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PHYSICS RESULTS AT THE CERN pp COLLIDER

(UA] and UA2 experiments)

presented by G. Pammouwr

Université Paris—Sud, LAL.
Centre Orsay, 91405 ORSAY, France

INTRODUCTION

It tumns out 10 be a challenge trying 10 summarize within an one hour talk the results from UA)
and UA2 experiments obtained with the pp facility at CERN.

Hopefully main topics about the high—p jet physics will be covered with talks given in this
conference by P. Ghez (UAI) and H. Hinmi (UA2). So [ shall stress on the physics with leptons
preceded by an introduction about identification ariteria in both experiments.
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1. PERFORMANCES OF EACH APPARATUS

Detailed descriptions of both UA1 and UA2 apparatus were given in various publications [1). To
summarize :

a In UA) there is a complete acceptance in § view (beam planc) and a hole in ¢ view (transverse
1o the beams). Thia rejects events with electrons or jets within £ 15" with respect to the vertical
axia. The calotimeter granularity is poor in ¢ (gondola).

There is a magnetic field perpendicular to the beam for charge measurements in all the
detector volume.
UA apparatus is able to detect muons.

b. In UAZ2 ahole in # view prevents detection for angles < 20° or 8 > 160° with respect 1o the
proton beam A partis]l magnetic field — in a region defined by 20° < @ < 40° and
140° < § <160° ~ allows charge identification in forward — backward direction only.

The calorimeter granularity (A¢ x AP = 10° x 15%) is good and allows special triggers. In
UA2 there is no muon signature.

1.1 Jet identification

First of all it is worth pointing oot the following obvious assertion : a good granularity allows

In UAI “energy vectons” are defined from electromagnetic and hadronic calorimeters. Using ¢,
(rapidity) varisbles, they must cluster within a cone defined by an  half—aperture
AR = _/Aw* + A¢? < ] avound the maximum.

In UA2 & “cluster” is defined by a set of adjacent cells with Epp > 400 MeV.

In both experiments this needs 2 lot of energy corrections for the non linearity of calorimeters,
WMWW(ﬁIv“.vt,jdl)mdﬁumﬂyblbyhdIDhofﬁ!abﬁm

1.2 Electron identification

A the collider the main background for electrans results from jets containing ™. From these =%
one can get a photon conversion of/and a #% with 2 converted #° superimposed. To get an idea of
such occurences one can notice that st py. = 40 GeVie, the ratio cfjet is about 1072,

Both experiments use similar criteria to define a track as an “electron” :
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a. First in both cases such a track has few hadronic keakapr in hadronic calorimeter (for example
1% in UA2 in this analysis).

b. The longitudinal developpement of the e.m. shower is over four samples in UAl, and taking
advantage of the good calonmeter granularity, in UA2 the lateral size of the exm. shower has
10 be small.

¢ Conceming the quality of the track, a good matching is required between energy and
momentumn in UAl and in UA2 in the magnetic ficld regions. Moreover in UA2 one looks for
a good matching in the preshower detector (1,5 x° afier the vertex detector) beiween the
charged track and the apex of the ean. shower.

d Owing 10 the non identification of the electrons in jets, energy isolaticn criteria are applied in a
cone of an half — apertrre equal to 40° in UA] and to 15° m UA2.

1.3 Neutrino identification

meth:deayWoaanm—inmcﬁnghighprneuuinoisexpeaedhth:ﬁnalm.
Thnnnﬁmidmﬁﬁaﬁonbhsdmﬁedaimﬂmﬁandlh:misﬁngmmmmi’r
idenﬁduthennnﬂnnmnsvuumommmmif—r'.

a In UAI Py’ is calculaed from P = —Pