In BM0 2 Tm D)
o) + o (R) [u)2 +|f;|2 M

§ =

(6)

the last approximation being valid since I&PI << M, Furthermore,

ug

-293-

time reversal invariance implies that M is real and 8p is pure
imaginary. Using the crude estimates for M, |&p[ given above, we
are thus led to expect 6§ & 10_3.

Let us now consider the atomic structure of thallium a bit
more carefully, in order to sharpen this estimate. The ground
configuration of T1 (2 = 81) is 152252....5d106526p and as has been
understood for many years, all low-lying levels (see fig. 1) are
described to a reasonably good approximation in terms of the
spherically symmetric core (lsz....5d10652) and the single valence
electron in one or another state of excitation. (Thallium thus
resembles an alkali atom.) This one-electron central field
approximation is the basis foi detai’ed num=rical calculstions carried
out by Neuffer and myself.2 Specifically, the Dirac equation 1is
solved numerically for the valeace electron in a central potential
of the Tietz type whose ﬁwo free parameters are chosen to give a
WITRA

hyperfine splittings, allowed electric dipole transition strengths,

fit to the SLP 1/2 energy levels. Many other energy levels,
and Stark matrix elements and the &7 anomaly in the ground state are
all calculated and compared with abundant spectroscopic and atomic
beam data on thallium. The agreement is in all cases very good.
In addition, the amplitude M is calculated and agrees well with
observations of M made in the course of this experimenta. Thus to
summarize, the agreement between calculstions and observations are
so good that we have reasonable confidence in our ability to
estimate &p and 8 with fair accuracy on the basis of the Weinberg-

3

Salam model. We find § = (2.6 * 6) x 10 °. The main conclusion

from this exercise, and answer to the question "Why the



PHOTOTUBE

FLTER

LENS

2 2
6 P1/2 -7 Pl/2

thallium is reasonably "clean" and § is encouragingly large.

transition in T1?" is that the atomic physics of

2, Experimental Method

Our first naive attempt to observe PNC is illustrated in figure 2.
We simply illuminated a quartz cell containing 71 vapor (T ~ 950° K,
n~2x 1014 atoms/cm3) with UV light from a flash—lamp—puméed dye
laser transmitted through an ADA doubling crystal; to give 2927 A

) 2 2
photons corresponding to the 6 P1/2 -7 P1/2 resonance.

PHOTODIODE

By observing the fluorescence at 5350 A corresponding to
the 7231/2 + 621’3/2 decay as we switched back and forth between

left— and right-circular polarization, we hoped to determine 6.

This did not work —-- we could not even observe “he .f. transition

by this method, let alone determine the asymmetry ~- because of

background fluorescence at 5350 A hurndreds of time: larger than

the M1, which did not go away when we turned off the resonance,

Fig. 2

and which is propoertional to laser power and varles approximately
as n2. This non-resonaat background -— which is still with us,

incidentally, albeit in diminished size, -- we call the "molecular"

A/4

background, because it is presumably due to broadening and strength-

f---EY

ening of the 62P 72P transition due to the random, momentary

/27" t1/2
electric fields (Stark effect) which occur when Tl atoms collide,

FILTER

4

X2
X TAL

(and sometimes stick together to form "Rydberg" molecules or even

real, bound molecular states).
__1_1 In order to overcome this difficulty we have found it necessary
to make use of the Stark effect in a controlled way by imposing

a uniform external electric field. In such a field the

ZL ASER
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« 2 . 2 2
6 Pl/2’ 7 P1/2 states are mixed with n 51/2’ n D states and the

2 2
6
Pis2 7 TPy

electric dipole component. The transition intensity becomes observable

3/2
transition acquires a Stark-induced parity-conserving

at a finite E field because it varies as Ez. In addition we are able
to observe interference effects between M and the Stark amplitude;
and also very recently between Sp and the Stark amplitude.

Let us consider these effects in some detail., Fig. 3 shows a
linearly polarized 2927 A laser beam along x with polarization ;
parallel to the external field E, along y. The quantizatilon~detection
axis is along z. For ; [[ E, the allowed hyperfine components of
v2 ™

Amf=0. Because M is also present and interferes with the Stark

matrix element o, one obtains a polarization of the 72P

the 62P Stark transition are F=0 + F=0 and F=1 » F=1,

1/2 state,

as indicated in fig. 3, of:

-
3 ol + 2[M]% 34
o> : P=o

Similarly, one can choose linear polarization € ! to E (see

-4 - for |a| >> |M} [€))

fig. 4.). In this case the hyperfine transitions which can occur are
F=0 + F=1 (Amf = %1), F=1 » F=0 (Amf = #*1) and F=1 -+ F=1 (Amf = #1).

In particular, the polarization of the 72P state, again along z,

1/2

for the F=0 = F=1 transition, is:

-2 BM -2
P=gm e s ®
le|? « M2 el

where B is another Stark amplitude. According to our calculatioms,

=295~

€ E
/PPOL,
z/
LASER
BEAM
me=-I| m=0 me= |
F =l —T
} 7°R
F=0 B p— ~ 2
a-m atm
a
F= i -
. 6P,
/2
F=0 —-
o @+mp—(a-m)?  + 4m
- (a+m)Z+ (a-mP+a? a
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Fig. 3
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o =4 %1070 E
in atomic units,

but E in volts/cm

_ _g
Bage = +6:0 x 1070 E (9)

with an uncertainty in each numker of no more than 20%.

In an early version of our experiment,3 we observed the
polarizations of equations (7), (8) by detecting the circular pol-
arization of the ensuing decay fluorescence at 5350 A along the
tz axis (see fig, 1 and figs 5,6), at various values of electric field.
As expected, the circular polarization varies as 1/E, and the ratio
of polarizations observed for the F=1 + F=1 (AmF=0) transition and the
F=0 > F=1 transition (AmF=tl) is in agreement in sign and magnitude
with formulae 7,8, with a,B given by formulae (9). Also as expected,
the 0-0 line gives zero polarization. In this early experiment we
calibrated our detectors by observing an effect illustrated in fig. 7.
Here, for the 1 + 1 transition, using circularly polarized laser light,
we obtain a polarization of the 7ZP1/2 state along the x axis, due to
interference of the amplitudes a,f, both of which participate in

this particular trans’tion. This polarization

_ Fb4aB

P = -
3@2 + 282

(10)

(where ¥ refers to L(R) circular polarization) is independent of the
sign and magnitude of E (eq. 10 valid in the limit a,B >> M), It was
first observed by applying a static B field along y to cause precession

of the polarization of the 72P to line up with the z axis. The

1/2

results of this experiment were in good agreement with calculations,

as shown in figure 8., Thus we were able to determine that
5 ‘3

M= (~2.11 % .30) x 10 By
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Now, what modifications must be introduced when one takes info
account the presence of Sp? It can be shown (see fig. 9) that if ome

uses circularly polarized 2927 A radiation, the polarization of the

72P1/2 state along z becomes for the 1 + 1 transition:
- 2 ¥ 5/2
P = (4o 2B)M(l2 8/2) (11)
30" + 28
while for the 0 - 1 transition, one has
P = —ZBM§1; §/2) an
B
where 6THEO = 2.6 x 10_3 and we use ¥ for L(R) 2927 A circular

polarization, respectively. Thus parity nonconservation brings in
the additional factor (1% &§/2). The O -~ 1 transition is particularly
attractive for observation of PNC because the polarizatiom is

relatively large, [P = (1F &§/2), E in volts/cm] the 0 — 1 line

~2.57
E
can readily be compared with the nearby 0 - 0 line, which should
exhibit no polarization, and finally the 0 - 1 line suffers less from
possible dangerous systematic effects than the 1 + 1 line.
One mzjor defect of the original method of detection
(725 - 62P fluorescence at 5350 A) is as follows: there is a
1/2 3/2
factor of 12 dilution in the 7211’1/2 polarization. This comes abcut
as follows:
a) A factor of 3 is lost in going from 7°P, . to 7°§
actor o i going 1/2 1/2°
b) Another factor of 2 is lost in going from 7251/2 to
3/2°
; 2 2 X
c) The branching ratio 7 Sl/Z + 6 Pl/2 is about 0.5. However,

this trznsition is resonantly trapped. The corresponding 3776 A

-

7P POL
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photons are depolarized and converted to 5350 A photons, with a further

loss of polarization of about a factor 2.

2
To overcome this difficulty we ncw measure the 7 Pl/2 polarization

by a different method, illustrated in fig. 10. The transition

2

7 (allowed El} is induced by a circularly polarized

2
Pis2 > 8810

infra-red beam tuned to the resonance at 2,18 m, directed along the

z axis with right or left circular polarization, and with sufficient

power te saturate the transition. The population of the 8251/?

2
level depends on the polarizations of the 7 Pl/2 and the circular
polarization of the infra-red. It is detected by observation

2 2 N
of the decay 8 Sl/Z + 6 P3/2 at 3230 A, A careful analysis of

the rate equations for this process, including resonance trapping

2 . .
12 6 P1/2 line (2580 A) and other small effects,

shows that our analyzing power is now almost unity instead of

of the 825

a mere 1/1Z. This is confirmed by the following calibration
experiment, sece fig. 11. We observe 3230 A decay photons, using
> 7%

the 62P1 1 > 1 line with circularly polarized UV and

/2 1/2
the infra-red beam directed anti-parallel to the UV beam. The

expected polarization arisirg from «,B interference as in equation

(10) is

= ——7 =% 0.75 (13)

We observe:

Pogpp = 0-58 (14)

which is consistent with an analyzing power of

o

0.58 _ 44 (1s)

& = Poypr/PraE0 = 5.75

~300-
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Now we describe the actual parity experiment, illustrated in
figure 12. The IR beam intersects the UV beam twice. Thus we have
two interaction regions, each viewed separately by a pair of lenses,

filters and photo-tubes for detection of 3230 A radiation. Since the

infra-red polarization is oppcsite in the two regions, the asymmetries

from the two regions are of opposite sign. Thus, when we take the
difference between the signals in regions 1 and 2, infra-red pulse-
to-pulse intensity fluctuations cancel to a large degree, but the
asymmetries add. Both lasers are pulsed synchronously 20 times per
second. The UV and IR polarizetions and E field direction are

reversed periodically as follows:

0 - 1 line: Pulse # uv Cp E IR CP
1 L + L
2 R + L
3 L - L
4 R - L
5 L + L
128 R - L
129 L + R
256 R - R
etc.

After 1024 pulses the data which has been computer-analyzed on-line
is printed out. After 25 print-outs, the frequency is changed to
the 0 — 0 line, and the sequence is repeated. A given run (approx.

48 hours) corelsts of about 40 groups of 0 - 1, 0 - 0 sets of
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observations. The data is analyzed in such a way that we separate
the PNC and M1 dependent portions of the polarization. Thus we
continuously observe the Ml polarization in the 0 — 1 and 0 - C lines
and use it to normalize any observed PNC asymmetry.

Great care has been taken to avoid possible sources of systematic
error. We note especially our method of producing circularly
polarized 2927 A photons. This 1s done with a rotating crystalline
quartz plate ground to extreme flatness, aligned with unusual care
and rotate¢ in a manner such as to cancel several possible sources
of systematic error. Detailed analysis shows that a false PNC
asymmetry arising from the M1 asymmetry due to imperfect UV polar-~
ization would affect both 0 - 0 and 0 - 1 lires with the same
sign and approximately the same magnitude, given our conditions of
observation. Also such an effect is expected to be at least an order
of magnitude smaller in each line than the expected difference in
in asymmetries A(0,1 —- 0 0) between 0 - 1 and O - O lines due to
PNC according to Weinberg/Salam. It is in fact the difference A
which we measure.’

On the basis of data taken so far at E = 300 V/cm we find:

A (0,1 == 0,0) = =13 + 5 x 107° (16)
Comparing to our observed Ml asymmetry we obtain:
-3
s = (4.2 + 1.6) x 10 (17)

which 1s to be compared, in turn with the theoretical predic tion

§= (2.6 + .6) x 1077 (18)

=303~

These values agree; therefore our very preliminary results suggest
that the Weinberg-Salam model correctly describes PNC effects in atoms.
In the immediate future we intend to continue taking data in the
manner indicated both to improve the precision and to check for
possible systematic errors. Major improvements in our UV and IR
lasers, which are now being prepared together with a new cell and
light collection system, should enable us to collect data much more
rapidly at various Stark fields within the next 3 or 4 months.
In addition we hope to observe the 62P1/2 -+ 82?1/2 transition in T1
(2417 B). The M1 and PNC effects in this transition are quite

2

comparable to that of 62P > 7 Pl/z’ and a comparison between the

1/2

two should be useful in reducing tncertainties due to atomic theory.

1. M.A. Bouchiat and C. Bourhiat
Phys. Lett, 48 B 111, 1974
Jour, Phys. 35 899, 1974
Jour, Phys. 36 493, 1975

2. D.V. Neuffer and E.D. Coumins
Phys. Rev. A 16, B44, 1977

3. S. Chu, E.D., Commins and R. Conti
Phys. Lett. 60A, 96, 1977
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Search for Parity Non Conserving Neutral Current

Effects in Atomic Bismuth

Norval Fortson
University of Washington

Seattle, Washington 98135

. 1,2 .

The Weinberg-Salam theory of Weak Interactions '~ predicts the ex-
istence of observable parity non-conservation (PNC) in atoms. Experi-~
ments to search for atomic PNC effects have been underway for many

3-10
years, and of these, the most accurate thus far have been the search-
es for optical rotation associated with magnetic-dipole transitions in

. . . 9
atomic bismuth vapor. Two of the latter experiments, one at Oxford

: : : 8
using the 6476 R line and the ot.er a* the University of Washington
using the 8757 2 line have reported no observable PNC effects at well

11-14 . .
below the level calculated for bismuth on the basis of the Wein-
berg-Salam model.

AN 9 . R

More recently, however, a group at Novosibirsk®™ using the 6476
line has slaimed to see a PNC effect in bismuth at a level consistent
wity the Weinberg-Salam prediction. It is important to clear up the
discrepancy among the atomic experiments, especially since outside of

these experime.rcs the Weinberg~Salam theory has been remarkably success-—

ful.

As a step in this direction, we report here early results15 from a
new and more accurate bismuth experiment at the University of Washington.
These results show no optical rotation of the size reported in the
Novosibirsk experiment, but instead are consistent with the earlier
UW experiments. There is possibly a small effect that appears at the

barely resolved level.
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Although we have almost completely rebuilt our apparatus, the con-
ceptual basis of our new experiment is the same as before. A PNC Weak
Interaction between the atomic electrons and nucleons would mix the
parity of the electronic states of the atom, and couple a normally for-
bidden electric-dipole (El) transition into the observad magnetic-di~-

pole (Ml) optical transition. The E - Ml

N interference causes an opti-

cal rotation of the plane of polarized light in the bismuth vapor by an
angle ¢pnc = 42X_l(n—1) El/Ml wheré n is the refractive index of the
vapor and 2 the path length. We look for the sharp dispersive change
in ¢pnc that should occur at each component of the magr-tic-dipole line.
At each dispersion peak the rotation is typically about 1/2 El/Ml for
unit absorption at line-center.

The plan of our experiment is shown in figure 1. We send a beam
of light from a tunable laser through two nearly crossed plane polariz-
ing prisms which are lucated at either end of a heated bismuth vapor
cell. An optical rot.tion of the light passing through the cell causes
a change in intensity tra.smitted. by the second rrism. As the tunable
laser waveleﬁgth is varied near the bismuth absorption line at 8757 g,
a dispersive dependenc: of ¢ is lI.oked for as evidence of a PNC effect.

One of the major changes in our experiment is the use of a recent-
ly developed CW gallium-arsenide laser diode to replace the pulsed
parametric laser used in our earljer work. The stability of the light
intensity, optice 1l characteristics, and wavelength resolution are vast-
ly improved with the new laser. The different hfs components are now
clearly resolved down to their doppler-widths.

Figure 1 gives the overall plan of the experiment. The laser
wavelength is tuned across the Bi line by varying either the tempéra—
ture of the diode or the current through it.

The laser beam, after

being pelarized by the first Nicol prism, =aters a water-filled tube



inside a magnetic coil which produces a Faraday modulation of the beam
polarization angle. The beam then passes through the bismuth cell with-
in a magnetically-shielded oven, and finally through the second "analyz-
ing" prism, after which it is detected and compared with the reference
beam level. The resulting signal is matched with the Faraday modulation
in a phase sensitive detector and then stored as a function of laser
wavelength.

Figure 2 shows the expected Bi Faraday rotation pattern ¢f' to-
gether with a portion of the observed pattern, with which it agrees in
size and shape. Figure 2 also shows the shape of the dispersive rota-
tion that is expected if there is a PNC effect. It is seen that there

are many points of zero ¢f where ¢pnc should be nearly maximum. By

changes in ¢pnc while virtually eliminating the ¢f background.

Our remaining background comes from a residual angle which changes
very slowly with wavelength due to interference effects in the polarizers
and in other optical components. This background is rejected quite
adequately for the accuracies we report here by looking for the more
rapid A dependence shown in Figure 2.

The first data from this new experiment, taken in 8 hours of run-
ning time, consists of 50,000 sweeps over a portion of the 8757 g line
having 4 alternating maxima and minima of ¢pnc' The data yields a new
experimental value of R = El/M1 =-1.8 % 1.6 x 10_8. The quoted error
is one standard deviation computed from the statistical variation of the
measured values of R from sweep to sweep. Improved accuracy is expected
in the coming months.

The present result is shown below together with the results of the

Oxford, Novosibirsk, and earlier Washington experiments, and also with

16
the average of calculated values expected in bismuth on the basis of
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Figure 2 Form of the PNC and Faraday rotation curves expected for the
8757 X line in Bi. The vertical scale assumes unit absorption on the
strongest hfs component, and for the PNC curve, a value of R = 2.5 x
10_7. The observed Faraday rotation is also shown, but with a different

vertical scale.



the Weinberg-Salam theory.

-8
R (8747 &) (1075 R (6476 §)
Theory ~14 -19
Experiment ~-0.7 % 3.2 (UW, old) +2.7 £ 4.7 (Oxford)
-1.8 + 1.6 (UW, new) -22 * 6 (Novosibirsk)

It is clear that more work needs to be done in order to resolve the
experimental situation. Also, there remains a discrepancy between our

results and the predicted value of R.
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CHARM AND TAU MEASUREMENTS FROM DELCO

Jasper Kirkby

Stanford University

1. INTRODUCTION

DELCO has just completed its data-taking period of eighteen calendar
months at SPEAR. The detector has distinguished itself from other "4+
spectrometers by emphasizing clean electron identification over a broad
energy range at the expense of poorer momentum resolution. This character-
istic allows a general purpose probe of both charm and T decays via the
transitions ¢ =+ s e+ve and T -+ vT em;e respectively. Both decays have the
merit of large (2 10%) branching r-'tios and consequently we have accumulated
relatively strong data samples (1K eX events from 1 decays and 5K multi-
prong electron events from charm and 1 decays).

Most of our analysis so far has emphasized 1 studies (which are dis-
cussed in s:ction V). However, I will also show you what we know from
cross secticnal measurements (section III) and from preliminary studies of
D semilieptonic decays at the y" (section IV). There will be very little
discussion of the interesting subject of di-electron events (2 electrons +
2 1 charged particle # e) since our analysis is in an early stage.

Finally, I refer the reader to the excellent series of lectures by
Stanley Wojcicki at this Summer Institute, These contain both a general
discussion of how our measurements fit into the overall picture of weak
decays and a far more thorough list of references on this broad subject.

As a result I can, and will, primarily concentrate on simply presenting

the experimental data.

* Work supported by the U.S. National Science Foundation and Department

of Energy.:
(Presented to . SLAC Summer Institute on Particle Physics, Stanford
California 94305, July 1978)



II. APPARATUS

The apparatus (Figs. la) and 1b)) consists of a tracking system of
cylindrical multiwire proportional chamber and planar magnetostrictive wire
spark chambers (WSC) separated by a one-atmosphere ethane threshold Cerenkov
3

counter. The latter provides clean electron identificatien (Pﬂ se < 10°

)
down to a momentum of 0.2 GeV (below which the Cerenkov light images are
displaced off the phototubes). A magnet provides an analyzing field inte-
gral of 1.7 kG-m which results in a momentum accuracy of cP/P = 8P (GeV)%

due to measurement errors and 5.2% due to multiple Coulomb scattering. The
outer-most detector layers are an array of Pb/scintillator shower counters
which cover 60% of 4m steradians and a pair of Pb walls, followed by scintilla-

tion counters and WSC,which allow m/y separation over 20% of 47 steradians.
III. THE R AND Re PLOTS

A. Hadronic Cross-Section

Historically the R plot has been the single most fruitful measurement

. + - ips . . . + -
made in e e annihilations. (R is defined by R = o(e e - hadrons)/

+ - + - . .

ole'e +uyp ) and its variation is measured with centre-of-mass energy,)
It was the first indicator of a new flavour, charm, it supports the colour
hypothesis and measures the quark charges, it revealed an extra contribu-
tion due to the T lepton and led to the spectacular observations of the
Y and ¢¥~.

For the last couple of years or so it has been used as a R{ocad) map
to lead experimentalists to productive centre-of-mass energies. The most

w2)

notable success has been the ¢ which is found just above charm threshold

at ECM=3'77 GeV. At this energy 30%Z of the hadronic events are due to

~310-
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pure DD initial states (roughly half D°D°). Furthermore the D's have a

low velocity (BV0,.14) so there are rather small differences between LAB

and CM quantities. The studies of D semi-leptonic decays discussed in

Section IV were made at this resonance.

The value of R in the range 3.50 < ECM < 4.8 GeV,after removal of the

Y and ¢y~ radiative tails, is shown in Fig. 2. No further radiative

corrections have been applied to these data since they exagerate fluctua-

tions which may be both statistical and authentic. This in turn leads to

difficulties in identifying resonances and in making comparisons with
other experiments.

The hadronic detection efficiency has been determined from the

+0.05

observed prong and photon distributions and is 0.85_0 10

over this range.
The bars indicate only statistical errors and thereby do not reflect an
overall systematiec error of #15% due to model uncertainties, event losses

and backgrounds such as those due to beam gas scattering. Any variation in

systematic erros vs. E is smooth and so the statistical error bars are

CM

appropriate indicators of structure.

CM=3.50 and 3.52 is

2.0+ 0.1 % 0.33) in good agreement with the coloured quark prediction

of 3(Qu2 + de +9% = 2.

The value of R below charm and 71 thresaolds at E

The dashed line in Fig. 2 represents the cons-
tant contribution from 'old physics’ at higher emergies.

Beyond the resonance region, R again assumes an approximately con-
stant energy dependence with the new value 4.4 + 0.2 + 0.6, From our 1
measurements we determine a contribution (indicated by the dot-dashed
line) of 0.85 % 0.15 to this increase and thereby infer a residue due to

charm of 4.4 - 2.0 (o0ld physics) - 0.85(t) = 1.55 # 0.2 + 0.2. Once wmore

-312~

to-n

Fig. 2.

n

350083

The hadronic cross section, R in the range 3.50<ECM<4.8 GeV after removal
of the y and Yy~ radiative tails. The dashed line represents the

contribution from old physics and the dot-dashed line is thé T contri-
bution. Also indicated are the energy thresholds for T and

D production.



this is compatible with the quark model prediction of 4/3.

The residual charm corponent
b 4 T o dars A
sSN0wn 1n rig. JS. i0ne ddia 4
above thresholds for production of

and D*D* (4.03 GeV) and a sharp dip

4,03 and 4.2 GeV is reasonably flat

in contrast with the observationéJof other experiments (Fig. 4).

of the hadronic cross section (Rc) is

y considerable structure: sharp rises just

- %
DD (centered at 3.77 GeV), DD (3.92 GeV)

at EcM = 4,25 GeV. The region between
and the 4.4 GeV peak is rather modest

Part of

these discrepancies is due to the afore-mentioned application of radiative

corrections.

- 5
s-channel poles due to a cc state )

The theoretical models for these structures include both

(charmonium) and bound states of two

quarks and two anti—quarkss) (DD molecules).

B. Multi-Prong Electronic Cross-

Section

Both the 7T and the lightest ¢
'prompt' single electrons since the

which are much shorter than those £

harmed particles will give rise to

y have weak-decay lifetimes (vfew 10_13

amiliar from kaon decay (NIO_Bsec).

Since electromagnetic sources produce electrons in pairs, which can thereby

be identified and rejected, the stu

provides a sensitive technique for
The inclusive electron cross
T

u(e+e- + e~ + > 2 charged particles

this quantity in the range 3.5 < E

CM

dy of inclusive electron production
observing the new particles.

section is expressed as RE =

The variation of

yio(eTe™ » vt

< 4.8 GeV is shown in Fig. 5. Events

containing two or more prompt electrons have been excluded from these data.

A prompt electron is identified as a single track which appears to originate

from the interaction region and possesses in-time Cerenkov and shower counter

pulses.

The minimum pulse heights correspond to 0.7 photo-electrons for the

Cerenkov counter and 0.3 minimum ionizing particles for the shower counter.

sec)
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The track is require® to have at least one hit in either the first
(innermost) or second cylindrical proportional chambers in order to decrease
photon conversion backgrounds.

We will now discuss the backgrounds to these data. The dominant
electron source is pair production both by externally and internally con-
verted photons from ™ decay. We can estimate this background assuming
3 1% per hadronic event and a 1% beam-pipe radiator. The number of ex-
ternal y conversions per hadronic event is ~ 6x .0l x 0.5(Q) ~ 0.03
which is approximately equal to the charm signal rate “(1.3/5)x2x0.1x0.5%0.03
per hadronic event (assuming a semileptonic branching ratio of 0.1). Most
Dalitz pairs and photons which convert in the beam pipe are removed by re-
quiring that the candidate electrons are upaccompanied by another track of
opposite charge and small relative ('opening') angle. A fake signal is also
generated by the spatial coincidence of a charged track with a photon con-
version in the 'blind' region at the entrance to the Cerenkov counter or
in the ethane radiator itself. We measure this process to occur at the
level (4.2f0.3)10—3 per hadronic event and have applied this correction to
Fig. 5. The probability for a non-electron to be detected by the Cerenkecv
counter is (0.810.3)10_3, as determined from u+u— events. This is con-
sistent with the production rate of & rays above the electron Cerenkov
threshold in ethane (14 MeV). This background is very small (<3% of the
charm signal) since the majority of the pion momenta are below 500 MeV/c
and thereby cannot give rise to § rays exceeding 14 MeV.

After removal of these backgrounds, the value of Re at ECM=3.SO, 3.52
GeV  is 0.03£0.01 which represents the residue from unsubtracted backgrounds
such as asymetric Dalitz decays and two~photon electron production. Until

we have a better understanding of the nature of this residual background

=314~
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we will naively assume it has a constant energy dependence as indicated by
the dashed line. Above the T and D thresholds the data exhibit a strik-

ing increase and a structure similar to the hadronic production. These

data contain alarge contribution from T decays (dot-dashed-line) according to
measurements described in Section V.

It is instructive to compare quantitatively the electron production
from charm Rz (Fig. 6) with the total charm cross section (Fig. 3). This
comparison is made by plotting the ratio R:/Rc (Fig. 7). The value at
ECM=3.77 GeV provides a direct measuremen’ of the semileptonic branching
ratio, bg, averaged over an equal flux of p° and D+. In a 4 MeV energy
range which is centred on the y'",we find RS =70.97 + 0.02 and
R: = 0.19240.021, where the quoted errors are statistical and events in-

volving two detected electrons are excluded. We therefore measure,

262 (1-0.25 b°)= RS/R® = 0.20$0.023
e e e
L.e. b‘:_ = 0.1040.02.

The final resilt includes an estimation of systematic errors.

The data of Fig. 7 display, within systematic errors, a constant or
perhaps .lightly falling electron contribution from charm. It is especially
interesting t> note that electron production at the energies 4.16 and 4.4
GeV,which are associzt:zd with F production, shows no significant departure
from the D regions. This implies either a small F cross—section or semi-

leptonic branching ratio similar to the D.

C. Two-Electron Multiprong Cross Section

Events which contain two prompt electrons in addition to hadrons

cannot arise from the decay of a sequential heavy lepton pair but will be

generated by the simultaneous semi-leptonic decays of a pair of charmed particles.

As such they provide good scn#itivity to certain features of the charm semi~

leptonic decays despite a statistical reduction by a factor of 20 relative to



Zz : + + : 0.3 A B R A A
++ t o0 L X + ++ + . + _

O.l r— ++

l+' Ollll'llllllll

RS /RC

10-78 Ec.m. ( GeV)

350047
0-78 EC.l'ﬂ. ( GGV) 350048
Fig. 7. The ratio RZ/RC. The data are plotted where the ratio can be well
Jetermined (at ECM=3.77 GeV and above EC}‘=3'95 GeV). The error bars are
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the one-~electron events.
The important backgrounds are 7° Dalitz decays, the

cascade decays ¥~ > X ¥ > e'e” and electrons from the two-photon process.
These are inhibited by the requirements that the e+e- palr mass exceed
135 Mev/cz, the coplanarity angle ¢ee < 160° and that at least one non-
electron track is present with a momentum above 200 MeV/c and with a polar
angle 55° < 8 < 125°,

After applying these restrictions there remain 75 events in the

< 4.25 (° excluded). The cross section R, = 0(e+e_+e+e_+ 21

range 3.1 < E 2e

CM
prong # e)/c(e+e_+ u+u—) is shown in Fig. 8. We have arbitrarily allowed the
rate in the range 3.5 < Eoy < 3.67 GeV to define the background level.

The data are consistent with the charm production energy-dependence
we saw earlier. At the y" we measure,

R, /R = )2 = 0.015 + 0.005
e

LR -2 A

or, b =0.12 + 0.02 + 0.04

where the second (systematic) error reflects model uncertainti=s. For
example, 1f the dominant decay mode is D + Kev then the acceptance of D+D_
events is almost a factor of two lower than Do;; events. (This follows from
the poor detection efficiency of neutral kaons.) The data of Fig. 8 assume
equal contributions from Dogg and D'D” events and equal Key and K*ev partial
rates; if we make the extreme assumption that only D+D_ events contribute
then by = 0.14 % 0.02  0.04.

This measurement can be used to set limits on the separate D+ and D°
semileptonic branching ratios (b: and bZ, respectively). For example, in
the extreme case that b: ~20% and bz ~ 0%, the one-electron data at the y"
would lead to a measurement b: = 10%. However we would observe an anomalously

large (by a factor of two) di-electron yield since this is proportional to
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0.03 |~

1 | | |

10-78

Fig.

4.0
Ec.m. (GEV) 3500A15
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(b:)2 + (bZ)Z. Unfortunately, the present errors in RZe do not allow a
useful measurement.
The presence of a charm-changing neutral current would result im the

decay D - e+e~x. The two-electron cross section therefore measures,
D,2 D c
+ =
) 2v,, =R, /R
where bze is the branching ratio for D -+ e+e‘x and we assume equal p° and
D+ semileptonic branching ratios (given by bz = 0,10 + 0.02). At the y"
we find,

(10t .00 +2 bze = .0l5 % .005

D

or, bee < 0.008 (95% CL).

This measurement is an order-of-magnitude weaker than the limit
-4 -, =
determined by the Columbia-BNL group from the ratio y e e /u e+ from vu

interactions in the FNAL 15' bubble chamber.7)

Iv. D SEMI-LEPTONIC DECAYS

A. Electron Spectrum

Since the basic charmed quark electronic decay is ¢ + 8 e+ v, we
expect the following channels to contribute to the semi-leptonic decays
of D mesons:8)9)

D -+ Kev

*
D + K (890) ev

o
4

ko
K (1420) ev

]
Y

Q (1290) ev

D+ K (n7m) ev

-318-

The decays are unlikely to contain three kaons due to phase-space suppres-
sion. This argument also applies to K**(IAZO) and Q(1290). The decays to
K(nm) with n larger than 2 or so are not only suppressed by the available
phase space but also by the low energy theorem which says that the semi-
leptonic decay rate vanishes 1f any one of the pions 1s soft.s) The anti-
cipated D semileptonic decays are therefore D + Kev, K*ev and 'K(nn)ev (n<2),
with some prejudice that the Km channel is dominated by the K* pole.
In addition there will be smaller contributions from the Cabibbo-

suppressed modes:
D » mev

D + pev
D~ A1 ev
0f these only the mev mode may be significant since, in contrast with the

other decays, it benefits from a modest phase-space enhancement so that,

T (D + mev

2
T > Kev) - 1.6 tan ec

where SC is the Cabibbo angle.

The most direc! experimertal quantity which distinguishes between
the various semi-leptonic decays is the electron momentum spectrum. The
effect of decay to s Ligher-mass hadronic state is of course to soften the
electron momenta (as illustrated in Fig. 9).

The electvon spectrum obtained in the multiprong events at the y"
(Fig. 10) must be corrected for backgrounds before it can provide information
about the D decays. The t background (dot~dashed line) is well-determined
ana is tne predominant source of high-energy electrons.The residual
hadronic background spectrum (dashed line) has been determined
from data taken in the energy range 3.50 < Eoy < 3.67 GeV (after removal of

the T electrons) and from hadronic events at the . The final spectrum
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indicated, respectively, by the dot-dashed and dashed lines.



after removal of these backgrounds is shown in Fig. 11.

We will use these data to determine the relative contributions from
K*e\) and Kev on the assumption that these are the dominant semi-leptonic
decay modes. The results of the fit (which includes a fixed mev: Kev frac-
tion of 1.6 tanzsc) are illustrated in Fig. 11 and provide the following

measurements:
(D + Kev)/I'(D + Xev) = 0.37 + 0.20

and, (D> K ev)/T(D~ Xev) = 0.60 + 0.20
where the errors include an estimate of systematic effects. Under the
assumption that the major semi-leptonic decays are K*ev and Kev we therefore
measure the branching ratios,
BR (D > Kev) = (3.7 + 2.1)%
and, BR (D ~ K*ev) = (6.0 + 2.3)%
These errors are, of course, highly correlated.
In a separate fit we have varied the nev fraction while holding the
K*ev: Kev ratio equal to 0.60:0.37. This sets a limit,
F(D + mev)/T(D + Xev) < 0.20 (95% CL)

or, BR (D - 7mev) < 2.0% (95% CL)

B. D Lifetime
We may combine the results obtained from the branching ratio determin-
ations and the electron spectra to measure the lifetime of the D mesons.
As input we need a theoretical calculation of the T'(D + Kev)B)g).
This decay can be fairly rigorously calculated in contrast with purely
hadronic channels, as demonstrated by the successful analogous treatment
applied to Ke3 and Ku

lOllsec_l

3 decays. The result is T(D + Kev) = (1.440.3)
where the error reflects form factor uncertainties.
If we make the assumption that the p° and D+ lifetimes (TD) are equal

then by combining this theoretical calculation with our experimental

branching ratio measurement we find,
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T = (0.037 & 0.021)/( (1.4 + 0.3) 10'})

(2.6 + 1.5) 10753 sec

However, it may be invalid to assume that the hadronic decay rate of the

pYand the D+ are equal since the b° can decay to both I=1/2 and 3/2 final

states whereas the D+ can decay only to I=3/2 states. The conjecture of

10)

several authors in fact is that I‘(D+ + all) << I‘(Do + all). Since the
semi~-leptonic decay rates of both the D+ and D° must be equal we may test
this hypothesis by measuring the separate semi-leptonic branching ratios.

An alternative technique to that involving the two electron events

is to compare single electron production at the y" and in the range

4.0 < ECM < 4.2. At each centre-of-mass energy we write,
R0+ R b =R
e e e

+ . (o} + .
where R° and R are, respectively, the D° and D cross sections.

In principle therefore, the separate semi~leptonic branching ratios may be

+ .
determined if RO, R and Re are known at two centre-of-mass energies which

; o + )
involve different relative amounts of D° and D . This is the case for

ECM=3'77 and 4.03 GeV and the measurements are summarized in Table 1 Here

we have used Mk I datall)

and our absolute cross-section measurements in order to provide cancella-

tion of some systematic errors.

Table 1

Input Data Used to Determine the 0° and
D Semileptonic Branching Ratios

o + c
R R
E (GeV) R,
3.77 1.08 + 0.14 0.86 + 0.14 | 0.192 + 0.21

4.03 2.92 ¢ 0.36 1.14 + 0.36 | 0.399 + 0.64

for the relative DO:D+ production at ECM=4.03 GeV
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The results are,

% = 0.10 + 0.05
e
and bl =0.10 + 0.08

The values are very sensitive to input assurptions and the
errors are highly correlated. Clearly at present the data are unable to
+ . b
test the hypothesis that the D and p° lifetimes are different. This conclu-

sion may be reversed after a more careful analysis has been completed on both

these measurements and the detailed characteristics of the two-electron events

c.  °° Mixing

In analogy with the Ko—;E system, it is expected that the D° and ;;
can transform into one anothei via intermediate states. However since
these states must have zero strangeness the process is inhibited by tan49C
(N10_3)and the mixing will be nejligible within the short o lifetime.lz)
On the other hand, complete miring occurs if IAC|=2 neutral currents exist
at the level of 2 10"3 of the normal weak coupling. A cénsequence of
nixing [s the observation of like~sign di-electron events resulting from
thie process,

- o0,+ o
e+e +XD p° — p°—r Xe+ v

e
l——+ X e+ v
e

In the D region (3.72 < E__ < 4.14 GeV) we observe 46 two—electron

cM
events which satisfy the cuts described earlier. Of these, 1 event has
like-sign electrons. In the background region, below charm threshold, we
observe 7 events of which 2 are like-sign. After adjusting for the relative

luminosities we find the single like-sign event in the charm region is con-

sistent with background. On the assumption that half of the observed



electrons are produced by neutral D decay we find,

Probabilfty (D° + D) < 0.05 (90% CL)
V. T DECAYS

A. Cross Sections

Since a large fraction (70%) of 1 decays involve only one-charged
particle, they have primarily been studied by means of the anomalous two-
prong lepton events, en, eX and pX. In our case we have isolated a sample
of eX (X#e) events which have survived certain requirements in order to
remove backgrounds. The most important of these are that the X particle
does not possess either a Cerenkov tag or a large shower counter pulse-height
and that both tracks are acoplanar by at least 20°. (The acoplanarity angle
is defined as the angle between the two planes containing a track and the
beam axis). A minimum momentum of 0.3 GeV/c is allowed for the X particle and
0.2 GeV/c for the electron in order to ensure efficient Cerenkov detection.
These cuts result in a very clean sample of 1 events: the background from
misidentified radiative e+e_ events is about 4% and the charm contamination
is <«5%, averaged over the full energy range.

The production cross section ratios, Rzz =
(c(e+e_ > eX)/c(e+e_ > u+u_)) for eX events with no detected photons are
shown in Fig. 12a) and for all eX events in Fig. 12b). The data exhibit
a sharp rise at threshold followed by a smooth increase up to a constant
high-energy value. This is precisely the energy dependence expected from
leptonic pair-production and is in striking contrast with the multi-prong

electron data (Fig. 5) which characterizes a charmed hadronic origin,
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Fig. 12. a) The two-prong electronic cross section, R‘P for eX events with no

eX
detected photons.
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The fitted curves indicates the cross sections expected from a spin
1/2 1 lepton after accounting for radiative corrections.

Both fits have excluded the §" point because of possible charm

contamination.



The fittea curwes indicate the (radiatively-corrected) cross section expected
for a spin 1/2 T lepton superimposed on a constant background term. The latter
predicts a background of (543)% due to particle misidentification in agree-
ment with an independent shower counter pulse height study.

The shape of the anomalous two-prong lepton cross-section has been a
corner-stone in the argument for the existence of the T lepton, These data
have been statistically limited until the past year and, given the proximity
of the charm and two-prong lepton cross sections, the T was not considered
to be completely established. The remaining doubts were eliminated by the

observation13)

of eX events below charm threshold (ECM= 2MD0=3726.611.8 MeV)
An expanded view of the threshold behaviour of the eX events (Fig. 13) clearly
distinguishes them from charm.

The data of Fig., 13 are sufficient to exclude all t spin asignments

14) The solid line indicates a spin 1/2 fit after account—

other than J=1/2.
ing for radiative corrections. These have the effect of reducing the
annihilation centre-of-mass energy and thereby decreasing the cross-section
(to a level which may reach zero for the collisions which suffer large
radiative losses.). If these data result from a palr of integer spin particles
then they must be produced in a relative p-state since a boson and its
anti-particle have the same parity. The resultant gentle increase in

cross section at threshold is in contradiction with observation. (An ex-
ample of a pair of spin 1 particles is indicated by the dashed line.)
However the data are well fit by the steep s-wave threshold resulting from
half-integer spins. Spins other than J=1/2 are excluded since they lead

to divergent high energy behaviour (an example, J=3/2, is illustrated by

the dot-dashed line).
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Fig.
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Rz: for all eX events with 3.50<ECM<4.40 GeV. The fitted curves indi-

cate the (radiatively-corrected) threshold behaviour of a pair of

particles with spin 1/2 (solid), 1 (dashed) and 3/2 (dot-dashed).
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We have determined the precise threshold energy by fitting a radiative-
ly~-corrected spin 1/2 curve and constant background term to the data of
Fig. 12b). The xz variation of this fZt vs. threshold beam energy

(Fig. 14) measures the T mass as,

+3
= 2
L 1782 4

MeV/c2

Although the two-prong electron data is relatively free of charm at
all energies the same is certainly not true of the multi-prong electrom
data (Fig. 5). However there is a brief window between the T and charm
thresholds where we can observe any Tt decay with zero charm contamination.
The T cross-section is rather small (RT; s 0.3) and so the hadronic and
two-photon backgrounds are subs.antial, A small systematic rise in the
multi-prong electron production below charm threshold can be seen in Fig. 5.
These data were selected automatically and a small improvement in background
rejection is possible by manually scanning a computer reconstruction of
each event. This has been carried out for events in the rﬁnge

3.50<ECM43.725 GeV and ihe resultant Re plot (Fig. 15) provides direct evi-

denzefor the existence of 1 decays into three—or-more charged particles.

B.  Branching Ratios

The majority of the 1 decay rates cam be calculated and so
branching-ratio measurements test whether the standard weak current par-
ticipates in 1 decays. The muon decay rate determines F(T_+e_GEvT) and
r(r - p_;u vT) and the pion lifetime measures (1 - n_vT). The experi-
mental measurements of e'e - nn (n-even) at Vs < m_ are related to
T+ (nn)_\)T (n-even) via CVC. The 1 axial-vector decay rates involving

odd numbers of pions are less well-known



O.|O|]|lTllI|ll]l

0.05 -

3.70

10-78 - Ec.m. 3500A16

Fig. 15. Re for the multi-prong electron data below charm threshold. The g
point is excluded. (The nearby point was taken below the Y~ at
EcM=3.67 GeV.) The fitted curve (XZ/dof=&.1/4) corresponds to a spin

1/2 1 lepton, of mass 1782 MeV/cz, superimposed on a constant

background term.
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lo)

but are estimated using Weinbergs sum rules. The small decay rates

involving strange particles are related to the multi-pion calculations via

17)

tanzec. Recent theoretical calculationms, are summarized in Table 2 for

T decays into one-charged-particle plus neutrals.

Table 2

T One-Prong Relative Rates and Brancﬂing Ratios

T v+ Relative Rate Branching Ratio
T .

{ncrmalized to
b = 0.160)
e

e v, 1.00 0.150

“_;u 0.97 0.155

o 0.59 0.u%4

n w° 1.24 0.198

7 2221° 0.27 0.043

K 0.03 0.005

Kn1 0.05 0.008
0.66 (Total)

-

The leptonic bri.nching ratios are the most precisely measured among
17 decays. The branching retio for T+ e—Ce Vo (denoted bg) is provided by
is the
,0 ,0v

branching ratio for 1 = v + 1 charged particle (#e) + no detected photons.

the fit in Fig. 12a) which yields 2 bebx Y= 0.105t£0.007, where bx

The value of bx requires theoretical input of the rates, relative to

s 0y
- - - - - - -0
T e vv, of the decay modes y v v_,m v_and m# v_. Approximate-
. et bt T T

- 0 . :
ly one~third of the n m decays contribute, corresponding to events where

both photons escape detection. After accounting for small contributions

from decays involving larger plon multiplicities we determine,



be = 0.160 % 0.013

The error, which ic largely systematic, is rather small since this deter-
mination of the cross section is praportional to bez.

The validity of this approach depends on the existence of the three
specified decay modes with the correct relative rates. Each are considered
to be on solid theoretical ground and consequently the apparent absence of
T T Vo reporte&a) by DASP at the Hamburg Conference last year, led
to a variety of new descriptions of the nature of the .

The measurement of the branching ratio for 1 - T vT (denoted bﬂ)
clearly became an important goal. However, experimentally it is difficult
since not only is the branching ratio low but also muon backgrounds must
be removed, and this substantially reduces the data sample.

The first step in our analysis involves the isolation of a clean
sample of 1 decays by selecting two-prong eX events according to the pre-
vious criteria. In additiom, the X particle is required %o aim wi
restricted sensitive area of the muon detector and have sufficient momentum
to penetrate (typically 0.7 GeV/c).

There are 54 events which survive the selection criteria, correspond-

ing to a sample of 27,800 T+I— decays in the energy range, 3.57<ECM<7.4 GeV.

We summarize these data in Table 3 according to particle composition.
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Table 3

Predicted a.d Observed Event Category
of the eX events

Predicted Events Observed
+ -+ Events
Event TV BN, {ee background
- TV Y previously
Category 3 subtracted)
Y=y v Y=n" Y=p_,A.,K—etc. Total
U 1

ey 14.7 2.0 1.0 17.7 23 ()

eptzly 0 0 1.0 1.0 2 (0)
et 0.8 12.4 6.1 19.3 17.4(0.6)
ent2ly 0 0 6.4 6.4 9.5(1.5)

The predicted numbers of events in Table 3 are based on the previous
branching ratios (Table 2) ar+ i.clude small additional contributions from
“ulti-prong 1 decays (0.2 events) and charm semi~leptonic decays (0.3
events). The experimental d.ta show good agreement with the theoretical
expectations. In particular, if the ™, (and KvT) decay modes are absent,
th> predicted signal of em+O~ events would be 6.9-0.7 (KVT) = 6.2 in con-
trast to 17.4 events observed. The probability for this to be a fluctua-
tion is << 10_3.

We conclude that the decay T —+ m v, exists and measure its branch-
ing ratio, b = 0.094 (17.4-6.9)/12.4 1i.e.

b
b4

0.080 + 0.032 %+ 0.013

0.155 (23-3.0)/14.7 i.e.

Similarly we measure, bu

b
u

0.21 + 0.05 + 0.03

The observed u and 7 momentum spectra (Figs 16a) and 16b) are consistent
with those expected from T decays and in particular we observe that the

pions do not cluster at the low momentum cut, which would suggest large
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u or multipion contamination. Both these branching ratio measurements are

consistent with the hypothesis that the ¢ couples to the standard weak current.

We will now T v+ 2

(3 charged particles). This has been determined in three independent ways.

The fit to the data of Fig. 12b) determines bg (l*be~bmp) = 0.1684+0.008
which yields (for b, = 0.160),

b_ = 0.32 + 0.05
mp
The direct observation of multi-prong T decays (Tig. 15) gives a quanti-

tatively somewhat weaker result, Zbe bm = 0.092 + 0.021 or,
P

Pyp = 0.29 % 0.07

Finally, we may plot (Fig. 17) the ratio of observed multi-prong to two-
prong electron events, R” = N(e’t + 2 2—prong5)/N(et + 1 prong) above a

minimum electron momentum. This ratio falls as the cutoff momentum is

raised reflecting the relatively soft electron spectrum resulting from

charm decays. Abcve 1.1 3eV/c momentum the ratio has the constant value of

1.9 £ 0.2 and indicates a common source for the electrons in both the
multiprong and cwoprong data. The value of bmp is given by (bmp emp)/

(b e ) = 1.9 + 0.2, where Emp 5 are the appropriate detection efficiencies
s

X X

and bx= 1'be‘bm . (Note that the electron detéction efficiency cancels

P

and the dependency on b is fairly weak.) The result is,
e

bmp= 0.34 + 0.05
All three determinations agree within errors and are averaged to give the
final result,
b =0.32 1 0.04,
mp

At present we have not made detailed studies of the composition of the
1T multiprong decays. However it is clear from the uncorrected prong dis-
tribution of multiprong electron data taken below charm threshold (Fig. 18a)

that the majority involve u.l, three charged particles. The total pion
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Fig. 17. The ratio, R', of the observed multi-prong electron events to the observed
two-prong electron events at electron momenta above the value indi- .

cated on the horizontal axis. The curve is hand-drawn.
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multiplicity will require a measurement of w° production as indicated by
the observed photon distribution (Fig. 18b)). (In order to decrease back-
grounds these data have the additional requirement that the electron mouen-

ta exceed one third of the beam energy).

C. Characteristics of the 7-v;-W Vertex

So far we have seen that the data support the hypothesis that the t
is a spin 1/2 lepton which, according to branching ratio measurements,
couples to the conventional ipte wediate vector boson. It is therefore
natural to assume that the e-v, vertex in the decay 1 +» v oev, is pure
V-A and to use the electron wnergy spectrum to measure the V, A structure
of the -V, vertex. The most general coupling is a linear combination of
V and A amplitudes but, for « massless Vo the anticipated couplings are
pure V-A or V+A which correspond, respectively, to a left-handed v and a
right-handed v

The shape of the electron spectrum in the T rest frame is determined

by the one-parameter Michel formula:

dre) =6 (300 + 20 Gx-l) 41 (0) = ax
where G1 = G2 m 5/48n3
T
and x =2 pe/mr is the scaled energy of the electron

(0 < x < 1xA V-A coupling 1s characterized by a Michel parameter,

p = 0.75 and results in the spectral shape, dr(x)“(3—2x)x2dx. In the case
of V+A, p=0 and the electron spectrum becomes dI'(x) = (l-x) x2 dx. We see
that a V-A coupling results in the most probable electron energy at x=1l
(as familiar in p decay) whereas a V4+A spectrum peaks at x=2/3 and is in-

deed zero at x=1. (Physically, the reason for this zero is that a
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Fig. 18. a) The observed prong distribution of the multiprong electron events in
the energy range 3.625<ECM<3.72 GeV (y~ excluded).

b) The observed photon distribution in the same energy range.
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right-handed v, leads to a total angular momentum 3/2 at x=1.) Other

combinations of V and A are characterised by intermediate values of p e.g.

pure V or pure A, corres
pure v or p £ Coxres
o = 3/8.

The function r(x) accounts for radiativ- corrections to the standard

19)

spectral formula. Ali and Aydin point out that the corrections can be

approximately accommodated into the bare formula by using an effective

Michel parameter, pe They determine a substantial softening of the

££°

electron energies e.g. in the range 0.2 < x g 0.95 = 0.66 for V-A

* Peff
and Poss = -0.18 for V+A.

The experimental electron spectrum (Fig. 19a)) has been obtained from
= ECM < 7.4 Gev
(y" excluded). The spectrum observed below charm threshold (Fig. 19b)) is

a sample of 621 eX + 2 0y events in the rangs 3..7

statistically weaker but benefits from a red-ced Lorentz smearing and
consequent higher sensitivity. The events uere selected according to the
criteria described earlier with a further requirement of at least one
associated sparV on the outer WSC for each track in order to provide a
momentum measurement. In addition events were rejected if

> > > > + -
[P |+]P |+|P - P l > 0.85 E in order to remove residual e e y and
e x e X

M
grossly mis-measured events., (The latter occur if a spark in the outer
WSC 1s incorrectly assigned to a track in the MWPC.)

We summarize in Table 4 the fit resultszggr pure V-A and V+A and for
the p parameter giving the minimum XZ. At this stage we.have not explicit-
ly imcluded radiative corrections in the Monte-Carlo-generated spectra

and so it is appropriate to compare the observed Michel parameter

approximately with peff N 0.64(V-A) and -0.17 (Vv+A).
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Fig. 19. a) The electron momentum spectrum of the eX events in the range
3.575ECMS7.4 GeV after excluding data taken at the y".
b) The spectrum observed below charm threshold in the range 3.57sECM£3.725 GeV.
The solid (dashed) lines are V-A (V+A) fits with zero vT mass and
without radiative corrections. Events with P > 1.0 GeV /c in spectrum

b) are excluded from the fit.
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Table 4

Summary of the Fits to the Data of Fig. 19

a) All Data b) Below Charm
Hypothesis Threshold
p x2 # dof p X2 # dof
V-A 0.75 13.8 17 0.75 8.1 7
V+A 0.0 57.9 17 0.0 21.7 7
Free Fit 0.8610.12 13.0 16 0.9940.26 7.2 6
+0.15 +0.17

We conclude that there is good agreement with a V-A coupling
whereas V+A is completely excluded and pure V or pure A are disfavoured.

It is interesting to not521)that these data are the first to exclude
the Pati-Salam integer-chargea uuarkzz) interpretation of the anomalous
twe-prong lepton events. In this model the events arise by decay of a
pair of unconfined, pointlike, spin 1/2 quarks through intermediate real

vector gluons in the process,

- + -
> Vo v o> Vo JU vp
hadrons
The model is excluded on two counts:
i) Below q threshold there should remain a signal of eX events,

with an electron spectrum characteristic of two-body decay, arising from

direct pair production of vector gluons,

+ - + - + -
ee »VV 5e Vg H vu
This contradicts the observations made at ECM= 3.50 and 3.52 GeV (Fig.l13).




ii) The observed electron spectra (Fig. 19a) particularly below
0.5 GeV/c, arein complete disagreement with gluon decay for any value of its
21)
mass.
The effect of a non-zero v mass is to soften the electron spectrum.
Since the V+A hypothesis is ruled out for any value of m we set the p
T
parameter at 0.64 (V-A) and 0.86 (minimum xz) for this study. From the

23)

2 . P
measured X variations with non-zero v masses we determine,

m, < 0.25 Gev/c? (95% cL)

To summarize, it appears that the 1 couples to a neutral object
which is consistent with being massless and purely left-handed. However
before simply introducing a new neutrino it is important to investigate
whether the 'vT' is actually one of the old neutrinos. Experimentally,
the assignment vT=vu has been excluded by neutrino experiments. Unfortu-
nately, since Ve beams are poor, they have not provided a test of the
electron neutrino assignment. The latter possibility is unlikely since
the branching ratio for 1 - e v is small (< 2.6% (90%ZCL) as measured by
the SLAC-LBL group).

The exclusion of the old-neutrinc assignment assumes a full-strength
T—vT—W vertex. In a heavy-neutrino model with m, > m the t would decay

T
between Vgs vp and v consistent with the experi-

via a small mixin;

mental constaints from the neutrino experiments and u-e-f universality.
An immediate consequence is that the 1 lifetime (TO) is longer than

that expected in the standard model, which predicts T rp (mu/mT)5 be.

-13
s

For an electronic branching ratio of 0.16 this lifetime is 2.6 10 ec

which allows a flight path of about 0.1 mm at a beam energy of 3 GeV.
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The experimentél technique for measuring the lifetime is to determine .
the apparent origin of the individual prongs in the eX events. In order to
increase the sensitivity, the following additiona. cuts are imposed. Only
data above ECM=6 GeV are considered and both tracks must be well-measured
geometrically (2 5 hits in the MWPC and at least one WSC spark in the
¢ and 6 views) and have a minimum momentum of 300 MeV/c. Events are select~
ed containing a high-~energy prong (P > 1.35 GeV/c) and another track making
a coplanarity angle between 60° and 140°. The high-energy prong presumably
results from a forward decay of one T and can therefore define the dirgc-
tion of the second t. The apparent projected “.ight path of the second t
is determined by the distance of closest approach of the second prong from
the beam centre. This technique has the merit of a known 1 flight direc-
tion and, as a result of the angular cuts, the maximum sensitivity to a
finite flight pach.

The 35 events wiiich swvive these criteria do not display a systematic
displacement away from the beam centre (Fig. 2Cp)). (The mean (n)
of the distributica is y=0.02540.19 mm). As a check of the procedure, the
same analysis of multi-prong hadronic events (Fig. 20a)) also produced a
centred distribution. (The latter check is really only meaningful in the
absence of null result for the t.) From Monte-Carlo studies we determine
that a true ¢: value of 1 mm leads to projected flight distance of 0.37 mm

integrated over the ECM range. We thereby determine the t lifetime limit,

-12

T, < 2.8 10 sec (95% CL)

Tne heavy t~neutrino model assumes that the Ve and vu—u couplings
2 -
are reduced by factors (l—se ) and (l—eu‘) due to a small coupling between

the 7t and the old neutrinos. The upper limit on the 1 lifetime provides a



Fig.

20.

i T | T T T
(a)Hadrons

10 - -

al Al

©=.035 +.150mm

I
0 1 |

(b) T
(35 events) ]

EVENTS

—

Flight
-+ Directicn
of T

p=.025% A90mm
o) ] ] ] j 3 ) !

-3 0 3

w7 PROJECTED FLIGHT DISTANCE {(mm)

The projected flight distances using a) a control sample of hadronic

events and b) eX events. A measurable t flight path would lead to a
shift in the mean (p) of the lower distribution in the positive

direction.

-333-

lower bound on the coupling strength to Ve and vu given by,

. = 2.6 10723 sec
o ¢ 2 re 2
e u
i.e. € z + € z, 0.09
e u

The tight experimental limits on u-e-f universality place upper

bounds on the mixing amplitudes For example, the ratio of the coupling

trengths (G~
& & ", G'(Kes) +G’(014 B decay)
= 1.003 + 0.004

G~ (y decay)

This comparison removes the Cabibbo angle and indicates,

%2=oxm3¢0ﬂw

In addition,

I(m > ev) _ .
T ) theory x (1.03 % 0.02)
i.e. ¢ z_ € 2. 0.03 + 0.02
u e

The combination of these two resnlts measures,
euz = 0,003 £ 0 004 and eez = -0.027 0.0é
Thereiore the tctal 'missing' coupling strength is
el + 0= -0.02 +0.02
We ohserve this is in contradiction with the lower bound provided by the
T lifetime measurement and hence the heavy t neutrino possibility is excluded.
In conclusion, there is now a very solid case for the existence of
the third charged leptom, 71, with all properties compatible with a coupling
to its own massless neutrino and the standard intermediate vector boson. The
t is indeed ready to receive that ultimate accolade, 'ready for the text-books'.
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MULT IMUON PRODUCTION BY HIGH ENERGY NEUTRINOS AND ANTINEUTRINOS

by
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Abstract
Results on multimuon production by meutrinos and anti-
neutrinos are presgentec.. Oppnsite sign dimuon rates have been
determined and distributions are compared with a model of charm
production. We present evidence for a prompt signal for u-u._
events seen in neutrino interactions. Preliminary results on a
new sample of trimuon events will be presented and a tetramuon

candidate is described.

Talk presented at the SIAC Sumwer Institute on Particle

Physics, July 1978
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I. Introductijn

The observation of opposite sign dimuon events in neutrino
interactions was one of the first indications of the production of
new hadrons.1 The first observations have been confirmed by later
experimentsz and the new hadrons are now known to be charmed particles.
The observation of same sign dimuons and.subSEquently of trimuon3 and
tetralepton events4 also may provide information about or set limits
to the production of new heavy quark states or heavy leptons.5 It is
therefore interesting to study these rare processes and compare the
different rates and distributions.

In this paper we first discuss opposite sign dimuon produc-~
tion by neutrinos and antineutrinos and use the measured rates to
extract the fraction of strange quark sea in the nucleon. Distribu=~
tions are also compared with a charm wodel to obtain some information
about charm particle production dynamics and to set approximate limits
to the amount of non-charm signal in the u—u+ data. We also present
evidence for the production of prompt W events by neutrinos and
discuss u+u+ production by antineutrinos. Preliminary results om a

new sample of trimuon events are given and a new tetramuon candidate

will be described.

II. Beams and Detector

The data discussed here were obtained in four runs in the
Quadrupole Triplet (QT) and Bare Target Sign Selected v and V beams
(BTSSv and BTSSV) at Fermilab. In the QT beam the pions and kaons
produced by the 400 GeV proton beam are focussed by a triplet of
The result is a

quadrupoles but not charge selected before decay.6

beam with high mean energy but substantial v event content. (16%). The

BTSS beams employ a 'dog-leg' arrangement td select the charge of the
pion or kaon and thereby reduce the wrong sign background.7 Beam
fluxes are given in Fig. 1,

The E-310 detector is shown in Fig. 2. There are three
separate targets of different densities; a three segment target of iron
(250 tons); twelve modules of liquid scintillator calorimeter (50
tons); and an iron plate-scintillator calorimeter (120 tons). Wide
gap optical spark chambers are interspersed between calorimeter
modules in both the liquid and iron plate calorimeters.

Following the three targets is a muon spectrometer composed
of three 7.3 m diameter, .61 m thick iron toroi@al magnets and four
3.7 m diameter, 1.2 m thick toroids. Wide gap op! ical spark chambers
located between each toroid provide the means to track muons.
Scintillation counter hodoscopes are located in the first two gaps
of both the large and small toroid spectrometers.

The energy responre and resolution of the liquid and iron-
plate calorimeters has been measured between 10 and 100 GeV. The
liquid (iron) calorim'ter resolution varies between 7-12% (15-23%).
Muon beams of known momentwm: were used to calibrate the muon
spectrometer with a resultant erver of + 3% on the absolute momentum
calibration.

The primary emphasis of the experiment was to detect multi-
muon events. Under normal conditions, the high neutrino flux in
either the QT or BTSS beams would result in multiple charged current
interactions in our detector during the 2 ms beam spill. Since the
spark chambers could obviously be fired only once per spillh
triggering on each charged current event would cause & large dead-

time resulting in the loss of the *&s.e multimuon events. The single
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Fig. 2. The E-310 detector.
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muon triggers were, therefore, prescaled 'cfy different factors (2-32)
for each of the three targets.

The counter hodoscopes in the gaps of the 7.3 m toroids, in
coincidence wi;h energy deposited in the calorimeters or with the
counters in the iron target, generated the primary multimuon trigger.

An additional trigger was formed by requiring a 1.5x minimum ifonizing

pulse height in & majority of the liquid calorimeter modules together
E-310 Data Sample

with one penetrating muon.

18
The extent of our multimuon data sample is given in Table 1. Beam POT x 10 Dimuons Trimuons Tetramuon
- opp. same (P >2 GeV/.) (candidates)

The data obtained during the first QT rum (QT I) and the BTSSv (V) g
runs have been completely analyzed. Preliminary results will be QT I 0.8 136 27 5 0
reported here on trimuons and a small sample of energetic dimuons
obtained during the second QT run (QT II). BTSSV 2.5 49 2 o] ]
III. Opposite Sign Dimuons BTSSV 0.4 63 19 3 1

We report here on 199 |.J.-|.J.+ events obtained in the QT I and

+ - -
BTSSV runs and 49 4 K events from the BTSSv run. The distributions QT I1 3.7 ~2000 ~ 300 41 1
and rates of the dimuons have been compared with calculatjons based .
on the standard model of charm in order to more fully understand the Table 1. Multim.on data sawple. The number of dimuon
8 events for QT II is an estimate based on a

dynamics of charm production. In the comparison, the effects of small sample.

geometrical acceptance, counter and chamber efficiencies and the
background from pion and kaon decay have been taken into account.
The fraction of dimuons arising from n and K decay (.25%) was
calculated by a Monte Carlo program based on measured distributions
of pions and kaons produced in neutrino (or antineutrino) inter-
ﬂz:l:ic:ms.9 The calculations were consistent with our measurement

of the decay fraction using different density targets.
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In Fig. 3 the distribution of the momentum asymmetry,
a=(p_-P)/(_+ P,) is shown for the QT I and BTSS(v) samples
for P!»l > 5 GeV/c. The curves, including charm meson production and
n and K decay, show the contributions from v and v separately and
the sum. The v contamination in the v sample is reduced to 4% or
less by requiring @ » - 0.3 and similarly the Vv in the ¥ sample to
8% by requiring ¢ < 0.3. These cuts have been applied to the dis-
tributions described below.

The distributions of Xv

and Yv‘s for y and :, events are

is i

shown in Fig. &. (Xvis = (EHI/MP) (1~ Coseul)/yvis and Yoie =
(Euz + EH)/Evis where for v(V) Mo is u-(u+? and u, is u+(u—).) in
the charm model, neutrinos produce charmed particles from inter-
actions with valence d quarks and sea strange quarks. Antineutrinos
will produce charm essentially only from the strange antiquark com-
ponent of the sea. After correcting for =, K decay the average values
of X, from the v and y data are 0.20 # 0.03 and 0.11 + 0.03, respec-
tively. As anticipated, the ;l sample has a lower average value of
xvis’ while the \ data is consistent with approximately equal cont¢l-
butions from valence and sea quarks

In Fig. 5 we show the distribution of z = P+/(P+ + EH)
for the neutrino data along with curves assuming two different
forus of the charm fragmentation function, F(Z) (Z = ED/EH)'
The distribution favors an approximately flat distribution and
rejects a distribution falling faster than e—32 or rising faster
than eZ. The measured P_L distribution for the y sample is shown

in Fig. 6 (PL is the component of momentum of the u+ perpendicular

to the V- u scattering plane), The superimposed curve was
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obtained with the assumption that D mesons are produced with a P to

1/2

the exchanged W direction of the form dN/dPia e—GEPi + }é] . The
good agreement between Fig. 6 and the charm model calculation suggests
that the contribution from non-chéra sources, particularly heavy new
quarks, is small in the energy range coveréd by the experiment. A
more quantitative statement awaits further data qnd comparison with
specific heavy quark production models.

The energy dependence of the dimuon/single muon ratio
is shown in Fig. 7a and 7b for the v and v data.
The predictions of the charm model calculation are shown with and
without a 5 GeV/c minimum mometum requirement.lo The observed
energy dependence arises from the momentum cut. With this cut, above
100 Gev, R(W W) /R(KT) is 0.67 + 3.13 x 1072 for v and R( W) /R(WH)
‘s 0.70 + 0.25 x 1072 for %

The fraction of strange quark sea (S or §) may be extracted
from t
raiios S/U and S/p (U (D) is the rractional momentum carried by the
12(d) quarke) may be determined independently from the v and v data
after correcting for the minimum muon momentum requirement. This
correction is sensitive to the Z distribution of charmed particle
production.il With the assumption of a flat Z distribution, one
obtains §/U = 0.076 + 0.027 and §/D = 0.099 # 0.035 for E_ > 100 GeV.
If one uses the ratio EU(IJ-+LL-)/U(IJ-+)]/[U(u-u+)/c($l-)] a’value of

§/D = 0.066 + 0.061 is obtained and is independent of the dimuon

correction factor and hence of the assumed 2z distribution.

IV. Same Sign Dimuon Production

Unlike opposite sign dimuons which are now known to arise

predominanc 'y, if not completely, from charm, the origin of like sign
¥ g
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dimuon events is uncertain. The observed rate for such events is
small and therefore.the contribution from pion and kaon decay in
ordinary charged current interactions is a substantial background.
i g events from t
BTSSV runs, 2 4 4y events from the BTSSG and preliminary results
on a small sample of the data from QT II.

It is important to emphasize two features of the E-310
detector. First, the neutrino interactions occur in three targets
of different hadronic absorption lengths ()}, The effective
absorption lengths for each target were calculated including gaps
and end effects. They are: iron target = 31 c¢; ivon calorimeter =
61 cm; and liquid calorimeter = 120 cm. Second, the 7.3 meter
diameter toroids provide a very large accepta: :e chat is indepen-
dent of muon sigr,

The re’ative rates for R(H i )/R(K ) are difficult to deter-

(]

mine because of acceptance and tr
N(u‘u‘)/N(u-u+), hcvever, is independent of v2rtex position, trigger-
ing, etc. The ofserved numhers of events (from QT I and BTSSy) from
each target are given in Table 2. A cut of 5 GeV/c (10 GeV/c) reduces
obs

- - - - _+
the number of ¢ 4 events to 38 (18). The ratio NObs(u w)/N ("]

is shown in Figs. 8a and 8b. This ratio may also be written as

prompt decay_ prompt decay+
W/ (uu)-[N Wu)+N (W eDI/IN (RN ()]

obs
de 9
The quantity N (u u ) has been calculated by a Monte Carlo program.
The known distributions of pions and kaons produced by v (or V) have
been used as input to the program. The primary pions and kaons aré
followed up to the fourth reinteraction. At present we estimate a

25% error in the calculation which primarily comes from uncertainties

in the input data on neutrino irtera.iions.
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For Pu > 10 GeV/c, the fraétion of Wit from decay is 6-227%,
depending upon the target (column labelled Ndecay(u-u+) in Table 2).
After this subtraction, the ratio NObS(u-u—)/Nprompt(u-u+) should
depend linearly on ) and a finite intercept at ) = 0 would indicate
a prompt source. This ratio is shown in Figs. 8c and 8d and the data
are well described by linear fits. c¢learly for the 5 GeV/c cut data,
a significant fraction of the observed u u~ signal {s from decay.
The intercepts, however, are finite at ) = O for both the 5 GeV/c
(0.09 + 0.09) and 10 Gev/c (0.15 + 0.10) cut data. Also the fitted
slopes are in reasonable agreement with the values obtained from the
numbers Ndecay(“-“—) shown in Table 2. In particular for the 5 GeV/c

cut, the fitted value is 3.0 + 1.3 x 10"3 cm-l and the predicted value

is 4.0 + 1.0 x 10~3 cm-l. One may then use the Monte Carlo values
of Ndecay(u-u-) to obtain Nprompt(u-u-).

Averaging over all three targets, we obtain Nprompt(p-p-)/
Nprompt(u-u+) = 0.06 + 0.05 for the 5 GeV/c cut and 0.12 + 0.05 for
the 10 GeV/c cut which indicates that a prompt signal may exist. It
is somewhat more statistically powerful to observe that we see,
for Pu > 10 GeV/c, 18 events and exp:act only 7.5 + 1.9 events.

Some of the properties of the B K events are shown in
Figs. 9a and 10a. The same distributions for u'u+ events (from vy)
are shown in Figs. 9b and 10b for comparison. One observes that
there is no striking difference between the properties of u-u+ and
B u events. The Agp distribution suggests that the B u events
are predominantly of hadronic origin. The Evis plot indicates a
production energy dependence of a nature similar to charm production.

Of course the substantial background from decay is included in the

plots which would dilute any energy dependence dissimilar from charm.

1 ES ] 4 I

10

AN
O
|
]

() 1 1 l I} 1 l 1 i .
O 60 120 180

A¢ (Degrees)

Fig. 9. The Ag distribution for (a) W u~ and
-+
(b) B B wvents.



EVENTS /710 GeV

1.0 I I I I

o
o
]
|

Ty ]

|
0 50 100 150 200 250

o

1 I |
(b) pwut (a>-0.3)

O
T
1

LT . ]

| |
0 50 100 150 200 250
E GeV)

ws {

Fig. 10. The visible energy distribution for (a) u—d' and
-~ +
(b) 4 u events.

=347~

There are at least two conventional origins for WK events.
First, the same processes which yield trimuon events (u-u-u+) may
also result in A 4 events if the p+ is lost as a result of detection
inefficiency. Second, the production of charm-anticharm pairs and
subsequent decay could also result in same sign dimuons. It is pres-
ently believed that the majority of trimuon events (» 80%) arise from
radiative or direct muon pair production. If these virtual photon
processes were entirely responsible for the prompt Ty signal, one
would expect R(u-u-)/R(u'u-p+) < %, particularly for EV > 100 Gev
where the trimuon acceptance is good. At present, the data do not
support this hypothesis as R(u~u-) is 6 + 3 times the trimuon rate.
Current theoretical estimates for the production of charm-anticharm
would predict rates lower than the reasured value.12 It is unlikely
that the majority of the prompt L L events come from production of
hadronic flavors beyond charm. 'We do not observe a rate increase as
Ev increases as one would antic‘pate for a heavy new quark. Also the
PL (out of the v- i plane) shown in Fig. 11 is consistent with the
decay «f particles with masses « charm.

At present we have analyzed a small fraction of the dimmon
data obtained during the QT II run. In particular we have currently
processed evsuis of the type in which both muons penétrate to at
least the first spark chamber in the 3.7 meter toroid spectrometer.
This yields 170 p " and 32 1 u” events with P, > 10 Gev/e.
Unfortunately this sample is not free of biases as was the old data
since the acceptance now depends on muon sign. We have attempted
to correct for acceptance by using a charm-like model of Woe pro-
duction with the result that a correction factor of 2 is necessary.

With this assumption,and after combining with the old QT and BTSS v



EVENTS

samples, we find 50 events and expect 28 + 7 for all three targets

and 20 events and 8 + 2 expected for the iron target.

+ + -
20 T T T . T T I , . We have observed two U U events in the BTSSy run., Neither
( a ) /LL-/LL_ of these events satisfies the 5 GeV/c minimum momentum cut and both
—— events are consistent with arising from m or K decay.
p. >10 GeV/c
10 . S - V. ZIrimuon Data Sample and Distributions
/ \ The number of trimuon events observed from each target is
/ given in Table 3 for a Pu > 2 Gev/c cut and for a ?u > 4.5 Gev/c
O // )//Al —~ //" % o7 momentum cut a&s indicated. There are an additional 15 events with
O 1'0 2'0 at least one muon below 2 GeV/c that have not been included in the
p_L ( Gev /C ) distributions that follow. The column labelled "3Q" corresponds

to events where all three charges are known. Th.: two observed

-++ events are completely consistent with the expectations of dimuon

o)}
O
I
[
\Fl
r

+
Q
A\

)
O
W

|

production plus pion or kaon decay.9 For th: events labelled '""2Q",

one of the muor momenta has been determined by range. In all dis-

tributions - -+ prncuction has been assumed, i.e. - - ? becomes ~ - +

H
O
|
]

and -+ ? becomes - ~.

The distributions of muon momenta are shown in Fig. 12.

20 — = The leading " (P:‘L-) is defined by the W with the larger transverse

momentum with respect to v direction. 1In the plots that follow the

- - +
leading i is labelled "1", non-leading u "2" and the p . "3". The

1 | ! - " s
OO 1 O 2 O shaded area in all distributions corresponds to a 4.5 GeV/c momentum

pI (GeV/c)

- - -+
Fig. 11. Transverse momentum of K L and 4 ¢ events out of

cut. One observes in Fig. 12 that the soft W and p.+ have similar
momentum distributions.

Distributions are shown in Fig. 13 for three of the possible
the v« i scattering plane. muon mass combinations. There is no striking feature. The M12 and
M. distributions are rimilar. A plot of visible energy 1is shown in

13
Fig. 14. We see no events below E , of 40 GeV and the majority of
vis
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the events have Evia > 100 Gev. The fraction of energy that goes

into hadrons is shown in Fig. 15. On average, slightly more than
one-half the energy in the interaction is contained in the hadronic

shower. In Fig. 16 we show a scatter plot of X . and Y . . The

Xvis distribution is typically neutrino like and the Yvis is con-

sistent with being flat. The cutoff in Yvis results from a minimum

muon momentum cut.
Azimuthal angular d

ghown in Figs. 17 and 18. The angle Ap is defined by projecting the

muon momenta onto a plane perpendicular to the neutrino direction.

180%)

i

The u+ tends to be produced opposite to the leading u-(Acp

0).

and the non-leading i in the same direction as the u+(A¢p
There are, however, events in which the u.+ is produced in the same
direction as the leading W,

In Fig. 18 we show the Agp between the leading u and the
vector sum of the other W and |J.+. Most of the u pairs are pro-
duced at the hadron vertex (Agp = 1800) although there is some
contribution at the lepton vertex as well.

The invariant mass of the non-leading p and p.+ is given
in Fig. 19. There is a low mass peak, similar to that observed in
hadronic production of muon pairs. Our mass resolution is approxi-
mately 250 MEV/C2 at 1 Gev/c2 and therefore we are unable to resolve
any structure such as o production. The same mass combination is
plotted in Fig. 20 for "lepton-like" (Agp < 60°) and "hadron-like"
(b > 1200). The distributions are similar with the lepton-like

possibly being somewhat flatter.
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VI. Trimuon Rate Estimates

We have estimated the production rate of trimuons compared
to ordinary charge current neutrino induced events. Only events
occurring in the two calorimeter targets are used as we wish to
investigate the energy dependence of the rate. For the QT II data
the total number of single muon events has been <btained by scaling
up from a small analyzed sample (~ 3%) of the data. The error in
this estimate together with possible scanning and triggering biases
is estimated to be 257 and has not been included in the preliminary
rate calculations rchat follow.

The trimqon rate for a PH > 4.5 GeV/c cut is shown aa#a
function of visible energy in Fig. 21. The contribution from T
and K decay has béen subtracted. One sees thav “he wite above
EV of 100 Gev is corstant at a value of 1.2 + 0.5 x 10-4. The
smaller rate below 100 GeV may be accounted for by ‘reduced acceptance
resulting from a flxed 4.5 GeV/c cut,

"There are a rumber of procesgses which may contribute to
trimuon production. These may be divided into two convenient
categories: virtual photon production; and charm~anticharm, heavy
new quark (b, t) or heavy lepton production., Low mass muon pairs
may be created by an internal bremstrahlung-like process from the

W or entering or exiting quarks in the interaction.s’ 13

This
would lead to a Ay distribution peaked both at 0° and 180° depend-
ing upon the particular subprocess. Direct muon pair pfoduction at
the hadron vertex would alsé create low mass pairs and Agp would be
peaked at 180°. The production of charm-anticharm pairs and sub-

sequent double decay would also result in events of apparent

hadronic origin. New had:ronic flavor production could also lead to



B 7
- R wt) =
- EER a5 Gevr
R(p) i

T

2
H
l

T
R

T
|

—
—4

FT lllll'

|

| | |
O 50 100 150 200 250
E, (GeV) ‘

Fig. 21. Trimuon rate as a function of visible energy.
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trimuons via a cascade of semileptonic decliys.13 Such events would
tend to have larger pair mass.s as a result of the heavy parent
particle. Similarly, new heavy lepton cascades would produce multi-
muon events, again with larger pair mass than is observed. As yet we
have not done quantitative multicomponent fits to our distributions,
but qualitatively the data are consistent with coming from a mixture
of the two virtual photon processes. If one interprets our observation
of prompt u.-p.- events as coming from charm-anticharm production, then
we would predict that 20 #+ 207 of the trimuons come from the same
source after taking into account the additional branching ratio

(.10) and detection efficiency (. 1/3) for the third muonm.

VII. Tetramuon Candidate

We have observed one tetramuon candidate in the QT II rum.
The properties of this event are given in Table 4. We estimate the
probability that this event comes from a trimuon plus decay or a
dimion and a double decay is 20%. We cannot, therefore, unambiguously
tell if the event is evidence for prompt four muon production. If the
event is assumed to be a result of prompt production, mthen the origin
of the other three muons is hadronic as they are produced opposite

to the leading W

VIII. Summary of Rates and Conclusions

In Table 5 we summarize our measurements of multimuon rates.
The opposite sign dimuon events are coneistent with the production and
semileptonic decay of charmed particles. New sources of such events
are not required although they cannot be completely excluded. We
have presented evidence for the prompt production of p.-u- events by

neutrinos at a rate of 10 % 5% of the opposite sign events. The like



P P P
P v . Q
-3.1 -1.0 43.9 -44 + 5
1.0 ~.1 60 +60 + 26
- .01 .5 3.8 +3.8 + 1
-.33 .23 3.0 73,0 + 1
N 178 Gev
. = 289 Gev
vis
Table 4. Tetramuon event
all E\J Ev > 100
- + - -3 -3
R{# U )Y/R(u ) 4.0 +0.8x 10 6.5 + 1.3 x 10
+ - + -3 -3
R(H 1 )/R(H) 2.7 £+0.9x 10 7.0+ 2.5x 10
- - - -4 -4
R( B )/R(K) 4.0 +2.0x 10 6.5 + 3.5 x 10
+ + + -4
R(R'HI/R(H) < 10 —
e Y RGO 6+2x 1072 1.2 + 0.5 x 1074
- -6
R(4L) /R(1) <7x10 —_
- -6
R(>41) /R(K) <5 x 10 _—

Table 5. Multimuon rates with momentum cuts given in the text.
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sign events are predominantly, if not completely, of hadronic origin.
We have no evidence for prompt u+u+ products by antineutrinos.
Trimuon production, is at present, consistent with arising entirely
from radiative or direct muon pair production and charm-anticharm
production. The production of new heavy quarks or leptons certainly
is not the sole source of the trimuon events but carnot be ruled

out at about the 207 level., Our new tetramuon candidate has a sub-
stantial probability to come from a trimuon plus = or K decay (20%).
If interpreted as a prompt event, it is clear that the source of the
non~leading muons is hadronic. Finally, we have no candidates for
events with more than four muons.

The results presented here were obtained by membere of the

. E-310 collaboration from Fermilab, Harvard, Ohio Strte, University

of Pennsylvania, Rutgers, and University of Wiscousin. The members
are: A, Benvenuti, F. Bobisut, D. Cline, P. Cooper, S. M. Heagy,
R. Imlay, T. Y. Ling, &, K, Mann, S, Mori, D. D. Reeder, J. Rich,

R. Stefanski, and D. R, Winn.
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RECENT RESULTS FROM THE CDHS EXPERIMENT

presented by M. Holder, CERN

Abstract

Results are presented on two topics: charged current reactions and trimuon
events.

The charged current data consist of approximately 23 OO neutrino and 6 000
antineutrino events after all cuts. They were collected in narrow band beam
runs with 200 GeV secondaries derivi:d from 400 GeV proton - Al collisions.
The neutrino spectrum extends from 30 GeV to 90 GeV for neutrinos from
n-decays and from 90 GeV to 200 GeV for neutrinos from K-decays. The detec-
tor consists of a fiducial mass of 500 tons of magnetized iron, sandwiched

with scintillators and drift chambers.

The preliminary results are:

1. The total cross sections per unit energy (0/E)} are approximately constant
in thte indicated energy range, with a possible change of +10 % between
the idper and the lowver end, mainly due to the present uncertainty in the

K/m - ratio. The average values are, in units of 10—38 cm2 Gev_l:

(0/E)Y = 0.62:0.03, (o/E)Y = 0.30%0.02
with the ratio

o¥/¢” = 0.48%0.02.

T. Hansl, M. Holder, J. Knobloch, J. May, H.P. Paar, P. Palazzi,

F. Ranjard, D. Schlatter, J. Steinberger, H. Suter, W. von Riden,

H. Wahl, S. Whitaker, E.G.H. Williams (CERN); F. Eisele, K. Kleinknecht,
H. Lierl, G. Spahn, H.-J. Willutzki (Dortmund): W. Dorth, F. Dydak,

C. Geweniger, V., Hepp, K. Tittel, J. Wotschack (Heidelberg); P. Bloch,
B. Devaux, S. Loucatos, J. Maillard, B. Peyaud, J. Rander, A. Savoy-
Navarro, R. Turlav (Saciay); F.L. Navarria (Bologna}.



. . . v _de” as’
The differential cross sections f = a;— t E;_
y=0 y=0
are consistent with being equal (charge symmetry of F2). The values

are:

= : 1.05 £ 0.07 for 30 GeV < E < 90 GeV

1.06 £+ 0.11 for 90 GeV <« E < 200 GeV

The Callan-Gross relation (spin 1/2 partons) is valid within about 10 %.
From a fit to the average y distributions § = 1~ J 2xF1dx/ I dex < 0.05.
Radiative corrections, not included in this analysis, will probably

raise § to a value of less than 0.10.

The momentum carried by quarks and antiquarks is [ dex = 0.44*0.03

for 30 GeV < E < 90 GeV and [ dex = 0.4710.05 for 90 GeV < E < 200 GeV.

l

This result is from do/dy y=0"

The average amount of antiguarks, measured from the y distributions in
neutrino and antineutrino reactions, 1is

(q~s+c)/(g+q) = 0.08 * 0.04 and (g+5-¢)/(g+q)= 0.16 % 0.02

with the mean a/(q+a) = 0.12 * 0.02, where g=u+d+s+c represents the

sum of the quark densities in the protomn.

The ratio of antiquarks to quarks is consistent with being constant in
the energy range 30 GeV < E < 200 GeV, with a maximum change of #0.04

from the average of i/(q+§) = 0.12.

If the average x- distributions for valence quarks and for antiguarks
are parameterized by xF3(x)¢ V;(l—x)n and i(x) « (l—x)m, the best values

for the parameters are n=3.5%0.5 and m=6.7%0.5.

Scaling deviations are observed, most directly in the shape of F2(x)
. . 2 . .
as a function of neutrino energy. Fz(x.Q } decreases with increasing

2
Q for x20.2 and increases for x<O.l.

-360~

9. The values of F2 at: low Q2 agree within about 10 % with the values
expected on the basis of the quark model and the e-d data at the

same Q2.

10. The scaling violations in the Q2— range accessible to this experiment
{roughly 25925100 (GeV/c)z) seem to be in agreeuent with QCD calcu-

lations.

The second topic discussed is the interpretation of trirmion events. 75 events
have been observed in the CDHS detector during wide band beam neutrino rupning.
For a detailed discussion of the results the reader is referred to ref. 1

and ref. 2. The events are consistent with being due to charged current
reactions with additional creation of a low mass D*L— pair. This pair can be
understood as being eitlier produced from the hadron system, analogous to
u-pair production in h.dron-hadron collisions, or as being created by

internal Bremsstrahlung frum the muon. Heavy leptcns or heavy quarks can also
contribute to trimuons through their leptonic decay modes, but the average
kinematical configuration wculd be different from that of the observed events.

Upper limits for the production of these particles are given.

References:

1. T. Hansl et al., Phys. Letters 77B (1978) 11i4.

2. T. Hansl et al., Characteristics of trimuon events etc.,

submitted to Nucl. Physics B.
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Recent Results from the FNAL 15 Foot Bubble Chamber

M.J. Murtagh
Physics Department, Brookhaven National Laboratory

I. Introduction

Recent results from the Fermilab 15' Bubble Chamber on charm pro-
duction by neutrinos and antineutrinos and on the measurement of the
elastic scattering of muon neutrinos on electrons are discussed. All
the results come from exposures of the chamber filled with a heavy
neon-hydrogen (647 at. neon) mixture. Iun this liquid electrons are
easily identified through visible bremnstrahlung since the radiation
leng’h is only 40 cms. With any reasonably defined fiducial volume
and the requirement that electrons a.e identified by at least two
signatures, th¢: detection efficiency for electrons is 2 85%. The
int2rac tion length for hadrons i¢ 125 cms, so that hadrons typically
interact while muons leave the chamber without interacting and can,
in general, be identified on the scan table. From the comparison of
interacting and non-interacting tracks of both signs the background
of fake y from hadron punchthrough is estimated to be about 10%Z.

The neutrino results presented (unless otherwise stated) are from
the Brookhaven National Laboratory-~Columbia University experiment
(Exp. SBA).(l) The total exposure of 134,000 pictures contains 106,000
charged current neutrino interactions. The present dilepton (u_e+)
sample which 1is double the published data from this experiment(z) is

clearly consistent with the GIM charm model. In addition, the non-leptonic



(3)

+ -
charm decay k®n"1” of the D° has been observed. The current
status of the search for charmed baryons is presented.

The cross-section for Vu - e elastic scattering has been

(4)

measured. wWhen analyzed in terms of the Weinberg-Salam model
L2 . . . .

this result yields a value of sin Sw = 0.2 which is consistent

with the value obtained from neutrino hadron scattering. This is

(5)

in contrast to the recent GARGAMELLE results which gave a

' 2
Weinberg-Salam angle sin ew v 0.73.

+ -
6, have reported on dilepton (u e ) pro-

Recently two groups
duction by antineutrinos. While the number of events is still small,
the results are clearly consistent with the expectations of the GIM

model.

II. Charm Production

Dilepton production by neutrinos was first reported almost

four years agofe) Since then many arguments have been advanced as

to why dilepton events are manifestations of GIM charm production.(g)
However, these counter experiments were unable to investigate one
of the basic premises of the GIM scheme; the strong correlation
between charm and strangeness. This information is the province of
bubble chambers and the current situation on the strange particle
content of dilepton events will be emphasized in the following
discussion.

a) By Neutrinos

Charm particles(lo)

can be produced in charged current neutrino
interactions either by interactions on d quarks or on s quarks in

the ss sea.

-362-

Valence:

d(x)sin29
c

1 S.P. per event

Sea:
2
s (x)cos ec

2 S.P. per event

+ .
When they decay semileptonically, e particles are produced. Thus,

. -+ .
one expects to find u e events. In charm production from valence

quarks, the total charm production rate is sinzec {5%), where ec

is the Cabibbo angle. Sin:e charm couples preferentially to strange-
ness, oneé expects one strange particle per event. In charm produc-
tion from sghpairs in the gea, the production rate is vs(x) coszec,
where s(x) is the probabili:y of finding an s quark with fractional
momentum x. Here one expects v twn strange particles per event (one
from the decay of ¢, the other from the leftover 23. These two
mechanisms may have comparable rates. They can be distinguished by
their characteristic x- distributions. The production on s quarks

is expected to have a distribution peaked at small x, while produc-
tion on a valence guark has a broader x distribution. In addition,

the total strange particle content should be between one and two

strange particles per event depending on the mixture of valence



and sea production.

b) By Antineutrinos

(10)

Antineutrinos can produce only anti-charm particles either

by interactions on d or s quarks in the sea.

v u

Sea:
., 2
d(x)sin ec

1 S.P. per event

Sea:
2
s (x)cos ec

2 S.P. per event

Since the production is always from sea quarks, the production from
‘s should dominate since its rate is proportional to coszec. Con-
sequently, one expects antineutrinos to give u+e_ events with a
characteristic "sea" x-distribution and approximately two strange

particles per event.

ITII. Dilepton Production

a) By Neutrinos
- + .,
A total of 164 events with at least a ¥ and an e in the

final state have been found in the analysis of 100,000 pictures,
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corresponding to 60,000 charged current neutrino interactions. The
e+ is required to have two signatures and a momentum over 300 MeV/c.
With these cuts, the background from asymmetric Dalitz pairs is a

few percent. The u_ is identified as the fastest negative leaving
track. No momentum cut is me“e. From a comparison of interacting
and noninteracting tracks of both signs, the background due to fake
u— (hadron punchthrough) is determined to be about 10%. After cor-
recting for these backgrounds, scan efficiency (90%), and e+ identi-

fication efficiency (v85%), the calculated dilepton rate is

v +Ne+ " +e 4+ ...
R = -H — = (0.5 ¢ 0.15)%.
vu + Ne +» ¢ + ...

"his rate is calculated for half of the events for which there is
an accurate normalization. Figure 1 shows the momentum distribu-
tion of the e+, the u~ and tle total visible energy.

various opening angles hetween selected particles as projected
an the plane perpendicular to the beam direction are shown in Fig. 2.
In general, one expects these angles to be shifted toward 0o for
particles coming from the same production vertex and 180° for those
particles emitted at opposite vertices. These results are consistent
with the premise that the e+ is associated with the hadron rather
than the lepton vertex.

The 164 u_e+ events were examined for associated Ks -+ “+"_
and A - pw- decays. & total of 33 such vees (25 events with a
single vee, 4 with a double vee) were found. After resolving the
Ko/A ambiguities (10 of the 33 vees were ambiguous) there were 23

Kg and 10 p decays. This corresponds to 0.6 i+ 0.2 neutral strange
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particles per dilepton event. The visible vee production rate in

normal charged current interactions is measured to be 6%. Therefore,
one expects only 10 vees in 164 events, whereas 33 are observed.
This excess of strange particles in dilepton events is as expected
in the GIM charm model. Recently a number of other bubble chamber
experiments have reported the observation of dilepton events in
neutrino interactions (Table I, Fig. 3). Both the rate for dilep-
ton production and the number of neutral strange particles per event
are consistent with the results of the Brookhaven National Laboratory-
Columbia University experiment.

The x distribution for the 164 u-e+ events (Fig. 4) can be fit
to a mixture of the x distributions measured at SLAC and GARGAMELLE
for valence and sea quarks. The best fit indicates that charm
production by neutrinos is about 2/3 from valence and 1/3 from sea
quarks. This ratio between charm production on valence and sea
quarks implies that the sea s quark content is 3% of the valence
d quark content in a neon target. The number of strange particles
expected per event is, therefore, (2/3 x 1 strange particle} +
(1/3 x 2 strange particles) = 1.33. On the assumption that charged
and neutral strange particles are equally likely in charm decay,
the observed total strange particle production rate is V1.2 strange
particles per event.

The characteristics of these dilepton events strongly supports
the conjecture that they are predominantly from the decay of charmed

particles.

+ -+
Figure 5 shows the e effective mass from the 19 u e events
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TABLE T

-+

From Other Experiments

e

-+, -
we /u
Rate (Z)

Vees

Events

<E >

Observed Observed

Liquid

BeV

Experiment

14 y e

Freon

1-8

Gargamelle (11)

CERN PS

0.8 £ 0.3

11

-+

30 17 1"e

Wisconsin-CERN-Hawaii-Berkeley (12)

Fermilab 15 foot B.C., E28

217 Ne

Columbia-Brookhaven

164 yet

647 Ne

33

~30

Fermilab 15 foot B.C., E53

- 0.13

0.34 + 0.23

64% Ne 6 u

~30

Berkeley-Scattle—LBL—Hawaii(6)

Fermllab 15 foot B,C., E172

40 Wu

~30

Fermilab-LBL-Hawaii (13)

0.43 £ 0.16

50% Ne

Fermilab 15 foot B.C., ES546

+ 0,3

0.7

o~

~75

BEBC Narrow band (14)

CERN 8PS

60% Ne

+ 0.17

0.5

30

BEBC Wide band (15)

CERN SPS

21 u~e+

607% Ne

0.2

0.7

-+

F
Teon 46 pu

N

GARGAMELLE Wide band(16)

CERN SPS

Propane

+ . -
+1 + 1 or A° p + m decays

o
8

Vees stand for K
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with a single k°. The data are not in good agreement with the distri~
: o + . +

bution expected €rom the K'e ve decay of a spin zero D meson at 1868

MeV. The distribution is consistent with a calculation by Barger

et al.(17)

assuming a Krmev decay. However, 3-body decay modes are
(=] o -+
not excluded (the only 3-body D decay mode D + K e V can not con-
tribute to the plot).
b) By Antineutrinos
Recently two groups working at FNAL have presented results on

. + - .
dilepton production (v e ) by antlneutrinos.(6’7)

The statistics
in each case {Table II) are low but the situation relative to neu-
trino produced dileptons is rather clear. The strange particle
content is higher Vv 0.5 (Ks s ate” + A% > p ™ per event which,

when corrected for missing neutrals and with reasonable assumptions
on the relative production of charged and neutral strange particles,

yields "2 strange particles per event.(7)

The x-distribution peaks
at small x-values consistent with production from sea quarks. The
rate 1s probably lower than for neutrino production of dileptons.
In all cases the results are in accord with the expectations of

the GIM charm model. However, it is clear that improved statistics

will greatly facilitate the comparison with the model.

IV. Search for Non Leptonic Charm Decays

. . + - -
All events with possible vees (l(S > or A° pt  decays)
in about 80,000 pictures, corresponding to 46,000 charged current
events with a muon momentum over 2 GeV/c, were measured. Good 2

. . + - -
or 3 constraint fits for 1815 KS > 7 m and 1367 A » pr decays

Kev
2.0

1.5

19 SINGLE VEE EVENTS
1.0

+Ne—~p + Ko +et+: -

5

Vu
Krev

| 1
(@)
o0 < N

A9 'O/ SIN3A3 40 H38WNN
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K°e* MASS (GeV)

mass from dilepton sample.



TABLE (I

'u+e_ Events in Antineutrino Interactions

Berkeley Fermilab-IHEP
Hawaii—Seattle<6) ITEP—Michigan(7)
V>t Events 2800 6320
v . .Events 4 12
v u+e—Vo Events* 2 7
Rate uTe /T (0.15 ¥ 38y% (0.22 * 0.07)%

* o + - o - -
v° stands for KS + w1 or A° » pm decay associated

with the primary vertex.
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were obtained. Correcting for branching ratios and detection effi-
. . . o, -o .
ciencies, this corresponds to a (K~ + K ) rate of {(13.6 £ 1.5)% of
all charged current events, and a (Ao + Zo) rate of (5.0 = 0.5)%.
. o + o+ - . .
Figures 6a and 6b show the Ksﬂ and the Ksﬂ T mass distribu-
: : + - : .
tions, respectively. There is a peak in the Kow 7 distribution
: . o (18)
in the mass region of the charmed D meson seen al: SPEAR. The
best fit of a polynomial background plus a Gaussian, shown by the
curve on Fig. 7a gives the following parameters:
M = 1850 * 15 MeV, 0 = 20 * 8 MeV
corresponding to 64 events above a background of 1£0, with a sta-
tistical significance of four standard deviations. The width is
consistent with the experimental mass resolution of 20 MeV. No
corresponding peak is apparent near the D mass in the events without
a p— (Fig. 7b). This is consistent with the prediction of the GIM
model that the charm charging neutral current interactions are
*
absent. If the peak were due to K production, then one might
expect it to be present in events with and without a p—.
Correcting for branching ratios and detection efficiencies,
the measured rate is

v, +¥e > +0%+ ..., p° & &Ontn

- = (0.7 £ 0.2)%.
vu + Ne+u + ...

: R + . o_+
There is no significant peak at the D mass in the K m mass
distribution. Fitting to a Gaussian with the width of the mass
A + . +
resolution centered on the D mass gives a result of 11 £+ 8 D -+
o_+ : . N R : s
K'm  events, which is clearly not a significant signal. Using

(19)

the branching ratios measured at SPEAR of 4 * 1.3% for
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- + o_+ s + o
p° + Koﬂ+ﬂ and 1.5 * 0.6% for D + K 7 , the ratio of D to D

+, 0
production by neutrinos is D /D~ = 0.5 * 0.4.

The D° rate can be compared with the previously measured rate

+ (2}

for vp + Ne > u— + e + .../vu + Ne - u_ + ... 0of (0.5 £ 0.15)%
It is not possible to obtain an exact valﬁe for the ratio of semi-
leptonic to K°n+n_ decays of the p° since it is not known what
fraction of the u_e+ events come from DO decays. If it is assumed
that all of the u_e+ events are due to semileptonic p° decays,

DO -+ e+ + ..., then the ratio R = (DD e e+ + ...)/(DO - K°ﬂ+w_) is
R = 0.7 £+ 0.3. If, on the other hand, only a fraction of the u-e+

. () . . .
events is due to D~ decays, which is more reasonable since there

. : + : s
is likely to be some D and charmed baryon decays contributing to

-+ .
the U e events, then the value for R is less than that given above.

Recent measurements at SPEAR yield the branching ratios of (4.0 %
1.3)% for 0° + %", 1% ana (7.2 ¢ 2.8)% for D+ " 4 ..., (20
which correspond to a value of R = 1.8 * 0.9, assuming equal semi-
leptonic branching ratios for the p° and the D+. The Brookhaven-
Columbia values, with any assumption about the p° contribution to

-+
the U e events, are lower than the SPEAR value for R. However,

the errors on all of these numbers are rather large at the present.

V. Search for Charmed Baryons

There is an indication of charmed baryon production in the
X . - +
dilepton sample. Since 10 events of the type vu + Ne>p + e
[}

+ A + ... are observed where about five events are expected from

: \ o
associated production. These A 's can not come from D meson decay

~370~

— +
nor from the s quark left over when the e comes from charm produced
on an s quark in the sea.

The hadronic decays of charmed baryons into A's were searched

. o_+ o_+_+_=- . .
for. Figures 8a and 8b show the A"m and the A™m 7 7 mass distri-
bution from events of the type vu + Ne > 1 o+ A° + hadrons. There
+ + -
is no enhancement in the Aw m m mass at 2250 MeV. A small peak
+
with 20 * 9 events is present in the Ar mass at 2250 MeV but the
*
signal is not present if a cut in helicity angle (require cosf >
~0.6) is made. Thisg cut was chosen to remove a background of events
+ .
with a slow A and a fast m and should have enhanced the AC signal
to background. Thus, this is considered at this time to be a sta-
tistical fluctuation. From these results the 9C. con‘idencg level
imi + L S : +o .

limit for AC + Av m v is < 0.2% while the An 5ignal, if real,

+ -
leads to a rate for the AZ + At mode of (0.1 £ O S)%.

VvI. Vu - e Elastin Scattering

The observation of neutral current induced neutrino interac-
tions gave strong support to tlv: gauge theories unifying weak and
electromagnetic interactions. Presently all neutrino-hadron neutral
current interactions are consistent with the SU(2) x U(l) gauge

(21) (22)

model proposed by Weinberg and Salam with a Weinberg angle
L2 . .

sin Bw % 1/4. One of the theoretically most stringent tests of

this theory is provided by the purely leptonic process, vue- -+

vue- which can proceed only via the weak neutral current interaction,
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and the theory can be compared to experimental measurement without
uncertainties introduced by using hadronic targets. Early experi-
mental results on this reaction at neutrino energies of a few

GeV(23’24'25) are consistent with the Weinberg-Salam model. A

(5}

recent result at higher energies indicates a significantly higher
cross section for this process than that expected from the
Weinberg~-Salam model. The Brookhaven-Columbia experiment, which has
four times the charged current data sample, is in good agreement with
the Weinberg-Salam model.

The entire data sample of 134,000 photographs containing 106,000
charged current vu interactions was subjected to a dedicated scan for
isolated electromagnetic showers; 93,000 of the pictures were double
scanned. BAll forward energetic single e_, single e+, or y + e+e_
pairs with no other tracks originating at the interaction vertex wexe
recorded. Electrons of either sign were identified by at least two
signatures. All such events were examined by a physicist, measured,
and geometrically reconstructed using the program, TVGP. By using
the 93,000 double-scanned pictures the scanning efficiency was deter-

mined(ze)

to be (61 + 15)% for a single scan, giving an overall scan
efficiency of (78 + 15)%.

Events which had energy E > 2 GeV and angle 6 < 3° and which
were not associated with other events were retained for further consid-
eration. The subsequent procedures adopted were guided by the philos-
ophy of retaining single electron events and rejecting y-ray conversions.

An event was defined to be a single e if there was no visible radiation

on a negative track before there was observable curvature so that the
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event clearly had a single track at the origin. If there was
early radiation within a short distance of the origin such that
it was not possible to determine whether the event kegan as a
single or double track (in all ambiguous cases this distance was
less than 10 cm), then the event was still class.fied as a single
e if, a) the fastest track was negative, b) the fastest positron
coming from the confused region was less than 25% of the electron
energy (E+/E_ < 1/4); and c¢) the energy of the secon® fastest
electron was greater than 10% of the positron energy. Condition
(b) removes fast symmetric pairs while condition (:) obviates the
problem of low energy & rays on asymmetric pairs. In most instances
the identification was clear cut; the spatial res.lution and lack
of confusion being sifficient to clearly distinguish among the
noted categories. ©n three cases it was not possible to distinguish
between a single e with early conversion and the production of a
delta ray from a conver:ed y pair before clear sajaration of the
lepton tracks. Adop’.ion of the above rules relegated these three
events to the y category (two of the three are consistent with
vue- + vue_ kinemat.cs). Corrections are made fo; real e events
being classified as y's by these procedures. The probability of
an e radiating more than 1/4 of its energy in a single radiation
within the first 10 cm sufficiently asymmetrical to be classified
as a Y has been calculated to be 3%.

The final sample contains 11 unambiguous e events, 5 unam-
biguous e+ events, and 22 y pairs. The number of single e+ events

— +
is quite consistent with what we expect from the reaction vPren



induced by the small 3; contamination in the beam.(27)

The energies
and angles of the 11 single e events, listed in Table III, are com-

pared to the kinematics of vue_ > vue— scattering on Fig. 9. The

curves show the expected correlation between E and 6 of the electrons

List of v
]

TABLE III

+e +v
Y]

+ e Events

in the lab frame for Ev = 30 GeV, the peak of our spectrum, and Ev

Event
= 10 and 100 GeV, which are the approximate limits of our spectrum. 1
all 11 e events are consistent with the kinematics of this reaction. 2
The single e+ and the y events are not sharply peaked like the e 3%
events but are spread out up to the 52 mrad angle cut. An appro- 4
priate variable to illustrate this difference is EGZ, since the 5%
kinematic limit in vue- -+ vue- scattering, E62 <2 m, (electron mass) 6
is independent of the incident neutrino or outgoing electron energies. .
The distributions in EBZ for the e—, e+ and Y events are shown in 8
W
Fig. 10. The e  events are peaked below the 2 m (vl MeV) kinematic
o
limit, while'the e+ and vy events are much more spread out. ’
Three sources of background that could produce single electrons 10
11

in this experiment were considered:

6.5
8.8
9.0
14.0
15.8
20.8
27.5

34.6

(GeV)

+1.6
+ 0.3
+ 2.6
+1.6
+ 1.7
1.0
+ 3.0
+ 2.6
+ 5.6

+9.0

ee— (mrad) EeZ MeV
10 £ 5 0.4
5+8 0.1
5%7 0.1
8 4 0.4
4 %3 0.1
8 =5 0.6
14 %10 2.7
8 5 1.0
23 0.1
8 4 1.8
4 x4 0.6

a} Photons which lompton scatter or convert to e+e_ pairs so
asymmetrically that the e+ is not seen are a negligible background.
Another background comes from photons which convert into asymmetric
e+e_ pairs and have an early energetic 8§ so as to be classified as
an e and not as a Y by the criteria noted above. The probability
for this is calculated to be "1%. When multiplied by the total
number of unassociated y's that are consistent with the kinematics
of vue— -+ vue_ (8 events with E82 < 3 MeV) this yields .08 events

which is negligible.
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*
Event out of fiducial volume used for the

cross section calculation.
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b} The process Ven hd e-p and Ven hd e-pﬂo, where the proton is
too low in energy to be seen, and the Y's from the 7° are mixed in
with the shower of the e . In this experiment, they also scanned

(27)

for and measured events with an e and hadrons, and found 22

events with an e and a proton (with additional stubs which could

: [}
be nuclear fragments) and possibly v's from a 7 . From the expected
2 . : : : (28)
g~ distributions for these events, it was calculated that 3%

of these events would have an invisible proton and an e at a small
enough angle to be consistent with the kinematics of vue_ + vue—.
This background is calculated to be 0.7 events or (6 = 6)% of the
vue- - vpe- signal.

¢) The reactions Che— + Ghe-, vee_, and 3;e~ + 3;e~ are
indistinguishable from the Vue- + vue_ reaction. However, since
the relative fluxes in the beam are vu/Uu/ve/Ue = 100/3/1/0.1, the
contribution of these reactions in any reasonable model is expected
to be small in this experiment.

The 11 vue_ b vue— events and the corresponding 106,000 charged
current v interactions are in a volume visible to all three cameras.
To calculate the cross section for this process, one imposes a
more restricted fiducial volume to insure a uniform (and essentially
100%) detection efficiency for high energy electrons.(zg) Then 8
of the 11 vue- + vue— events and 79% of the charged current vu inter-
actions are in this fiducial volume. After subtracting (6 * 6)%
for the vl e_p background, correcting for the {78 % 15}% scan
efficiency, and for the following losses of single electrons: 10%

(30)

for the 2 GeV cut on Ee, 3% for loss of e  classified as Yo

and 3% miscellaneous losses such as a false association with another

-375~-

v event etc., one obtains the ratio
v +e v +e
w0 ® 0 - n

- A
v+ Ne > + ...
" I

One can calculate the total cross section for this process by

using the total charged current cross section Otot = (0.67 & 0.06)
~=38 2, 5 P .
x 10 EV cm” /nucieon measured in the energy range of 20 to 60 GeV
(31)

in a BEBC experiment and by noting that the electron to total

nucleon ratio in neon is 1/2. The result is

42E

+e +e) = (1.8 *0. 3
o(vu e + v, te ) (1.8 £ 0.8) x 10 , Cm

where Ev is the incident neutrino energy in units of GeVv.

This result is in disagr-emeat. with a recent measurement in
the GARGAMELLE experiment(s) at the CERN SPS. On the other hand,
our result is in good agreemeit with the Weinberg-Salam model.
figure lla shows a comparisci. of the results with the prediction
of +he model as a function of the mixing angle sinzeu. The data
~estrict the value of sin26w to be 0.20t:é: or 0.57t'g;, the former
vaiue being in excellent agreement with several previous neutral

current measurements.(az)

Figure 3b shows the energy distribution
of the 11 vue" g vue— events. The curve on the figure is the pre-
diction of the Weinberg-Salam model with sinZBw = .25 integrated
over the incident neutrino energy spectrum. The agreement is quite
good.

This research was supported by the U.S. Department of Energy

and the National Science Foundation.
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K. Schultze, Proceedings of the Symposium on Lepton and Photon
Interactions, p. 359. Hamburg (1977).

M. Holder SE.EL" Phys. Lett. 71B, 222 (1977); B.C. Barish et al.,
Proceedings of the International Neutrino Conference, Rachen 1976,
289; P. Wanderer et al., Phys. Rev. D17, 1679 (1978).
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WEAK NEUTRAL~CURRENT INTERACTIONS*

R. Michael Barnett

Stanford Linear Accelerator Center
Stanford University, Gtanford, Califormia 94305

I. TINTRODUCTION

The structure of gauge theories of the weak and electromagnetic inter-
actions can be studied with the weak neutral-current interactions of qua;ks
and leptons. In gauge theories, the charged currents (CC) are related to
the neutral currents (NC). In SU(2) x U(1) models, for example, the de-
termination of the neutral currents f3llows from the relation (where for
simylicity right-handed charged currents are ignored):

NC

- 0 2
Ju qC Y, 1+ YS) q-2 fin

T
ew

el
J .
M (1.1)
whare q is the vector (u, ¢, d, &, ...) and J:m is the electromaguetic

curren.. C° is a matrix obtainad from

® - [c, c*] (1.2

wiere C is a matrix giving the appropriate charged current of a given

SU(2) x U(l) model, i.e.,

cC _ -~
= + . .
Ju qC Yy (1 YS) q . (1.3)

Thus information about neutral currents can determine the existence or

non-existence of charged currents such as GbR, EdR or E%e_ where m

R
and m_o can be arbitrarily large.
My EO

*Research supported in part by the Department of Energy.



With the data now available, it is possible to establish uniquely
the values of the neutral-current couplings of u and d quarks. The roles
of each type of experiment in the determination of these couplings are
analyzed in Section II. The section concludes with a discussion of the
implications of these results for gauge models of the weak and electro-
magnetic interactions. Section III contains an analysis of the neutral-
current couplings of electrons. The first part of this section presents
an analysis of the data based on the assumption that only one z° boson
The second part discusses a model-independent analysis of parity-

exists.

violation experiments. The conclusions are given in Section IV.

IT. DETERMINATION OF QUARK COUPLINGS

A model~independent analysis1 of neutrino scattering data has shown

that the neutral-current couplings of u and d quarks could be uniquely

determined. The input involved four types of experiments which will be

discussed separately. The work1 described here was done together with

Larry Abbott.

It is assumed here that there are only V and A currents. The cur-

rents of s and c quarks are neglected. The notation used in this section

has u d and dR (L % left and R = right) as the coefficilents in the

S AN Ale

effective neutral-current coupling:

c - - -
& = :75 VYU(l + YS)vEH.qu 1+ ys)u +oug uYu (1 - YS) u +

- —_ L}
+d d + + -
s (1 Y5) d+dpd v, Q YS) d} 2.1

In the Weinberg-Salam (WS) model2 with the Glashow-Iliopoulos-Maiani (GIM)
. 1 2 .2
is equal to 3 ~ 3 sin

and dR have similar forms.

mechanism3 incorporated, u ew with ew a free

L

parameter of the theory; Up» dL

Note that there is no assumption about the bosons carrying the neutral
current, only an assumption that the effective Lagrangian (2.1) holds.

A. Neutrino-Nucleon Inclusive Scattering

The calculation of deep-inelastic neutrino scattering off nucleoms
(uN » vX) is dome using the parton model. For sake of discussion only,
let us neglect sea contributions and scaling violations (from QCD). For

an isoscalar target, one finds that the neutral-current (NC) and charged-

current (CC) cross sections for neutrinos are:

2
NC _ G mE 2 2 12 2
o\) =0 /dx F(x) [(UL + dL) + 3 (uR + dR)J (2.2)
ccC G2mE
oo =T [ dx FGx) [1] (2.3)
Then the ratios for neutrinos and for antineutrinoe are
NC (u2 + dz) + i (uz + dz)
R :& M L. L/ 3IR_R (2.4)
v cc (1)
o
ti2, .2 ( 2 2
_ UNC 3 \uL + dL + up + dR
R_ = — = (2.5)
v cCh 1
3

Therefore, one can determine the values of (ui + di) and of (uﬁ + d;) N
which are the radii in the left (L) and right (R) coupling planes. The
available datab are shown in Fig. 1 along with the predictions of the
WS model.

Using-the dataA of the CERN-Dortmund-Heidelberg-Saclay (CDHS) group
(Rv = 0.295 £ 0.01 and RG = 0.34 *+ 0.03), the values of the radii in the

L and R planes allowed at the 90% confidence level are shown in Fig. 2.
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Fig. 1. The ratio of neutral to charged-current deep-inelastic scatter-
ing cross sections for antineutrinos versus that ratio for neutrinos,
The curve shows the predictions of the WS model as a function of sin“By
(each tick mark indicates a tenth value of sin“6y). The data are from
Ref. 4.

An overall sign ambiguity among the four couplings is resolved by requiring

B. Inclusive Production of Pions by Neutrinos

The allowed radii are well determined by deep-inelastic scattering.
It remains to determine the allcwed angles in the left and right planes.

Let us define

SL = arctan (uL/dL)
(2.6)

r

ne

arctan ("R/dR)

One means of determining the angles is through use of inclusive plon pro-
duction (VN -+ 7X). Again parton model assumptions are involved in the
calculations. This analysis has been discussed by Sehgal, Hung and
Scharbach.5 It is assumed that pions produced in the current-fragmentation
region (leading pions) are decay products of the struck quark. If z is
defined as En/Ehad (where Eiad = [total hadron energy] = energy of the
struck quark), then DZ(Z) describes the probability that a given pion has

a fraction z of enmergy of the struck quark q. The calculations are sim-
ilar co those for inclusive deep-inelastic scattering except that the
limited specification of the final state requires that the u couplings be

multiplied by DI(z) and d couplings by Dg(z). Then the ratio of n+ to w

production for neutrinos is (neglecting sea contributions for discussion

only):
+ +
N 2,01 2y 2 2\ 7
‘ "+_(uL+§uR)Fu +(dL+ dg ) ) (270
ST2.1 2\or 4 (22 Lal)ET :
“ﬂ_ (UL+3UR)FU (4 + 5 9g ) Fy



with

(2.7b)

)
a s
1
a,
N
(=}
o

where one requires z > zy (leading piomns), z < z, (avoids resonance re-

i > : ~
gion) and Ehad EO, the values of Zys Zys and EO depend on the partic
ular experiment.

There are isospin relatioms
ot T LA w
Du = Dd and Du = Dd (2.8)

+ -
which help simplify Eq. (2.7). Furthermore, the ratio of DZ to Dz

can be measured in ep scattering and in charged-current neutrino scat-

tering; the relevant ratio is

2 N 2 _
n = / dz DI (z) [ dz Dz (z) (2.9)
51

Using Eq. (2.8) and (2.9) in Eq. 2.7, one obtains

N 2,1 2 2,1 .2
ot (uL + 3 uR) n+ (dL + 3 dR)
= (2.10)
N_ w2+ 12 +(d2+-1—d2n
m L 3R L 3R

For antineutrinos, Eq. (2.10) holds if one interchanges L and R. There
are corrections to Eq. (2.10) from sea contributions and from experi-
mental efficiencies.

The data used here are low energy data from Gargamelle6 at the

v
1.64 £ 0.36 for 0.3 < z < 0.7 and Ehad > 1 GeV. .These are shown in Fig. 3

CERN PS. These data are (N L _) =0.77 £ 0.14 and (N , [N _) -
ki LAY m™ hi3

along with the predictions of the WS model.

Recently, high energy data have become avallable. The neutrino
data6 are not for pions but for all charged particles (within the pre-
scribed cuts); Abbott and I have used electroproduction data to estimate
K and p contamination in the signal and find that the results are con-
sistent with the Gargamelle results. The preliminary antineutriﬁo dat36
are also consistent with the low energy data.

We find that the high energy data do not change our conclusions or
the final values of the neutral-current couplings obtained from our anal«
ysis. However, the error bars would be increased; t“is is due in part to
the fact that the actual quantity used (see Eq. B3 ard B4 in the second
paper of Ref. 1) involves differences between numbe"3 o. the same magnitude.

As can be seen in Tig. 2, the Gargamelle pion-inclusive data (even
with 907% confidence levels) place severe restrictiois cﬁ the allowed
angles., However, since the ratios (Eq. 2.10) are functions of the squares

of the couplings, there zve various sign ambiguities.

C. Elastic Neutrino-Proton Scattering

Further determination of the allowed angles along with resolution of
some sign ambiguities can be obtained from analysisl’7 of elastic neutrino-
proton scattering (Vp + vp). Unlike the calcuIntions of Sections ITA and
B, no parton model assumptions are needed here. The matrix element for

the process is

. v
i q
. - Tin- TRY
erla,le) = ue )[qul Tt FA]u(p) (2.11)

The vector form factors [Fi(qz) and Fz(qz)] are related via CVC to
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Fig. 2. The left (a) and right (b) coupling-constant planes. The lower
half of (a) is omitted due to our sign convention uj, > 0. The annular
regions are allowed by deep-inelastic data. The regions shaded with
dots are allowed by inclusive-pion results, and the region shaded with
lines is allowed by elastic and exclusive-pion data. Unique determina-
tion of the quark coupling values is given by the region shaded with
both dots and lines.
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Fig., 3. The ratio of 7t to multiplicities from inclusive-pion data
for antineutrinos versus that ratio for neutrinos. The curve shows the
predictions of the Weinberg-Salam model as a function of sin<fy. The
data are from Ref. 5, and 90% confidence limits are shown.



the electromagnetic form-factors of protons and neutrons:

Isovector Fi = Fg - F; (2.12)
Isoscalar Fi = Fg +-F: (2.13)
The isovector part of the axial-vector form-factor has been measured
and has the form:
F(¢%) - —LB (2.14)

a+fmd)

2 2 s ;
where m, = 0.79 GeV™ (our results are not very sensitive to variation
of m,). The isoscalar part of the axial-vector form factor is assumed
A
to have the same Q2 dependence.
The appropriate factors between these four terms are obtained using
the SU(6) wavefunctions of nucleons. The data of the Harvard-Pennsylvania-

Wisconsin (HPW) groupB are R = ONC/OCC =
v

0.11 * 0.02 and R% = 0.19 = 0.05
(statistical errors shown). These are shown in Fig. 4 along with the pre-
dictions of the WS model.

The resolution of the sign ambiguities remaining from the pion-
inclusive data is difficult to see in Fig. 2, since correlations between
the left and right planes are not evident. TFrom the pion~inclusive data
shown in Fig. 2, one might think that there are 2, 3, or 4 allowed regions.
The correlations can be made evident by plotting BL vs BR (see Eq. 2.6)
as in Fig. 5; this can be done "uniquely," because the radii in the left
and right planes are well determined. The pion-inclusive data result in

four allowed regions (appearing as ellipses in Fig. 5); there would be

eight regions except that dR &~ 0 so that four pairs of regions coalesce.

O.8 T T T T T T T T T T T T T T

L 0.4 <Q2 <0.9
& HPW

O
o
!
I

0.4 — —

0 ol 0.2 - 0.3
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Fig. 4. The ratio of nmeutral to charged-current elastic vp scattering

cross sections for antineutrinos versus that ratio for neutrinos where
0.4 £ Q% £ 0.9 GeV~. The curve shows the predictions of the Weinberg-
Salam model as a function of sinzew. The data are from Ref. 8, and only
statistical uncertainties are shown (at the 90% confidence level).



By "inverting" the vp elastic scattering data (with the analysis de-
scribed above), one can rule out two of these four regions completely and
can rule out substantial portions of one other. Varying portions of two
regions do remain allowed. Independent of the pion-inclusive data, the
elastic data severely limit the allowed regions in coupling space.

D. Production of Exclusive Pion Modes by Neutrinos

Two of the three remaining allowed regioms in Fig. 5 can be ruled out
by consideration of the cross-section ratios for six exclusive channels

containing a pion:

olvp + vpr%) /o) (2.15)
ag{vn + vnno)/cl (2.16)
of{vn + vpﬂ-)lml (2.17)
alwp + var') /o, (2.18)
[ » Ser) + oon )] /e, (2.19)
o(vn + Gpw')/o2 (2.20)
with
oy = olva + upr) (2.21)
6, = 0(p > n'nr®) (2.22)

where recent Gargamelle dat39 were used.

To analyze the data, the detailed pion-production model developed
by Adlerlo was used. This model is superior to all other pion-production
models; it includes non-resonant production (an important feature), in-
corporates excitation of the A(1232) resonance, and satisfies current
algebra constraints. The model gives quite good descriptions of a variety

of data and is crucial for analysis of the Gargamelle data.
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Fig. 5. The allowed angles in the coupling
planes of Fig. 2 for fixed radii taken at the
center of the allowed annulus (ry, = 0.53) in the
left-coupling plane and at the outer edge of the
allowed annulus (ry = 0.22) in the right-
coupling plane. The ellipses indicate the re-
glons allowed by inclusive-plon data; going
clockwise from the upper-right, they are re-~
gions A, B, C and D, respectively. The area
shaded with lines and enclosed with a dotted
curve is allowed by elastic data. The region
which is cross~hatched is allowed by elastic

and exclusive-pion results. The area shaded
with dots is the only region allowed by all
data.



One begins with the Born amplitudes shown in Fig. 6 which are given

in terms of the form factors Fl, F, and FA (described in Section IIIC),

2
FTr (coming from Fig. 6¢) and - (the pion~nucleon coupling). There are
two types of corrections applied.

One comes from using the current algebra relatiom:
T{a S RS [Jg,,]} + o T{JZ/} (2.23)

(where T indicates time-ordered product, and )Z is the weak current of
interest). Taking the Fourier transforms and then the matrix element be-
tween nucleon states for each piece of Eq. (2.23, one finds from PCAC that
the left side is proportional to the desired matrix element <Nw|57 (O)|N> .
The first term on the right side leads‘to.additional form factor terms.
The second term containing the J5 current with axial-vector couplings,
rather than the pseudo-scalar coupling assumed for the pion, implies cer-
tain vertex corrections.

The second type of correction is for final-state interactiomns; the
outgoing pion and nucleon can resonate. In particular, for the appropriate

I= %—terms, one must account for the 4(1232) resonance. There are the
is

usual phase shifts (e R) and enhancement effects for this P resonance.

33
It is crucial to keep the non-resonant (including I = %) pleces; both the
analysis and the data say those pieces are significant.

To avoid other (higher mass) resonances and for consistency with the
soft~pion assumptions of current algebra, it is necessary to require that
the invariant mass W of the pion-nucleon system be less than 1.4 GeV. Un-
fortunately, the data are not available with this cut, and for modes with

final~state neutrons it is, of course, quite difficult to obtain the in-

variant mass. However, the relevance of the cut to our conclusions is

14 14
9r
N \\N
(c) T
V*-~ v
— — T
|
M/'/;,\\N
5-78 (c) 341246

Fig. 6. Born diagrams for the exclusive-pion~production
analysis. g, 18 the pion-nucleon coupling constant.



minimized because: (1) most data are below the W = 1.4 GeV cut; (2) ratios
of cross sections are used; (3) application of the cut to the limited ex-
perimental mass plots available indicates a strengthening of our conclu-
sions; and (4) the model predictions are assumed to be valid only to with-
in 30% and the data to the 907 confidence level (this is somewhat differ-
ent from the procedure followed in the first paper of Ref. 1). This fourth
lie within a factor of two of the various data.

Our analysis of the six exclusive pion-production channels shows that
small values of BL(GL < 900) are totally forbidden by these data. Recall
that there were four regions in Fig. 5 allowed by pion-inclusive data, and
-l

that two were ruled out by the elastic data. A third region (with BL = 4

and eR ~ 270° in Fig. 5) is now completely ruled out.

[s]
eL ~ 140" and eR

The region with
~ 900, which was forbidden by elastic data, is not al-
lowed by these data either. The exclusion of this latter region by these
o
LR 407,
~ 270°) which is

data alone would be much more marginal than for the reglons with @
What remains is a single region (with eL ~ 140° and eR
in good agreement with all four types of neutrino experiments. This unique

determination can be expressed in terms of the coupling constants so that

the allowed region (see Fig. 2) is

L 0.35 £ 0.07 up = -0.19 £ 0.06

u.
(2.24)

~0.40 + 0.07 d, = 0.0 + 0.11

dL R

where the errors are 90% confidence levels and an overall sign convention

(uL 2 0) has been assumed.
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E. Implications for Gauge Mode's

In examining the structure of gauge models of weak and electromagnetic
interactions, one of the important questions is whether, in the context of
SU(2) x U(l) models, there is any evidence for right-handed charged cur-
rents.

The neutral-current results are directly relevant to this question

and indicate that there are no right-handed charged currents for u or d

This conclusion can be obtained by conslderation of Fig. 7 which shows
the allowed regions from Fig. 2. All SU(2) x U(l) models with the left-
handed coupling doublet GdL have values in the left-coupling plane (Fig. 7a)

which are indicated by the line with tick marks. These models have sin2

by
as a free parameter so that the position on the line (i.e., the value of
sinz ew) is determined solely from the data. Clearly from Fig. 7a, the
allowed value of sin2 eW 1s between 0.2 and 0.3.

Now looking at the right coupling plane, Fig. 7b, one sees that for
the WS model the values of sin2 8y = 0.2 -~ 0.3 are also allowed there. The
overal® magnitude of these neutral-current couplings was dependent on the

1.ass ratio of m(Zo)/m(Wi) which is predicted by the WS model2 with the

minimal Higgs boson structure (one or more doublets) to be:

m_=m +/cos 8 (2.25)

0

Z W w

If this mass ratio were not as predicted, then the model would be ruled
out (for example, one might find that sin2 ew = 0.1 was required by the
left-coupling plane, Fig. 7a, but sin2 ew = 0.4 by the right-coupling plane,
Fig. 7b).

The success of these predictions of the WS model is remarkable.

2
For other SU(2) x U(l) models, if one chooses sin e"-o.a from the
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Fig. 7. Various gauge models compared with the allowed coupling-constant
region. The lines mark the Weinberg-Salam model for values of sin Oy
from 0.0 to 0.7. The points labeled A-E are the predictions of various
models discussed in the text. For A, B, C, and E, up, and dp, lie within
the allowed region in the left-coupling plane.

left-coupling piane, then the resulting points in the right plane are
determined. Shown in Fig. 7b are the points for the cases where the
models have the right-handed doublets ﬁbR (labeled A),ll EdR (3)12, and
both GbR and EdR (C). The latter model (C)13 has been called the "vector"
model. As can be seen, these models are ruled out by the data. Varying
the ratio m(Zo)/m(Wt) moves the points toward or away from the origin,

but these models still cannot survive. There are other SU(2) x U(l)
modelsl4 involving - é»and 5/3 charged quarks, and these are also ruled
out.

The applicability of these results is not limited to SU(2) x U(1)
models. For example, there are two SU(3) x U(l) models which are ruled
out by these data. One15 (labeled D in Fig. 7b) h.s the 1 quark in a
right~handed singlet and the ot‘nerl6 (E) has the u quark in a right-handed
triplet (for this latter case the parameters of the model were chosen to
place u and dL in the allowed region in Fig. 7a).

These results also app.y to the SU(2)L x SU(Z)F x Ur1) model.17 Since

that model can be chosen tc have the same values of u, d R and dR as

L u
the WS model, it is allowed by the analysis of quark couplings. In fact,
Georgi and Weinberg18 nave generalized this conclusion by showing that at
zero-momentum transfer, the meutrai-current interactions of neutrinos in

an SU(2) % G x U(l) gauge theory are the same as in the corresponding

SU(2) x U(1) theory if neutrinos are neutral under G.

III. DETERMINATION OF ELECTRON COUPLING

A. Analysié of Neutrino and Parity Violation Experiments

There are two types of experiments which are used to obtain informa-

tion about the weak neutral-current coupling of the electron. The first



is neutrino-electron scattering which can be analyzed in a model-independent
fashion as was done for quarks. The second involves searches for parity-
viplation in electron-nucleon interactions. This analysis requires use of
the uniquely determined quark couplings obtained in Section II. However,
1f the results from analysis of parity-violation experimeuts are to be com-
pared with those from ve scattering (i.e., if g4 and gy are to be calcu~-
lated), then one must make the assumption that there is only one z° boson
which can carry the relevant weak neutral currents.

One type of experiment involves the search for parity~violation in
atomic transitions in bismuth. The details of these experiments have
been given elsewhere.19 Clearly such effects are proportional to the VA

)

interference terms, and, in the case of bismuth, the (V,

hadron Aelectron

term is completely dominant, The optical rotation p which is measured is
then proportional to this term, {.e., p = KQH, where K 1s a constant and
(with the one z° assumption)

Q = % Vhag B @D

and e, as the coefficlents in the effective neutral~

If one defines ey R

current coupling:

P« & e e - .
V/E %L e Yu(l + ys) e + ey e yu(l YS)e} (3.2)
then
gy = ey - ep)
(3.3)
8y = (eL + eR)
and
Vhad = (2uL + dL + 2uR + dR)Z
(3.4)

+ (up +2d) +ug + 240N

R

where Z and N are the numbers or protons and neutrons (for bismuth, Z=83
and N = 126).

Although there is some question20 about the atomic and nuclear cal-
culations of K (where p = KQw)’ present theoretical estimates for K are

such that the optical rotations p for the two transitions that have been

measured are

°
q

1.1 %107 Q, radians (for 8757 b'3) 3.5)

0 x 1.5 x 1077 Q, radiius (for 6476 R (3.6)

Two experiments report results consistent with zero: the Washington

group20 reports p = (~0.5 £ 1.7) x 1()_8 for the 8757 & transition while

the Oxford groule reports p = (+2.7 % 4.7) x 10'.8 for the 6476 & tramsi-

found p = (<21 £ 6) x 10°8

tion. By contrast, the Novosibirsk experiment22
for the 6476 & transition.

Assuming that there exists only one z° boson, then the quark couplings
(Eq. ".24) imply that By = 0 = 0.06 for the first two experiments, and
g, = -0.4 * 0,17 for the Novosibilrsk experiment.

The other type of experiment for which results have been reported23
involvas ve elastic scattering (with vue, ;ue and ;ee measured by various
groups). Ths ~ross sections for vue and Gue scattering are (mo z° assump-

tion is involved here):

v,9 Gm E m E
e N R ATVl (e L el IR
where bottom signs are for antineutrinos. For Gee elastic scattering,
there is an annihilation term (through a W boson), so that in Eq. (3.7)
Knowledge of these cross sections leads to

- +g, + 1.
By gy + 1 and & 8 1



allowed regions in a - plot which are ellipsoidal annuli.

&y
Results have been reported for a SLAC experimentZA involving the
deep-inelastic scattering of polarized electrons off deuterium and hydrogen
targets. In this experiment one measures the asymmetry between the cross
sections Up and o, with electrons polarized parallel and antiparallel to
the beam. 1If there are weak parity-violating effects, the asymmetry will

be non-zero. The asymmetry is sensitive to both the V and

had Aelec

Ah v terms, and furthermore involves no difficult atomic or nuclear
ad “elec

calculations.

For an isoscalar target (deuterium) the asymmetry (see Ref. 25) is,

with the one 2° assumption:
do_ - do
P a_ ~5 9212 _i
G0+ do 64 % 10 7 Q7 4130y +up) -3(d; +dpdfe,

2
1- U=y }2, _Lla
+ |:1 R (1_y)2:l [3(uL uR) 3(dL dR)] gV£ (3.8)

The SLAC experiment on the inelastic scattering of polarized electrons
from deuterium has reported an asymmetry of (-9.5 * 1.6) x 10_5 Q2 where
Q2 is about 1.6 GeV2 and y = 0.21. This is shown in Fig. 8 along with the
predictions of the WS model and the "hybrid" model (described later). Sim-
ilar results were obtained with hydrogen. A run at a higher value of y
way be made in the future.

B. Model Independent Analysis of Parity Violation Experiments

Bjorken26 has shown how to analyze parity violation experiments in
a model-independent fashlon (in particular, there is no need to assume

that there 1is only one 2° boson). One defines the parity-violatien
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Fig. 8. The asymmetry im the SLAC experiment in which polarized elec~
trons are inelastically scattered off deuterons, shown as a function of
y £ (Eg - E})/E,. The solid (dashed) curves are the predictions of the
WS ("hybrid") model for various values of sinzﬂw. The data are from
Ref. 24 and have Q2 = 1.6 Gev? and y = 0.21. %p and o0, refer to cross
sections for electrons polarized parallel and antiparallel to the beam.
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VA AV as the coefficients in the effective Lagrangian

_ G - U e,u - e,d -
&= — [ey e {EvA uYuYS u + Eva dYu YS d}
(3.9)
- U e,u = e,d =
+ eY Y5 e {EAV uYu u + € v dYu d}]

It turns out that more information can be obtained about ei&q than about

from present data. The implications of the results of the Novosibirsk,
20~22

e’q
€va

Oxford and Washington experiments in bismuth and of a "hypothetical®
y = 0 polarized-electron deuterium experiment are shown in Fig. 9, along
with the predictions of the WS model.

C. Implications for Gauge Models

The WS model predicts gy = ~0.5 (independent of sin2 Gw) which is
not consistent with the results of the Oxford and Washington experiments,
but it is comsistent with the results of the Novosibirsk experiment.
There is an SU(2) * U(1l) model which predicts 8y X 0. This model, called
the "hybrid" model, is identical to the WS model except that in addition
to the coupling (Ge)L there is a right-handed coupling (E© e)R. However,
Marciano and Sanda27 have shown that higher order corrections in the
hybrid model make gy large enough to already be in marginal confliet with
the Oxford and Washington experiments. Furthermore, as can be seen in
Fig. 8, measurements of the polarized-eslectron deuteron scattering asym-
metry at different values of y should clearly distinguish the hybrid and
WS models (it can already be said that the hybrid model is in some con-
flict with the y = 0.21 measurement).

The three varieties of Ve scattering lead to an allowed region in

2
the 84 = &y plot as shown in Fig. 10. The WS model with sin Bw = 0.2-0.3
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Fig. 9. Allowed values of eﬁvq, assuming that the measured deep-inelas-
tic polarized-electron deuteron scattering asymmetry represents its value
at y = 0.
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Fig. 10. Ninety percent confidence limits on gj and gy of the electron.
The horseshoe-shaped area at the center of the figure is the overlap re-
gion allowed by the three types of ve scattering experiments. The band
shaded with lines is the allowed region from the SLAC polarized-electron-
deuteron scattering experiment (Ref. 24) assuming a single Z° boson and
values from Sec. II of quark couplings (including quark error bars). The
upper (lower) band shaded with dots is for the Washington-Oxford (Novo-
sibirsk) parity-violation experiments. The predictions of the WS model
are shown for tenth values of sinzew.
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is clearly consistent with the data. Using the sing.e z° Boson assump-
tion, one can also plot the regions allowed by the two types of parity
violation experiments,

The SLAC data rule out that version of the SU(Z)L x SU(Z)R x U(1)
model which predicted no parity-violation (to lowest order); however,
other versions of that model reproduce the WS model's predictions for all

neutral-current phenomena.

IV. CONCLUSIONS

The discussion in Sections II and IIT indicated that most models are
ruled out by present analyses, but that the WS model and certain corre-
sponding SU(2) * U(l) X G models survive. In gencral, those models which
fail are ruled out by many standard deviations. TIn contrast, the
SU(2) * U(1l) model of Weinberg and Salam agrees within 90% confidence
levels with 17 differeat experimental numbers as shown in the Table. Note
that at the 90% conficdence level one would expect about 2 of the 17 numbers
to disagree with the theory; the fact that none dicagrees may indicate that
the error bars are co.servative. Clearly one should not use only one stand-
ard deviation since then 6 uumbers would be expected to disagree with the-
ory. Left out of the Table are :'.¢ results from the atomic parity-violation
experiments since there are conflicting experimental results.

If one chooses to believe both the Oxford-Washington result and the
SLAC result (and assuming there is no large y dependence), then the stand-
ard WS model fails. However, there 1s a simple extension28 of the model
which can account for all of these phenomena. Consider the group

sU(2) x u(1) x U(l)R where neutrinos are neutral under U(l)R. Then all



Comparison of WS Theory with Experiﬁent.

exclusive pion production contain 30% errors as discussed in the text.

TABLE

The theoretical numbers for

90% Confidence

WS Theory

Quantity; Experimental Limits . 2 -
Process Measured | (Statistical + sin ew 0.25
Systematics)
N+ vX R .295 + .02 .3
N + WX R .34+ .05 .36
wN + vrX N +/N 70+ .22 .82
m bl
N > vnx N /N 1.64 * .58 1.18
m m
vp > vp R .11+ .05 .11
vp > vp R .19 £ .10 .12
vp + vpr°® R .56 £ .16 .42 ¢ .13
vn -+ unm R .34 0+ .15 .43 £ 13
vn + vpT R 45 £ .20 .28 £ .08
wp » vant R 34 % .12 .28 + .08
SN -+ oNr° R .57 % .16 .39 & 12
vn -+ vpT R .58 t .26 .29 + .09
2 _ -
ve+ve %(%) (1.5:1.5) x10°%2 | 1.4 x 10742
o cmz) 42 42
S v {2 (1.9%1. 3 . B
ve e E(GeV (1.9 +1.8) x10 1.4 x 10
V,e+Te(l5<E <3.0) | o (cn) (5.96¢2.7) x16°%3 | 5.94 x 1073
Te>3,e(3.0<E <4.5) | o (cm) (3.21:1.3) x107%43 | 2.53 x 10743
eor D7 e X a/Q° (9.5 +2.6) x107> | 7.2 x 107

charged-current interactions ard all neutrino interactions are unaffected.

The parity-violation experiments here reflect the current

-

Al
)

J + 0 J (4.1)

= ¥
o

where the current resulting from U(l)R is isoscalar (uu + dd),

and p is a free parameter which is taken to be small (say 0.1 or 0.2).
Since the SLAC result involves differences between ug and dL (uR and dR),
it is little affected by an Isoscalar pilece (which is multiplied by a
small number). However, in thes b.smuth experiment one measures sums of up
and dL' and one finds that it is possible to cancel the effect due to the
WS current. While it is possible to achieave this cancellation, it might
seem to be a rather artificial or "unnatural' solution to this problem--
obtaining zero by cancelling two large numbers against each other.

For the time, it might be best to wait for further atomic physics
results on bismuth, thallium and hydrogen before reaching final conclu-
sions Nonetheless, the essential nature of the weak neutral-current inter-
actions has become quite clear and the success of the Weinberg-Salam model

is evident.
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1. INTRODUCTION

It is generally anticipated that at lTeast two more quark flavors will be

ogner ¢

"
[

to identify them: lifetime, branching ratios, selection rules, lepton decay spectra.
In addition, there is the exciting possibility that CP violation may manifest itself
more strongly in heavy particle decays than elsewhere, providing a new probe of its
origin.

Predictions of these properties, however, require some understanding of the
dynamics of non-leptonic transitions, and I will first try to convince the reader that
theorists have made considerable progress in the understanding of non-leptonic
transitions among lighter quarks. As the technology of QCD has been developing
there has been a feed-back of application to the long standing problems of non-
leptonic K- and hyperon-decay, and a rather staisfactory description of these decay
amplitudes has emerged. Within the same framework predictions were made for
the decays of the Q and of charmed p
the data now available.

In addition to a framework for treating strong interaction effects, we need a
model for the weak coupling of heavy quarks; I will restrict my discussion to the
Kobayashi- Maskawa model. After a brief justification of this choice, I will go into

details of its implications for topology and bottomology.
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2. DYNAMICS OF NONLEPTONIC DECAYS
The first step is to find the effective local operators which can induce
transitions among the quarks in the hadron wave function. For strangeness
changing processes the mast important operators are four fermion couplings. For

example, the quark scattering process
s+u > u+d

for all external momenta <<my, is obtained by summing diagrams of the type
shown in Fig. 1. Since gluon exchange conserves helicit. , the primary V-A coupling
structure is unchanged, but the effective fermi couling constant gets renor-
malized, the renormalization factor depending on the color representation of the
scattering channel. F.r a V-A pointlike interaction, scattering occurs in an s-wave
spin zero channel wh’:h is antisymmetric in the quarks. Tne color and flavor wave

must therefore have the same symmetry preperti
f

ate u and
d quarks will have I = 0 far color 3 scattering and I = ! for color 6 scattering. Since
the initial (s, u) state has I = %, t~c J scattering amplitude is pure Al = %, while the
6 amplitude is a mixture of I=% and I =3/2. It turns out that renormalization

effects enhance th: effective Fermi coupling constant in the 3 channel and

suppress it in the 6 channel. In the leading log approximation,li.e. up to

o (1n(mw2/A2)'l)

2 '
of cts(u ) i
GFi - m(m 5 Gp (1)
. O\ My
Y3 = -2vg = 12/33-2Ny) 2



u S\ LU Sy gV
WY
u d uX \d

Fig. 1. Effectivelocal | AS | =1
quark scattering operator

P

Fig. 2. Generic penguin diagram

S W d s
= c,u +
g g
g

Fig. 3. Dominant effective local
| 85 | = 1 operator generated by a
penguin diagram.
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12¢ 1
oQ” = 33N T2 €)
s 3- 2Ny 1n(Q%/1D
where my is the intermediate boson mass, u is a typical hadron mass, O(1 GeV), N
is the number of quark flavors and A should be approximately the same as the

parameter measured in deep inelastic lepton-hadron scattering experiments.2

Assuming Nf = 6, A = 500 MeV, the numerical results are

n

GlS“G) 26G

F

n

6ete) = 0.6 G ®
gi\;ing a factor 4-5 enhancemer 4 of Al = 1/2 over AI = 3/2 amplitudes, which is not
by itself sufficient to explain the observed amplitude enhancement factor of about
20.

i the u and c quarks were degenerate (and the mixing with a t quark
neglig ible), the operators discussed above (and denoted by a black circle as in Fig.
1) weuld be the only operators contributing to O(l/mwz). However there is a class
of diagrams,3 generically referred to as "penguin diagrams,"“L which arise when the
external u or ¢ quarks of Fig. 1 are connected and communicate via gluon exchange
with other zuarks in the hadron wave function as shown in Fig. 2. All these
diagrams are pure Al=% because gluons cannot transmit isospin. Since these
diagrams are unimportant for large internal momenta where the u, ¢ mass
difference can be neglected, their strength is characterized by mc2 rather than
mwz. To leading order in uzlmcz, the dominant effective operator is again a 4-
quark operator.5 (In the valence quark model used below the only other relevant
operator is a 6-quark local operator which may have a small matrix element, and

operators involving external gluons vanish for soft gluons, so the approximation of



retaining only the 4-quark operator may not be too bad even for penguins.) It will
be denoted by a solid square, and the effective coupling is obtained by summing
diagrams of the type shown in Fig. 3. The effective quark operator is local because
by gauge invariance the s-d-gluon vertex must have a q2 factor which cancels the
pole in the gluon propagator. Again in the leading log approximation (this time to
(e} (ln(mCZ/Az)"l) , the effective Fermi coupling is given by the value of the lowest
order diagram of Fig. 3 times a renarmalization factor coming from the sum over

extra gluon exchange:

2, 2 2yx
£ . a (m ) 2 3
G; {penguin) = In (;T%) _ss?g_ o) Gp

u(mcz)

~Gp/12 . (5)

The effective Fermi coupling is small but the structure of the operator is not of the

V-A type:
-~ ~ 1
= @) ps)y_p @)y ©

0O .
penguin

where the A are color SU(3) matrices. In order to express the operator in terms of

color singlet bilinears, we must perform a Fierz transformation. Writing
i ~ i ~ 1
@)y = @raly_p+@ray,, - 7
the (V-A)x (V-A) structure is invariant under a Fierz transformation, but

— 1 — -
d Xs)y_al@r oy, 4 —’Fierz (da)g, pas)s_p . (8)

-400-

For g =u,d, the bilinear (dg)p has the quantum numbers of the pion, and this
results in a considerable enhancement for certain matrix elements.

The second step is to evaluate the matrix elements of the operators obtained
above. This has been done’ assuming a simple valence quark model for the hadron
wave functions. First consider baryon decays: B + B'+ .. The penguin operator
has enhanced matrix elements only when two quark lines are attached to the
external pion, and we shall neglect it elsewhere. Then the relevant amplitudes are
those shown in Fig. 4. Since the baryon wave function is *otally antisymmetric
under color SU(3), any quark pair is in a 3, and only the enhanced, Al = % part, of
the quark scattering operator contributes if two quark 1.gs are connected to the
same baryon state.6 Therefore the diagrams 4a-4c are p1edominantly Al = %; they
can be evaluated in the standard soft pion treatment’ Jhich relates both s and p
wave amplitudes to the ";aryon-baryon transition matrix elements shown in Fig. 5.
In the non-relativistic SU(6) model these are determuned in terms of a single
parameter, the probability '(0)} 2 for finding two quarks at the same point in the
baryon wave function. Fig. 4d is pure Al = 1/2; Fig. 4e '+ a mixture of Al = 1/2 and
3/2. It vanishes In the chiral symmetry limit (mu,d’ m ﬂz + 0) while Fig. 4d does
not. Neglecting gluon exchange effects other than those included in the
renormalized fermi coupling constants the amplitudes can be factorized in terms of

matrix elements of quark bilinears:

uecx( 1 > > = 13 >
M B|Ju|B ]Ju|0 £ <B [‘lJu|B

2
f m
4d 1 < IR LI
e Bla, 3 le<n]d 7 b T cmi|a 3 B> (9)
msmu’d H U U mgmu’d l H IJ,
where Ju is the usual V-A current operator and we have used the standard
assumption (required in most gauge therries) ihat they are conserved up to quark

mass terms. The pion decay constant f“ is defined by
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Fig. 4. Matrix elements for baryon
decay: B+ B'n.

e

Fig. 5. Matrix element for weak
baryon to baryon transition.
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Fig. 6. Matrix elements for Q@ decay:
(@) @+ Em, (b) @+ AK".

> =

<nlo 10> =t (10)
As a first remark we see that the Al = 3/2 amplitudes, arising solely from Fig.

4e in this approximation are completely determined in terms of the known matrix

elements relevant to semi-leptonic decays. They agree5 with experiment in both

sign and magnitude up to a common factor of about 1.5, for both K- and baryon

8

decay (with the possible exception of A +pn). Secondly, using conjectured values

for the "current quark" masses:

m, =my = 5 MeV , mg = 150 MeV (1)

we see that matrix element ratio >f 4d tc 4e is considerably enhanced:

2

m
mbdmte = L = 2 . (12)
s u,d

Absorb.ng this factor into the effective Fermi coupling constant Eq. (5) we get
G;eﬁ(penguin) =22 , (13)

a coupling ccirpacable to the enhanced Al = % part of the quark scattering operator,
Eq. {#). Putting everything together, a fit to all baryon decay amplitudes can be

made,5

which determines the single unknown parameter |(0)] 2.
Applying the above model to 2~ d(-:cay,9 the decay amplitudes are uniquely
- determined by the parameters used to fit baryon decay. In the 2~ case the
amplitudes are particularly simple. For Q™+ Em only diagrams of the type 4d and

4e can contribute (see Fig. 6a) because only one strange quark can participate in

the quark scattering of Fig. 1. The matrix element factorizes:
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- = = ) >
A+ 81 ) = <~i3u| ><“|Ju‘0
or J +93 3

In the SU(3) limit only the axial current contributes to the Q - E transition at low
q2 (here q2 = m_n2), and since only the axial current contributes to the 7 -vacuum
transition, the amplitudes are predicted to be nearly parity conserving. For
Q7 + AK the only diagram is that of Fig. 4c. Phenomenologically, it should be
dominated by the 2© pote diagram of Fig. 6b, because of both the proximity of the
pole and the large wave function overlap for the spectator baryon. It then depends
on the wave function overlap |y (0) |2, and will again be predominantly parity
co_nserving. The predicted rates9 agree with the experimental value10 within about
a factor two. This is well within the theoretical uncertainties on both | (0)] 2 and
Free of these uncertainties are the

the Q7 + E7 current matrix element,

predictions of vanishing asymmetry parameters

and the violation of the Al = ¥ rule9
FECT)/T(E 1% =3

which are in remarkable agreement with the experimental resultst?

[+ 0.06 £ 0.14

K =

ML WHE ) = 293 +0.45
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It should be emphasized that the large (20%) violation of the AY =% rule found in
Q7 + Em strongly supports the idea of a dynamical origin of the approximate Al = %
rule. In the picture described here, it can be understood by the absence of the
Al = % dominated diagrams of Figs. 4a-#4c.

We turn now to meson decays. The K + 3% decay is successfully deter-
mined!! by soft pion theorems from the K + 2 m decay, so we need only consider the
latter. The possible diagrams all factorize and are shown in Fig., 7. Fig. 7a gets a
contribution only from the operator of Fig. 2 because the strangeness conserving
part of the weak current is conserved and cannot create two pions in a zero angular

momentum state:
<1|1r(:|=0)|§1u o> =0 .

Fig. 7b is given by an plitudes similar to those of Eq. \9). The operator of Fig. 1
gives an amplitude ratio 1/2 : 3/2 = 4-5, while the pe)guin operator of Fig. 2 gives
a contributien (Eq. (13)) similar to the enhanced part o. Fig. I, so the overall Al = %
enhancement for 7b is about a facivr 10 (modulo the appropriate Clebsh Gordan
factors ). Adding 7a and 7b, one ﬁnd55 the experimental enhancement factor of 20
if one suppresses the Al = 3/2 part by an extra factor of 1.5 as needed for baryon
decays. (This could be due to extra gluon exchange effects.)

Next we tirn to.charm deca.ys.j’j’12 First we note several reasons why
strong interaction effects should be weaker than for strange particle decays.

a) There are no penguins for the dominant AC = AS = ! transitions, since the
basic four-fermi coupling (Fig. 8) involves no identical quarks.

b) The coupling constant renormalization is weaker since the average

momentum transfer is characterized by the charmed quark mass:



O= @ or

(a) (b)

Fig. 7. Matrix elements for K+ 7.

S
Cc
d u u Ei

Fig. 9. Matrix element for D°
annihilation decay channel.

hadrons

Fig. 8. Dominant|AC | =1
transition process.

S

S —_—
1= Cc
c IéE u:}l 3,6 W
d Y,

(a) (o) © O

Fig. 10. Matrix elements for inclusive
charm decays: (a) non-leptonic and
(b) semileptonic.

\

——
K+ D T D K
c é!; S - 5(1 c S
(a) (b)y &

Fig. 11. Matrix elements for
exclusive charm decays: (a) D+ K,
(b) D+ K&*v o
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1- Ge“/G = 0 (ln(mwzlmcz)) instead of O (ln(mwzluz))

c) Because of increased phase space, there is no dynamical suppression of
diagrams of the type of Fig. 7b since pion emission, which is suppressed by
approximate chiral symmetry, cin be replaced by p emission, or more generally any
spin-1 hadronic system with a mass 1 GeV.

The processes which can be most readily estimated using QCD technology are
inclusive decays and the exclusive channels D+ K&v, D + K7, We shall neglect the
contribution of Fig. 9 which has branching ratio =fD2m52/mC4 and shoud be small
uniess fD >> f ., where f is deined similarly to f_, Eq. (10). Then the inclusive

hadronic and leptonic decay rates, Figs. 10a and 10b, respectively, are given by*

) 2 eff Mc >
(D + hadrons) = (G. G T( —= ) r
i i F| rnu u

m

m 5
I+ h+ &V) = z(—c) T )
u H

where I‘u is the muon decay rate. The total lifetime prediction

_ 13
T = (1-910

is sensitive to the value (1.5 - 2 GeV) used for m., but this uncertainty disappears

in the total leptonic branching ratio

Be = Bu > (10-13)%

where we have again used a 6-flavor model and A= 500 MeV to evaluate the Gieﬁ.

The exclusive decay amiplitudes, Fig. 11, are given by*

*
Color factors for the hadronic decays are implicit.



AD +Km) = ] GieH//T<K a3, Ip><n| 3 lo>
1

AD ~K2v) = Gp/vZ <K |Ju [D><2v| Ju jo> . (15)

The D-K current matrix element may have large SU(4) breaking corrections.
However the relative ratios for different K-7 channels are sensitive only to the

Gieﬂ. We find

B(D* + R°r*)/B(D° + K™1%) = 0.77

to be compared with the experimental value 0.68 +0.33. If we assume SU(%)

symmetry we predict
B(D0+ K—'IT+) = (1-~4)%
Using the experimental value of 2.2% to eliminate the uncertainty in the ratio
(mC/mu)jll <D|J |K>| 2, we can predict the fraction of 3-body leptonic decays,
finding:
B(Kv)/B(hiv) = 0.44 .
We conclude this section with an optimistic view of our present understanding

of non-leptonic decays, and turn to the decays of still heavier quarks. As the quark

mass increases, the effects of strong interactions should become weaker stili:

GFEﬁ/GF- 1 = D[ln(sz/mwz)} +0
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as the quark mass approaches the W-mass. Penguin dia,rams may be present, but
they contain explicit factors of « S(sz) which vanish with increasing quark mass.
However, before discussing dynamics we must have a model for the weak couplings,

which we shall first present and discuss.

3. THE KOBAYASHI-MASKAWA MODEL
This model 1 is a simple extension of the Cabibbo-GIM modellj’16 from four

quarks to six. The charged current couplings are pure V-A and are given by
b -
‘%C = gWu qLYulz—UquLhc (16)

where U is a 3 x 3 generalized Cabibbo matrix. The [hienomenological motivations
for restricting our discussion to this model are by now many:
a) It incorporates CP violation in a way which is consistent with low energy
phenomenology.l‘7~19
b) A V-A couplng is now strongly favored13 for the v and its neutrino.

0 model then requires21 a new quark

Renormalizability of the "leinberg—Salam2
doublet (t, b) with a V-A coupling.

c) With the demise of the high-y anomaly, there is no evidence for right-
handed charged couplings (e.g. a (ub?R coupling of the usual strength is ruled out).

d) There is now evidence for parity violation in neutral currents.zz’23 While
the situation in atomic physics is still controversia.l,zu the SLAC resul'c23 gives
clear evidence for parity violation, removing another motivation for the intro-
duction of right-handed couplings.

e) There are experimental 1imits?210 in the lifetime of the B™(bu), expected

to be the lightest naked bottom state with a mass around 5 GeV:



8 5.107 i o >0,

TBSS-IO B >

as expected. This result argues against a new conserved quantum number
associated with the b quark which has been suggested in the context of larger
flavor groups than SU(2) x U(1) (unless the B decays into a lighter stable lepton).
On more speculative theoretical grounds, the K-M model, as embedded in the
i, provides the simplest viable possibility for the
unification of strong, weak and electromagnetic interactions, namely the Georgi-
Glashow SU(5) model.?® This model has had a certain amount of phenomenological
success; it predicts vanishing masses for all neutrinos, and determines the Weinberg

angle to be?7,23

sin? 9y, = 0.20
Assuming there are only 6 quarks, the "constituent” masses (roughly defined as half
the threshold mass for production of the corresponding naked flavor) have been

estimated to be28

(4.8 - 5.6) GeV

3
4
»

3
»

(380 - 500) MeV

What concerns us here are the charged current couplings as defined by Eq.

(16). The U matrix acts between the quark vectors

d
w (3)
L b/L ’

and can be written explicitly as

EL+(UEDL (17)

~405~-

c s,C
1 1-3 $183
U = -5,Cy €C,Cq + 5253e16 C)Cp53 - 52<:3e’6 . (18)
\ -515, €15,C3 - c253eI 8 CySp5y + c2c3el 5/

where s; =sin 8, c; = cos 8, If s; << 1 for all the mixing angles, the matrix (18)

simplifies to

1 s 5153
~ i§
U= -5y 1 83 - 5,€ . (19)
-815, Sy - szel 8 1

In the limit where the t and b quarks decouple,s.,s, + 0, we recover the Cabibbo-
GIM niatrix with S;=sin8_..
Are there any empirical limits on s, and $3? The experimental verification of

Cabibbo universality for the ud and us couplings:
e f+s%" =1 (20)

forbids 532 to be too large. Taking into account the experimental errors29 on the

relation (20), one gets the constraint!?

s3 ¢ s) =sing. = 0.23 . (21)



A constraint on sy is provided by the K;-Kg mass difference which receives a

contribution from top quark exchange:

Am
Kzsz m2+sqm2+2
1 c 2 .

K m.~ -m m

(22)

Since the exchange of a charmed quark of mass 1.5-2 GeV accounts by itself

(512 = scz, 522 =0 in Eq. (22)) for the observed mass difference, the top quark

contribution cannot be arbitrarily large.
30

Assuming it to be no larger than the

charm contribution gives

s, <0.36 (23)

it m >3 GeV as suggested by dimuon data.31 In the 6-quark model CP vjolation is

described by the single parameter §. From the analysis of CP violation in the kaon

system, one finds3 0

1 Im my

2

=102 = $,83 sin § f(mtzlmcz, szz) . (24)

Amy

Since s, and s3 are bound from above, Eq. (24) bounds § from below, but the bound

is very weak:
§>102  for

8GeV < m. <my (25)

However, an arbitrarily large value of the parameter § is permitted by present

phenomenology.
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4. VERY HEAVY QUARK DECAYS
We now turn to the analysis of naked top and bottom decays. To simplify the
discussion we
a) ignore the renormalization of the effective coupling constant for the
AB = *] analogue of the operator in Fig. 1, since this effect is small. Using the

same parameters as in section 2, we find
GeM/Ge = 14 and 085

for the 3 and 6 channels, respectively;

) b) characterize the mixing parameters s, a;’nd Sg by a common parameter s,
expected to be no larger than s, Z sin 6 . =0.2, and discount the’ possibility of a
strong cancellation between s, and $3 in the elements 53—52ei6, 52—53ei<s in the
matrix (19);

c) ignore phases.

Then the mixihg matrix (19) is of the approximate form:

Ux=f s 1 s . (26)

We further assume that the T(9.4) is a bb bound state, so that
m, > my = 5GeV . (27

We then obtain immediately a prediction for the relative strengths of

different flavor changes in heavy quarlt dzcays:



DB /e d) = F(mim 2) 2057 2

(28)

b +c)Tb+u) = st m 2/m 2 /5252 SRS RS
c''b [« 35 2
(o
where F(x) is the V-A phase space factor for the decay of a fermion of mass m into
a fermion of mass xm and two massless fermions. The t + b branching ratio is very
sensitive to the top quark mass; we find
2, 2 0.05 8 GeV
F(mb fm, ) = ifm, = . (29)
1 My

But since we expect s2 <sc2 = 0.06, we expect in any case a significant t+ b

br;\nching ratio:
F(t+b) > r(t+s) = 200t~ d) . (30)

Since the b-quark is expected to decay predominantly into charm, we anticipate
spectacular multilepton events, for example:
t +b + (hadrons or JL+{)£)
¢ + (hadrons or E-UE)
s + (hadrons or !L*\)L)
with a (20-40)% probability for lepton emission at each step. The leptons will be

characterized by a high t.ansverse momentum; if the average decay c.m. lepton

energy is a third of the energy release we find
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400 MeV c+slv
. - . 1 GeV B+ chv
P> FCEP o, TQBE 3GeV  T(9 GeV)» stv :
2 GeV T(11 GeV)+ bgv

(For charm decay we would naively predict <E2,>cm v mC/B-" (500-600) MeV.

The observed value of about 400 MeV may be attributable to gluon bremsstrah-
lung32 which should be less important for higher mass systems.)
Since the specifics of heavy quark decays are highly mass dependent, we shall

hereafter concentrate on b-decay, under the assumptions (27).
33

In Figs. 12 we

show™~ the lepton spectra for the process

«ta™ + Bb + hadrons

at a c.m. energy of 20 GeV, assur.ing an elementary 4-fermion V-A coupling for the
decay, and under several assumptions for the quark fragmentation functions. While
the orecise shape of the spectra are model dependent, their qualitative features are
not and the leptons originating at the b + ¢ vertex (primary) and c+ s vertex
secondary) appear to be separable. Fig. 13 shows transverse momentum
distributions using different models for the decay processes. Again the primary and
secondary leptons appear separable.

Aside from observing multi-lepton events and measuring lepton decay
spectra, we may hope to study final state quantum numbers and look for particular

final state configurations such as:"[‘L

two-jet decay channels., The basic decay
mechanisms are shown in Fig. 14, and the corresponding final state characteristics
and estimated branching ratiosBO are given in Table 1. Figs. l4a, b show the
dominant free 3-body quark decay mechanism dominated by charmed final states as

discussed above, Eq. (28),
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Figs. l4c, d are annihilation processes which can be more important than for charm
decay (cf. Fig. 9) because of the relatively heavy charmed quark which suffers
little helicity suppression and because the decay constant fB (analogue of fﬂ, Eq.

34,35

(10)) may be large. Various estimates suggest

fy = 500 MeV . 31)

Figs. lhe-g are the penguin diagrams. Fig. l4g is the bottom-changing analogue of
the 4-quark operator of Fig. 3. Its importance depends on the t-quark mass, i.e. on
the effectiveness of the generalized GIM c'ancella'cion16 involving t-quark ex-
b u ,C change. In any case, there is an exolicit factor as(mbz)/ﬁ for these diagrams, and

b d,s,L

their contribution is not expectec to exceed several percent of the total decay

W width.  While operators containing external gluons are negligible in the valence

- - - - quark model used to describe excltsive [AS I = | decay channels, they need not be a

d— d u U,C,V negligible cortribution to inclusive decays of a heavy guark. However explicit
calculations 3Osuggest their contribution is quite small.

(C) (d) Adding up the contributions of table 1, one expects a total branching ratio

into charmed particles of (80-85)% and a total semi-leptonic branching ratio of
ebout 35%. Depending on the top quark mass, one can expect a 2-jet configuration

in the final state (including one fattish charmed jet) at a level of 5 or 10 percent.

" 1
b d,S b In addition there should be™ " B™ + 1 Ve decays at a level of about one percent, and
, 9 semi-leptonic decays into a (v e) pair at a similar level.
30
(—:I- g The total lifetime is estimated to be
_q. -q- T 4x 10'15(522 + 532 + 2s,54c0s &y . (32)

(e) (f) (g)

Fig. 14, Diagrams for B(bq) decay.
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Table 1

Mechanisms for bottom decay

2

Using the upper bounds on sy and s, Egs. (21) and (23), we obtain a lower limit on

the lifetime:

: - N Amplitude Branching . > 19713 . 33
Diagram (Fig. 14) Final State (—%Fs_) monching, s 210 33
hadrons 35 22 0,15 2 The upper limit obtained by exploiting (21) and (23)-(25) is one or two order of
- c : .
(a) B € + hadrons SCZ ~ 0.05 2 magnitudes longer.
— 2. The above analysis applies to the pseudoscalar R™(bl) and B(bd) states which
% \al + hadrons 25c = 0.10 5
are expected to be the lightest naked bottom states. A similar analysis can be
¢ + hadrons 35 1 1 45 carried out for the strange state Bs(b_s:), which shuld be very close in mass to the
3= .
(b) B+ 0 n-
tc + £v_+ hadrons 2 x 1.2 30 B, B doublet.
2 ) 373
f 2m 2s 2
2 jets B "u’c ~10°% 5. MASS MIXING AND CP VIOLATION
4 h ‘
0 My Second order weak interaction effects induce the flavor changing (] 4F | = 2)
(c) B”+ 2 2,2
C + et g2 Me ! me 0.10 5 transitions responsible for neutral particle mix‘ng: K° ++ K°, p®++ 3° B%+s B°,
) B 3 - w0,
My M, etc. Just as in the cases of non-leptonic decays the effective local quark operator
3 can be derived % from the fs'uon radiative-cc:rrected3 7) quark scattering diagrams
2 jets 107 -~
2 as indicated in Fig. 15. The leading operator is again a V-A four fermion operator,
c + jet s =0.05 2
(d) B> ¢ and in the velence quark approximation for meson wave functions its matrix
Ly 0 -
element factorizes:
™ 0.02 1
2 2\ ]2
a (m ) m « <f° < o, 2 2
(e) B> 2 jets - ln( L ) <.13 < bmp = <P7l3, lo><ols, Ip o™
my - .
(£) B+  hadrons 3 - P =KD,B,.. . (34)
(as £ 0) 107 -
(g) B> 2 fat jets

However in the K-M model the effective Fermi coupling constant is in general
complex; the strength ot 'the amplitude: of Fig. 15 determines the amount of mass

mixing, while their imaginary part governs the CP violation.
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Mass mixing and CP violation in the B°B° system might be measurable by

studying dilepton production in the process
e*e” + BOB°
near threshold. Mass mixing will produce "same sign" dilepton pairs:

e*e” » B°B% + X
B
(o} 2 Ve

=+
B+ Ve
and CP violation would produce a charge asymetry:
N(R* &% £ N2 D) .

However if B decays predominantly into charm as anticipated, a same sign dilepton

background would arise from cascade decays:

ete” + B°B°

..
cl Ve
‘» hadrons

¢ + hadrons
l<- 2,\; et hadrons .

The determination of the mass mixing will then depend on the feasibility of

separating primary and secondary leptons as discussed above (Fig. 12); CP violating

=411~

effects will be measurable only to the extent that the mass mixing is appreciable.
This may indeed be the case, in contrast to n?- ) mixing which is predicted
to be negligible. In terms of the same sign dilepton rate, the mixing parameter can

be expressed as>8

C/NTINT . A
= N I+a
A= (A I‘)z/b + (Al'ﬂ)z (35)
2T+ am)? - (a1
where if m 5 and I‘l , are the physical mass and width of the decay eigenstates:
? ¥
Am = m -m, , ‘F= [-T, ,2F=T+T, . (36)

We see that the effect will be impcrtart if Am/T and/or AT/Tis large. For the
neutral kaon sys'em, mixing is maxiinal because both the total decay rate and the

mixing amplitude (Fig. 16a) are characterized by small angles:

AT, = s y

K - (37)

I‘K,
and because the GIM mechanism which acts to suppress mixing is badly broken by
the c-u mass difference. In fact it is totally ineffective in suppressing AT since
charmed final states are energetically forbidden; the nonleptonic decay modes
K°

carry no net flavor and are common to both K® and decay. In contrast, charm

decay is not suppressed by a small angle while the mixing parameters are: the
decay modes common to D° and B° are the Cabibbo suppressed uncharmed ones. In
addition, to the extent that the bottom quark coupling can be neglected (52 << 1),
the GIM cancellation is more effective, broken only by the s-d mass difference

(Fig. 16b)
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Fig. 17. B_decays into flavor
neutral final states which are !
suppressed by (a) angles or (b) phase decay amplitudes.
space.

Fig. 18. Zweig suppressed CP
violating contribution to | AS |= !

24 2
s'my, . (38)

2 L2 4 2
Iy = 1, Al = 5.5 8mpy « s “m, /mc, S
For the neutral B-system, the situation is more analogous to the kaon case; the
decay rates are suppressed by the same small angles as the mass mixing (Fig. 16c),
or by phase space for the favored decay into charm. AT arises only from non-
charmed final states, and so should not be too large:

I‘B « 5 s, %s ; AI‘Busc s H AmB== sczszmt2 .

(39)
For the strange neutral bottom state Bs(bE), mixing will be enhanced even further
since the Cabibbo suppression of b-s mixing (Fig. 16d) is weaker than for b-u
mixing, while Cabibbo favored decay channels are st.:l sup>ressed by phase space.
AT will be very small, since the final states common to BSo and Eso are highly

suppressed by angles (Fig. 17a) or by phase space (Fig. 17b):
s,%s" ; AI‘Bc': s_.'S : amg = sTmy . %0)
For the kaon system, the measured mixing parameters are

AmK

=1, . 1)

K Tx
The measured value of AmK agrees in sign and magnitude with the value
calculated®® neglecting top exchange if m. = 1.5 GeV. For neutral heavy quark
systems, the predictions obtained from the analysis of the mixing (Fig. 16) and

decay (e.g. Figs. 14 and 17) amplitudes are



Am AT
C c -4
— = — « 10 (42)
Te Te
for the D° - B° system,”’19
AmB m, 2 A I‘B
-——B— =~ (%_GEV) > 0.1 ,'F—B = (0.10 - 0.15) (43)
for the BO(bd) system,”” and
Am AT
% . (——m‘ )2 > 1 B 102 (44)
T - \6GeV T B .
s s

for the BSO(bE) system.l’o

The six quark model was introduced by Kobayashi and Maskawa in 1973 as a
mechanism for incorporating CP violation into the standard Weinberg-Salam-GIM

20,16 Their observationw’ 18

model. was the following. For a theory with n weak
isospin quark doublets, the mixing matrix U will be an n x n unitary matrix which is
specified by 2 real parameters. Of these, (nz-n)/z define a real orthogonal
matrix, so there will be (n2 + n)/2 phases. However since all couplings in the theory
are flavor diagonal except for the charged current coupling, Eq. (16), the matrix U

can be redefined by any flavor diagonal phase transofrmation
d
u+e u , d+»e d, etc
which leaves invariant the remainder of the Lagrangian. Any phase which can be

removed from U by such a transformation is unobservable, There are a total of 2n

quark flavors, and therefore 2n independent invariant phase transformations.
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However a phase common to all tiie charge 2/3 quarks has the same effect on U as
a phase common to all the charge -1/3 quarks, so there are 2n- I independent
transformations which can be made to redefine U, leaving as the number of

observable phases:

0 =
n“-3n+2 _
3 = 1 =

> n>3 . (45}

There is no observable phase in the 4-quark model, while CP violation in the KM
model is uniquely specified[‘l by a single phase parameter. It will vanish in the
limit where

a) any guark pair decouples, sinc 2 then the mixing matrix reduces to the 2x 2
case, and

b) any two quarks of the ‘ame charge are degenerate in mass, since then .
there is an ertra invariance which can be exploited to remove the remaining phase.

for low energy CP violation phenomenology, the model mimics the super
weak model. In order tor CP violation to occur, the mixing of the light quarks to
the heavy (t, b) doublet has to p;!ay a role. For lowest order [ AS| =1 decay
aruplitudes, CP violation will depend on the highly Zweig suppressed component of
a (t?) sea in e hadron wave functions, and the CP violating amplitude, Fig. 18, is
purely Al = %. CP violation in higher order weak transitions as in Fig. 16a arise
from virtual top exchange. While it vanishes in the limit of quark mass degeneracy,
Aqu/mw2 + 0, the large top mass splitting makes CP violation in the kaon mass
matrix the dominant effect for transitions among light quarks. In particular the
neutron dipole moment is predicted to be even smaller than in the super weak

119,42

mode! In all processes involving light quarks, CP violating amplitudes are

characteiized by the suppression factor



5225325in2 8 R (46)
which knows about the coupling to heavy quarks as well as the CP violating phase.
CP violation in the B°B® system can be much larger than in the K°K° system.
For kaons, the dominant contribution to I AmK| comes from u,t exchange,
« sin2 6. while the top quark contribution, necessary to generate a phase is
suppressed by the additional factor (46). On the other hand, for the BO(bd) system,
the contributions from u, ¢, and t exchange are all of order sczsz, so the system
"knows" maximally about the full quark mixing. If we define the complex
parameters Arﬁp and A—I'TP respectively as the dispersive (virtual intermediate states
as in Fig. 16) and absorptive (real intermediate states) of the poe— p° mixing

amplitude:
ATP
AP® P = Amp - i—— , @

the CP violating charge asymmetry in same sign dilepton events in ete”

annihilation can be expressed 3538

rp= /=5 = . (43)

Nt anT - iaT2

If CP violation is present, r, can differ from unity. The effect will vanish if Am
and AT have the same phase, but also if | Am/AT |or | AT Am]| << 1. The effect is
therefore maximal if | Am | and | AT| are comparable. In order for it to be
measurable, there must be an appreciable same sign dilepton rate; ry in Eq. (35)

cannot be too small.

For the B(bd) system, if m_= 8 GeV, we find
t

AI‘B
famg| v [==] v 01Ty
e w1072 S 1 +siné (43)
1 ’ 2~ 1-sin§ *

As m, increases, | Ampg | increases relative to I‘B and| i FB], so the mixing gets
more important but the CP violation decreases for fixed & For m, >> 8 GeV:

Jarg| << |amp| » Ty

T

2
=0, r2=1-zsin6(gcﬂ) . (50)
1

Since & is arbitrary, there are at least some values of m, where these effects may
be large enough to be m.asured. For the Bs(ba systernl‘o the mixing is expected to

be large, but the CP viclating effects are expected to be sma.ll

lar,|

jamg| 2 Ty >
s 5 s

o= O, £y <OU67D) . 6D
In conclusion, there is a case for putting some effort into an experimental
study of B®B° mixing, since it offers some hope of shedding new light on the elusive

problem of the origin of CP violation.
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SEARCH FOR y'se'y

Martin D. Cooper
Los Alamos Scientific Laboratory

University of California, Los Alamos, New Mexico 87545

Abstract
Using the Stopped Muon Channel at LAMPF to produce a surface muon
beam, 2.3)(1012 muons were stopred in a 50 mg/cm2 target. The solid
angle-efficiency product of the detector for the rare decay 1i++e+y was

10 + . - e 3s -
0 u decav: were examined. There is no indication of

1.2%. Hence, 3x10
any signal, the data being consistent with a small background of random
electron and gamma coinciden.cs. The new upper limit on the branching

0

catio is r(u*»e*y)/r(u*»e*veau) < 2x10710 with 90% confidence.,

The cevelopment of guaje theories of weak and electromagnetic
in*eractions has renewed interest in searching for the flavor violating
decays of the muon. In particular, new searches for u+->e+yl’2) and
u_Z-'etZ' 3) have taken placs in the last two years. The theories pre-
dict that if all the masses of the neutrinos are not zero, then the
flavors will not necessarily be eigenstates of mass and the physical
particles will have admixtures of several flavors., Through these ad-
mixtures, muon number conservation will be violated. The upper limit '
one obtains from using the known limits on the mass of the muon and
electron neutrinos is ~10-24 and is experimentally uninteresting.

The discovery4) of the t tells us that the spectrum of lepton

flavors is richer than previously believed. Various theories involving




heavy neutral leptuns predict branching ratios as high as 10-8 for the

muon number violating decays. The "standard" model uses the upper 1limit L . .
Table 1. Present published upper limit on muon number violating decays.
on the neutral T mass of less than 250 MeV to predict branching ratios

of less than 10‘11. This level of sensitivity has not yet been experi- Decay Iggg:rcg:ﬁgence) Reference
mentally reached.
4 . u++e+y 2)(10_10 This work
Other possibilities are still not experimentally ruled out. For -9
1.1x10 2
example, the right handed electron and muon could be coupled to heavy _ _ 10
5) p +Z+e +Z (Sulfer) 4x10 3
right handed neutrinos as suggested by Cheng and Li. Mixing of R . 9
u +Z+e +(Z-2) (Sulfer) 1x10 3
these heavy neutral leptons would possibly produce muon number violation . o+ -8
U e vy 5x10 7
at higher levels. Additionally, having more than one set of Higgs dou- 44 - -9
u-eee 1.9x10 8

blets which are mixed6) would do the same. Other possibilities exist to

produce muon number violation.

These theories 311 involve unknown particles with unknown mixing
between particles. Hence, muon number violation may be at a level
which is experimentally umobservable,or nature may have made it an exact
symmetry for reasons we do notunderstand. Thus, if it is found, it is
a useful testing ground for guage theories; if not, it only puts a weak
1limit on theories. The present published upper 1limits on muon number
violation are given in Table 1.

The experiment described here was performed at the Clinton P.
Anderson Meson Physics Facility (LAMPF) by a collaboration of scientists
from Los Alamos, the University of Chicago, and Stanford University.
They are listed in Table 2.

To search for the decay u+—>e+y with a sensitivity of 10—10, 6ne
must rely on kinematic separation from more favored processes. Normal
muon decay produ;es a positron spectrum, the Michel Spectrum, which is

peaked near half the muon mass,1/2 x 105.6 MeV. In itsclf, it cannot be
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Table 2. Participants in present work.
Name Institutions
H. L. Anderson University of Chicago, Los Alamos
J. D. Bowman Los Alamos
R. Carrington Stanford University
M. D. Cooper Los Alamos
R. Eichler Stanford University
M. E. Hamm Los Alamos
C. M. Hoffman Los Alamos
R. Hofstadter Stanford University
E. B. Hughes Stanford University
W. W. Kinnison University of Chicago
H. S. Matis University of Chicago, Los Alamos
T. McPharlane Stanford University
R. E. Mischke Los Alamos
D. E. Nagle Los Alamos
J. S. Sarracino Los Alamos
P. A. Thompson Los Alamos
S. C. Wright University of Chicago
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mistaken for u++e+y because it does not decay with a photon emission.
However, it provides the high electron rate which can be in random co-
incidence with "photons' to simulate p++e+y. A prompt background comes
from the radiative decay or internal bremsstrahlung in which a u+ decays
into e+75v. Being a bremsstrahlung process, the angular correlation be-
tween the photon and positron .s peaked near zero degrees and vanishes
as one approaches the u+*e+Y kinematics of positron and photon energy
equal to 52.8 MeV and 8_ = 180°.

The experimental ''tools' which have been used to distinguish be-
tween signal and background are a gamma ray resolution of 7.5%, a posi-
tron energy resolution of 8.3%, a timing resolution of 2.5 nsec, and an
angular resolution of 5°, Using these resolutions, we can demonstrate
that the process m +Z+(Z+1)+n”=~'e’y is rejected at a level of 107,

Thr. radiative decay is rejected at a level of 10_12.

Random backgrounds
ave only rejected at about a level of 10—10 and provide the major back-
ground for the experiment,

To discriminate against randoin coincidences, one must reduce the
scaurce of "photons' to a minimum, Cosmic rays and accelerator neutrons
doing (n,p) reactions in the photon detector have been eliminated with
shielding. The use of the surface muon beam, to be described below,
eliminates positron annihilation-in-flight and external bremsstrahlung
of positrons interacting in the target. Photons from radiative decay
are always there and must be defeated with good energy resolution.

A critical part of the experiment was the surface muon beam,

This beam of 30 MeV/c muons was derived from stopped pion decay in the last
50 mg/cm2 of the proton production target. The 800 MeV beam of LAMPF

was passed through a 6 gm/cm2 C target. The low energy muons were



transported througt a magnetic channel where pions decayed away. The
beam was momentum analyzed and, then, purified by using the differen-

tial energy loss of positrons and muons in a 40 mg/cm2 CH2 degrader.

1) Positron and pion contaminations of 10% and <10-4 respectively,
2) Contaminent positron momentum substantially less than 52.8 MeV,
3) A rate of Z.5x106 Hz, and 4) A residual range of 30 mg/cmz. The
ability to use a 50 mg/cm2 target eliminated the backgrounds from ex-
ternal bremsstrahlung and positron annihilation-in-flight as well as
preserved the collinearity of e* and y from u++e+y which might other-
wise be lost due to multiple scattering in the target.

The experimental apparatus for detecting u++e+y is shown in
Fig. 1. The beam enters the target through an iron shield to prevent
deflection by the magnetic fields of the spectrometers. The target is
supported by a cone shaped piece of 50 mg/cm2 polyethylene shielding.
This shielding catches any stray muons so that their decay positrons
cannot pass through a thick piece of matter on the way toward the photon
detector. Both amms of the detector are filled with He.

The positron arm consists of a magnetic spectrometer which bends
52.8 MeV/c particles by 40°, The incident and exiting angles are meas-
ured in four sets (x and y coordinates) of multiwire proportional coun-
ters (MWPC). Behind the MWPC's is a hodoscope of scintillation counters
which are used both for timing and the trigger.

The photon arm consists of a photon detector and a sweeping mag-
net which prevents charged particles from hitting the photon counter.
The photon detector is a multi-cellular array of NaI(T1) made up of 45

hexagonal elements. A front view of these is shown in Fig. 2. Each
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The front face of the Nal detector.
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The shaded region is the

Figure 2.

fiducial arca and the inner rectangle represents the boundary

of region shadowed by the tiekd clamp.
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crystal is 7.68 cm on a side and 20 radiation lengths deep. The edge
crystals are shadowed by the sweeping magnet and its field clamp. They
serve to contain showers which impinge on the fiducial crystals, which
are cross hatched in the figure. The sweeping magnet keeps the singles
rate in each crystal quite modest. The stack is also fronted by a
charged particle veto counter.

The data from a typical trigger consists of timing information from
the Nal and positron scintillators, sparks from the MWPC's, and pulse
height information from the Nal array. The identification of u++e+y
candidates is dependent on finding time coincidence between the arms and
a positron and photon, each of which has an energy X 30 MeV. The posi-
tron track is then reconstructed to give its initial positron and mo-
mentum at the target. The syreal of the electromagnetic shower in the
Mal is used to give an interaction point for the photon in the Nal.
Assuming the same origin for botx the photon and positron, the acollin-
earity angle is calculated.

With this description of how the apparatus is designed to work, it
is now possible to understand the details of the experiment. The ele-
meats of a good u++e+y experiment are examining enough u decays and
having enough background suppression to observe an effect at the level
of the number of observed p decays. In this experiment, both of these
limitations occur around a level of 10'10.

The number of u decays in the experiment were measured in two ways.
The first was to calculate the number of single positrons observed in
the spectrometer. For an experiment dominated by random coincidences,

the number of u decays observed is just



Nu = Nu (observed in e am) %%; 1)
where f corrects Nu (observed) for the energy acceptance of the spec-
trometer, G is the solid angle overlap of the arms, RY is the rate of vy
singles, and t is the resolving time of the trigger. The second meas-
urement was taken from the mumber of decays into a calibrated counter
times the acceptance of the spectrometer, which is calculated by Monte
Carlo techniques. The two techniques agree to better than 10%. For
the sample of data reported in this talk, the number of u stops was
2.3x1012 and the mmber of u decays which were examined was 3 x 1010.
This latter number is the denominator of the branching ratio calculation.

In order to know the level of background suppression, it is nec-
essary to calibrate the detector and measure the resolution functions.
The four quantities for which this must be done are the relative time
between the arms t, the positron energy Ee’ the y-ray energy EY’ and
the acollinearity angle 6 oy

To accomplish these measurements, an auxilliary calibration experi-
ment was performed. The channel was reset to stop m in a liquid
hydrogen target, where the reaction w'p+ﬂ°n produced two high energy
y-rays from ° decay. One y-ray was converted by pair production to a
positron for observation in the positron spectrometer. The kinematics
of the 1° decay is dominated by Doppler shift from the 7° motion. Here
eey is restricted to be greater than 157°,  For 180° decays, the two
y;rays have an energy of 55 and 82 MeV. The auxiliary experiment
helps with the measurement of t, Ey, and eey'
The timing calibration was made with the ™ decays. Relative off-

sets for each of the 45 Nal crystals and 10 hodoscopes were found so
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that the coincidence peak lay at the zero of time. The timing resolu-
tion obtained from hydrogen was 2.2 nsec(FWHM). By relaxing the con-
ditions on collinearity, a coincidence peak was observable in the data
due to internal bremsstrahlung. The resolution of the peak was

2.5 nsec(FWHM) and is shown in Fig, 3. This resolution represents the
coincidence requirement for the rejection of randoms since it is ob-
served during the actual data taking.

The calibration of the electron spectrometer was accomplished by
an optical survey of the position of the MWPC's, a map of the magnetic
field along the entirety of the positron's path, and an analysis of
field off data to demonstrate that, within the limits of multiple scat-
tering, the positrons traced out straight lines. Then,regular
data was analyzed to measure the Michel spectrum, shown in ?ig. 4.
Folding a bremsstrahlung corrected Michel spectrum with a Gaussian, a
resolution of 8.3% (WHM) and an offset of 0.3 MeV was obtained.

The energies and position algorithms for the Nal detector rely on
the information from the crystal with the highest pulse height and its
six adjacent neighbcis as shown in Fig. 5. The choice of which crys-
tals to include is a compromise between obtaining good resolution and
preventing pile up. The energv algorithm consists of determining the
energy deposited in each crystal as a function of the pulse amplitude.
These functions are ideally linear, but may contain nonlinearities due
to the phototubes and analog-to-digital converters., Once the crystal
with the maximum energy is determined, events outside the feducial
region are rejected. For the remaining events, the energy is the sum
over the seven crystals.

Since the modular nature of the detector implies that the energy

is divided over a large dynamic remge, an elaborate calibration was
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done with sufficient frequency to prevent drifts. In Table 3, each of
the calibration points are listed, along with their fitted energy,

resolution and frequency. As an example, the Mich~2l spectrum obtained

with the beam intensity reduced and sweeping magnet cff is shown in

WHICH EVENTS
ARE PROJECTED

Fig. 6. The fit with a Michel spectrum folded with a Gaussian gives a

PLANE ONTO

7.0% (FWHM) resolution. As a check, the Nal spectrum from the normal
data was fit with a combination of sources including internal and ex-

ternal bremsstra}ﬂmg,vpo'sitron annihilation in flight and a constant

On the right is

background from accelerator neutrons and cosmic rays. The results are

shown in Fig. 7, where the fit region is above 45 MeV and the deviation

at lower energies is most likely due to thick tafgct bremsstrahlung

from the~§weeping magnet's pole faces. In the fit region, the xz/F is

Qutlined in heavy ink is a

IN .Pb WALL

1.1, the resolution is consistent with the calibrations (7.2% FWHM),

and the normalization is consistent with the stop rate to 10%.

The angular correlation measurement depends on both the positron

and photon arms. Although it is expected that the MWPC's will give
accurate reconstruction of the positrons, multipl: scattering will in-

troduce a non-negliginle uncertainty. The resolution of the MWPC's

The slaot shows the location of the polyethylene slot

in a Pb wall used to test the position algorithm.

a sketch of the projection of the position data.

was measured by locking at decays of muons which were stopped in hori-

zontal and vertical line targets (1 cm wide). The reconstructed tar-

POLYETHYLENE SLOT

The front face of the Nal detector.

gets are shown in Fig. 8, and these spectra lead to a resolution of

twpicul sum of seven crystals used in the encrgy and position

algorithms.

better than 1 cn. Since the line targets were surveyed, the locations

5.

are a check on the absolute position of the chambers.

The algorithm for the entrance point of the y-rays into the Nal

TFigure

crystals Ziepends very heavily on a Monte Carlo simulation of the
electromagnetic shower which leads to the pulses. The algorithm

used was a weighting of the crystal coordinates by the observed energy

=424~



Table 3. Nal calibration points.

ey pores Ml e
Pura+Bert S0y 4.43 4.33 10.0 1/day
p+19p20e+ 004y 6.13 5.90 8.0 1/week
p+ Lis8Bery 17.64  17.26 6.7 1/week
u¥re*vu (endpoint) 52.83 52.83 7.0 1/day
7 +pr0+n 55.10 55.05 7.5 twice

Ly (collinear)

82.65 82.43 6.5 twice
T ApHRAY 129.36  128.30 5.5 twice
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deposition

= S xEDLE @

where S is determined by the matching of mean lateral shower spread
to the size of the Nal modules. Monte Carlo calculations suggest

s ~ 0.4 and that the mean interaction depth is 4 radiation lengths
into the crystals.

In order to fine tune the algorithm empirically for 55 MeV y-rays,
the face of the Nal was covered with a 5 am thick wall of Pb. In the
wall a 2.5 cm high slot of CH2 was left for coincident photons from °
decay to pass. The setup is illustrated in Fig 5. For a substantial
fraction of the events, no shower leakage into neighboring crystals
occurs. The best estimator for these events is a crystal center, and
this produces a peak in the projected position spectrum. The spectrum,
when projected to the right, is given in Fig. 9. The best Monte Carlo
prediction for the data (s =~ 0.36) is also shown. The Monte Carlo is
then used to calculate the positron resolution, and the projected re-
solution is 7 cm FWHM.

With the resolutions and calibrations in hand, the data analysis
may proceed. The operating conditions of the experiment are listed in
Table 4, and the results reported here represent an analysis of about
half the data. A first editing of that part of the data has yielded
8518 events for use with the most refined algorithms and 1ikelihood

analysis,
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Table 4. Typical operating characteristics of the apparatus.

Rates
Instantaﬁeous u+ stops
Average u+ stops
Electron contamination
Instantaneous e triggers
Instantaneous y triggers/Nal crystal
Triggers

Solid Angle

Efficiency for reconstruction

11+ stops in sample reported
1" examined in sample reported
Events on tape
400 Tapes production data
250 Tapes calibration data

Hardware Cuts

3.3x107/sec
2.0x106/sec
10%
1.4x10%/sec
103/sec
10/sec

2%

60%

1.2%

2.3x1012

3x0t0

6x10

E _>35 MeV
Y

-10 nsec < t <10 nsec

-420~

If one were to make sharp cuts on all the kinematic variables at
1.5 o, then one finds 8 events fall in the window. A background of 9
events are expected and this yields a net for u+->e+Y of -1#/ 8§ events.
The branching ratio upper limit at 90% confidence is then given as 1.5
times the number of u++e+y events divided by the cut efficiency and the
number of y decays examined. This would yield I‘;u+->e+y)/I‘(u++ all)
<2.9x 109,

The proper way to set the limit is to do a maximm likelihood
analysis. The experiment is sensitive to three processes: u++e+y,
u++e+y\;\_), and random coincidences. Hence, the likelihood function may

be written

1

N
M) = 5 M1 [aP (x)+8Q0x; )+ (N-a-83R(x;) ] 3
i=

1

where N is the total number of events (8518), a is the number of u++ety
events, B is the nuwiber of internal bremsstrahlung evints, and x; are
the measured properties of the ith event (Ee, EY’ SEY, t}. P(x), Q(x),
and R(x) are probatility density functions for u+ey, internal brems-
strahlung, and random events, respectively. P(x) is taken as a pro-
duct of the measured resolution functions; Q(x) is taken from Q.E.D.
calculations of internal bremsstrahlung smeared with the measured
resolution functions; R(x) is taken as the product of the shapes of
the spectra of the individual parameters. L(x,8) can than be inter-
preted at the joint probability density for a and 8.

Figure 10 shows the likelihood contours for o and 8. The amount

of internal bremsstrahlung observed is consistent with the geometry
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for observing that decay. The fact that the contours are symmetric
about horizontal and vertical axis shows that a and B are linearly
independent; i.e., the signature for internal bremsstrahlumg is dis-
tinct from that for u+~>e+Y.

Figure 11 shows the projection of Fig. 10 which displays the
dependence on o, and is lab:led t=0. The curve labeled t=5 nsec is
a likelihood function for purely random events and is consistent with
the t=0 curve in accordance with the statistics of small mumbers. The
90% confidence 1limit is the point where the area under the chrve is 90%
of the total area. This occurs at o=6 events. Hence, after dividing
by the number of examined derays, the upper 1limit for u++e+y is

ru*rety) /I (u*all)<z.ox10710

with 90% confidence.

The physicists who have .eriormed this experiment would like to
acknowledge the encouragement and support of Dr. Louis Rosen and the
LAMPF administration as well as the many people who provided invalu-
able technical support throuaghout the experiment. This project was
ccrried out under the auspices of the U,S. Department of Energy, the

National Science Foundation (Grants #PHY77-20610 and #PHY76-10287) and

the U.S. National Aeronautics and Space Administration (Grant NGR452).
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Figure 11. The likelihood function's dependence on a,,
the number of u*+ety for coincidence and random events.

The vertical line indicates the point where 90% of the
likelihood occurs; i.e., at 6 events.
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The SP5 charged hyperon beam has been in operation for a year and

a half., After a detailed study of the beam performance and of particle

spectra an important fraction of running time was used to collect large
samples of semi-leptonic hyperon decays. That data is presently being
analysed. In this talk after a brief description of the properties of

the hyperon beam, I will present results on a decays obtained from data

taken during a special run in March-April 1978. I will also briefly

discuss our results on hyperon and anti-hyperon production.

THE SPS CHARGED HYPERON EXPERIMENT [1]

The set up can be divided into three parts:
the magnetic channel,
the DISC Cerenkov counter,

the spectrometer.

The magnetic channel and the DISC counter are shown schematically
in fig. 1.
M

The magnetic channel is composed of three bending magnets

x Mz’ H,, with special tapered poles and a 4 cm gap, and two supra-

conducting quadrupoles Q, and Qz' It has been designed to achieve in

the shortest possible length the momentum selection and the beam optical

properties required for particle identification in the DISC counter.

A branch of the extracted proton beam of the SPS is focussed onto a

BeO target 32 cm long and 2 mm in diameter. The proton energy, initially

200 GeV, was upgraded to 210 GeV at the time of the 2 run. The primary

protons transmitted through the target are absorbed in the left tungsten

lip of collimator C,. To achieve maximum separation between the transmitted

protons and the secondary beam an extra coil is wound within the pole

tip of M, to boost the field to 3.5 Tesla. The variable collimators allow

an adjustment of the horizontal acceptance (Cl or Cz) and of the momentum

bite (Ca) of the secondary beam, Under typical running conditions the

collimator apertures are + 1 mm for Cl and £10 mm for C3 corresponding to
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a Ap/p of 7.5% (FWHM). The supraconducting quadrupoles are tuned to give
a parallel beam at the exit of the magnetic channel for each value of the
momentum. The direction of the beam particle is measured to an accuracy
of *+ 0.05 wrad in both projections before and after the DISC counter.

The horizontal angle measurement corresponds to a determination of Ap/p

to an accuracy of * 17.

The DISC is a differential Cerenkov counter in which the light

focussed onto a narrow diaphragm is viewed by eight phototubes. The shape
and the width of the diaphragm can be modified according to the requirements
of the experiment. Fig. 2 shows the particle spectrum measured in a negative
beam of 100 GeV/c with a narrow circular diaphragm. In order to identify

the less abundant particles with optimal efficiency and a low contamination,
special shaped diaphragms have been comstructed: a diaphragm to identify
concurrently L and % for the leptonic experiment and a diaphragm shaped

for the 2 run.

The DISC is followed by a ten meter decay region and a spectrometer
to analyse the decay products. The spectrometer is shown in fig. 3. It
is composed of an analysing magnet of 2.2 Tm with two sets of drift
chambers DC 1-4 and DC 5-8 placed before and after the magnet. The angles
of the charged decay particles are measured to an accuracy better than
0.1 mrad in the chambers DC 1-4. From the measurement of the bending
angles in the horizontal plane with DC 5-8 the particle momentum is
measured to an accuracy of # 27 at 100 GeV/c. The chambers DC 5-8 also
provide a less accurate measurement of the vertical angle. From the
reconstructed tracks of the decay products the parameters of the parent
particle are obtained. For instance, in the decay 5 + A°T” we obtain
FMHM of 4 MeV/c? and 6 MeV/c? for the A and = mass distributions

respectively.

Fig. 3 also shows the electron detectors: two transition radiation
detectors, a lead glass array, a gas Cerenkov counter and a shower counter.
In front of the lead glass array, two successive gamma ray detectors,
each composed of 1 R.L. lead sheet and a multiwire proportional chamber,

measure the position of the converted gamma rays. An hodoscope of
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Fig. 2 DISC pressure curve at 100 GeV/c.
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interleaved lead and scintillator counters is placed in front of the

iron
s

lead glas:
MWPC lead

chamber DC, to catch the gamma rays which cannot reach the gamma chamber.
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muon chomber

De? \

Under typical running conditioms we work with a flux of 10% particles

1
25 m

per burst. This corresponds to about 3 x 10'°? protons incident on the

target at 100 GeV/c and for a negative beam.

CERENKOV
proton counter

|
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Early test runs ia 1977 established the existence of a significant

flux of © in the CERN SPS charged hyperon beam. The results reported

pectrometer
\magnet

fithium
XTRI

multiplicity
counter
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here correspond to 2/3 of the statistics obtained duting a 25 day production

run.

We restricted our search to events which include a A’ »+ pT  amongst

DC3

the decay products. Th.s the trigger requirements were a coincidence

The spectrometer and the electron and gamma detectors.

I : between a signal from the DISC set at the pressure corresvponding to 0,
a
5 | / a pulse corresponding to more than one charged particle in a multiplicity
;—‘-E_ﬁ o] % counter situated 10 m dovnstream ‘rom the DISC anu a pulse from a proton
£F
e = E counter which is located wownstream from the spectrumeter and covers the
§3 I spot of protons from A’ decays. With these requirements the trigger rate
was about 12 for 10° particles entering the DISC. This rate was further
{ 4O reduced by a factor of 4 by rejecting high multiplicity charged particle
'g. showers using the on line computer. Under these conditions, we have
;>'~ 3 collected 360 000 triggers which are still mainly multitrack events or
x
(%3 el -
& ‘ Eg true £ whose early decay triggered the DISC and fulfilled the other
u
g(: m trigger requirements.
o o0
_‘t < . .
! = We have studied the following decay modes where we measure the
+_ —j fe} momenta of all charged particles
" -
=N
2 | § Q + MK
a ] (>3 L. pT
0
% . g - -0,
@ Q +Z'rm
A @ Ly pOg0
03 A
aZ L pT
-+~
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The presence of a A particle decaying into a proton and a T being a

common feature of these chanmels, the reconstruction program starts the
event search by computing the (p, 1) effective mass and a possible vertex
for these two tracks. Only those events having a (p, 7 ) effective mass
within + 10 MeV/c? of the A° mass, a vertex located before the multiplicity
counter and at least one additional negative track are considered for further
analysis. For each decay mode additional cuts are then made to reduce the
background and the efficiency for the signal is determined. The central

momentum of the sample analysed was measured to be 98.5 GeV/c.

2.1 The @ + A’K  decay mode

For this mode the additional requirements are:

- the momentum balance between the beam particle momentum measured with
the beam telescope and the (A°, K—) momentum measured by the spectrometer
is smaller than 10 GeV/c. The standard deviation for that momentum balance

is about 2 GeV/c.
- The (A%, K ) effective mass is within * 50 MeV/c? of the @ mass.

For the other decay modes we will apply an additional cut requiring
that the @ decay occurs after the end of the DISC counter to reduce
the background for these decays. Fig. 4 shows the scatter plot of the
(A°K") mass versus the (A°17) mass with the Q- decay vertex cut applied.
It clearly shows that the selected sample contains two main contributions:
the @ + A°K decays and the = + A%T background. The projection of

the events with a (AT ) mass > 1.35 GeV/c? on the (A°K_) axis is shown
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in fig. 5. Within a mass range of * 10 MeV/c? centered at the Q mass
there are 1244 events with an estimated background of 20 events. This

sample is used for the branching ratio measurement.

For the § 1lifetime measurement reported below, the £ decay vertex
cut has not been applied, and with the kinematic selection criteria
given above we obtain a sample of 1410 events with an estimated background

of 23 ev

the other half is the residual & =+ A°T contamination.

2.2 The f ~» 5% decay mode

The selection of the Z°7 candidates is made requiring that:
- the (Q—‘-W_) missing mass is within * 150 MeV/c? of the =° mass,
- the decay takes place downstream from the end of the DISC counter,

- the beam particle momentum is within * 10 GeV/c of the mean beam

momentum,
- the momentum of the m

In fig. 6 the scatter plot of the (Q_-—n_) missing mass versus the
(AK) effective mass shows a clear signal at the Z° mass with the main
background coming from the & - AK decays. Fig. 7 is a projection of
these events on the (Q_ - ﬂ-) axis. The solid curve drawn in the figure
represents the background estimate derived from a study of the A’K  events.

We obtain a signal of 240 + 22 Q - =°7 events.

The 7° detection will be essential to extract a measurement of the
7 > £ 1% mode. We have used the Q -+ Z°T to determine the capability
to detect a 1’ accompanied by three charged tracks. The dashed histogram
of fig. 7 is obtained by requiring the detection of at least onme photon
in the gamma detectors. The efficiency for the signal is 907 while the
background is reduced by a factor of 3. Fig. 8 shows the ©° missing
mass squared computed for the Z°% candidates which satisfy the one photon
requirement. The T° detection efficiency has also been measured by inverting

. + .
the beam polarity and detecting the I -+ pu° decays. The solid curve of
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fig. 9 shows the efficiency for detecting at least one phot
decays as a function of the 7° momentum. For comparisen fi
also shows the photon detection efficiency measured from th

themselves.

2.3 The @ + E a° decay mode

0

The selection of the & 7° is made requiring that:

- the (A°, ™) effective mass is equal to the T mass *
- the beam momentum is within * 10 GeV/c of the mean be:

- the supposed missing n® has a longitudinal momentum P

1 GeV/e,
- the different decay vertices are ordered as follows

Z-<Z.-<1Z

Q A

The background in this sample comes from the =T A%
L < 10 GeV/c) as shown i
For a & + A% event interpreted as 2 + A'T + x° onme gete

is mainly concentrated at low 13 (p

2 2 _ 2
moo [(mQ mE_)/pbeam] X p = 0.01 p .

The scatter plot of fig. 10 shows clearly the correlation ¢
g s A% background events. To eliminate most of this ba«
a cut at p = 10 GeV/c, Fig. 11 shows the projection of tl
events on the (% - Z ) missing mass squared axis. The hat
are those which do not satisfy the photon requirements. U:
measured 90% photon detection efficiency and a background

3.5, we obtain a £ 7° signal of 86 * 12 events for P, > 10

2.4 @ Lifetime
The lifetime measurement is done using the 8 > A%
which is the most abundant. The event selection has been

sect. 2.1, We measure the 1 Cecay vertex distribution.

a lifetime can be deduced from this distribution has been
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comparing a Monte—Carlo (M - C) simulation with the decay vertex distribution

of 2 =+ A% events measured in the same apparatus.
The M - C simulation includes:
- the momentum and spatial distributions of the beam particles,
- the trigger requirements,
- the event selection criteria,
- the tracking of charged particles through the magnet,
- the measurement errors,

- the effect of confusion between very close tracks in the wire chamber

telescope located before the magnet.

Fig. 12 shows the vertex position distributicn of the Z from a
sample of 22 000 events. The dashed curve coriesvoni: to a M - C simulation
which does not include the effect of confusion between close tracks. There
is clearly a loss of events in the data for large values of the decay vertex
coordinate which gets more pronounced when the vertex gets closer to the
chamber telescope located before the magnet. Thtat deficit of events is
due to the effect of coufusion between very close tracks. The parametrization
of the confusion 2ffect has been optimized on the CEES L decays and the
complete M - C sim:ilation gives the full curve of fig. 12. Fig. 13 displays
the vertex position distribution for Q@ + A°K and the x? of the fit
between the data points and the Monte—Carlo tried for different lifetime
hypotheses is shown in fig. 14. The best fit is obtained for
o~ = 0.82 x 10—l0 sec with a x:oof 15 for 11 degrees of freedom and a
statistical er-or of 0.03 x 10 sec, The full curve in fig. 13 corresponds
to the best fit. The dashed curve is the fit obtained for a lifetime of ’

~10
1.4 x 10 sec.,

The. value obtained for TQ— is stable if the start of the decay region
is varied between 175 and 375 cm. The correction due to the confusion effect
is small in the region where the @ decays occur as can be seen from fig. 12.
It corresponds to a change of 67 in the logarithmic slope. Taking into

account possible systematic effects, we abtain:

-1
- = (.82 £ .06) x 10 * sec.
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T I 1 This value is in disagreement with the Particle Data Group average [2]

and the measurement of M. Deutschmann et al. [3] who get a value of

+ 0.15
(1.41 0.24

bubble chamber experiments [4,5] each based on about 40 events.

) x 10 sec. It agrees with the recent results of two

2.5 Branching ratios for the main £ decay modes

EEC)() We have computed the selection efficiency and the relative acceptances
using the M - C simulation with our own measured value of the @ lifetime.
From the data described above, assuming T(AK) + [(E°7 ) + I(E %) = T (all)

i.e. neglecting rarer decay modes, we obtain the following ratios:

T(AK) -2
Ttall) ~ (67.0 £ 2.2) x 10
r¢E"r) -2
Taily = (24.6 £ 1.9) x 10
T(En% _ -2
Tail) = (8.4 £ 1,1) x 10

100

The systematic uncertainties being negligible, the quoted errors

are statistical only. We a’so get:

X squared for I3 data points

FET)/T(ETY) = 2.93 * 0.50.

If the  decay proceeded through a pure AL = % amplitude a ratio of 2 would
be expected. But withbin the framework of QCD, the AI = % contribution to the

Q decay amplitude is expected to be less important than for other hyperon

20

decays and in a recent theoretical paper J. Finjord [6] predicts

| T(E%T )/T(E n°%) = 3,
05 o7 09 [ .3

Q— L|fehme ( IO_IosecondS) As we measure completely all the particles involved in the A’K

decay, we have used these events to compute the weak decay asymmetry

2.6 The decay asymmetry parameter a for 2 - AK”

parameter o, This parameter describes the interference of the two

K
Fig. 14 Chi-squared of the fit between the data points and the Monte- partial waves aj_% and aj+% which contribute to the transition matrix.

Carlo for different 2 lifetime hypotheses. It is a measure of the parity violation ir that decay. Let 8 be the angle

~442-



between the direction of the proton in the A" rest frame and the direction
of the A® in the f rest frame. The proton angular distribution is given

by:
I(cosf) v 1 + Op%ap cosf,

knowing oy (GA = ,642 * .013) and fitting the angular distribution with

such a representation, we obtain:

%o, g = 06 .14,

where we quote the statistical uncertainty only. As a check we have

also measured a_ with the 27 > A% events. We obtain a. =~ .312 +, 078

in good agreement with the world average (-.392 % ,021).

Our measurement is in good agreement with theoretical expectations [6]

that the £ -+ A°K  decay mode be nearly parity conserving.

2.7 The rare decay modes

We have made a search in our data sample for the decay -~ AW which
would correspond to a AS = -2 transition. We have found no events and

conclude that:

TQ + A7)

-3
T(all) < 1.5 x 10

at 90Z confidence level.

The decay channel @ » 51" has been analysed. At the present stage

of the analysis, one clear event has been found with coherent vertices
and a (E-ﬂ+) effective mass of 1533 MeV/c? near the E*(1530) mass,

The E*(1530)W is expected to dominate in the 3 body decay mode

and with a AL = % decay amplitude the analysed channel represent 4/9
of all E*W decays. Thus the observed event corresponds to a branching

- - *
ratio of about 2 x 10 : for @ + Zw.

We have searched for the decay Q + 2% v~ followed by =° + A°n®,

We have found 3 candidates which have an identified electron, a reconstructed

7° and correct w° and (A°7°) masses. We are still investigating possible

-443-

o

residual backgrounds from the decays 2 - 5% and @ -+ £ 7°. With the

relative efficiency for that decay mode, 3 events would correspond to a
-2

branching ratio T /T 10 .

lept’ "all =

HYPERON AND ANTIHYPERON PRODUCTION [1]

In this section I will briefly review the main features of the
production of hyperon and antihyperou by 200 and 210 GeV protons at
x = 0.48.

as a function of the baryon strangeness.

Fig. 15 shows the ratio-« baryon/ﬂi and antibaryon/baryon

For the ratios baryon/nm

we have assigned 15% uncertainties which account for the reproducibility
of the measurements under diff:rent beam conditions. For the Q /% ratio,
the larger uncertainty is almost entirely due to the 6% lifetime uncertainty.
The ratio baryon/ﬂ_ decreases —apilly with the strangeness from 10

for p/m to 2.9 x 107" for @ /m.

ratio increases rapidly with the strangeness.

In contrast the antibaryon/baryon
Hyperons can be produced
t.arough the decay of an exciteu state of the incoming baryon (leading
particle effect) or as a pair vith an antihyperon. The observed ratios
reflect the progressive disappearance of the first process when the

strangeness and the mass of the produced hyperon increase.

CONCLLSTONS

From a lirgze sample (1713 events) of Q decays we have obtained

a precise determination of:

(i) The 7 lifetime T, = (.82 £ .06) 107’

(ii) The @ branching ratios into A°K , E

sec.

On~, = n°

PCAKY/T .. = (67.0 % 2.2) 107"
(AT, ) = (67.0 = 2.2)

=047 = —2
T(Z"n )/Yall (24.6 £ 1.9) 10

- -2
=t =
TE )/I’all (8.4 £1.1) 10 .
(iii) The weak deca: asymmetry parameter for Q > A°K

G, = .06 £ .14,

AK



ratio

Particle

T T ] T = -
The fact that the @ = A’°K is nearly parity conmserving and the observed

200 /210 GeV ratio (%1 )/T(Z 1% = 2.93 + 0.50 are in good agreement with theoretical

Qplr -
. P v =N AQ expectations within the QCD framework. The importance of the { decay
Kp= U408 ;
parameters as a test of current theoretical ideas will be discussed in

detail by M.K. Gaillard [7] in her talk.
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The search for rare decay modes has allowed us to set an upper
limit on the AS = ~2 forbidden tramsitiom, Q - AW .
ehNZ r@ -+ A -3
I > Am) (1,5 x 10 at 907 confidence level.
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Fig. 15 Particle ratios as a function of strangeness.
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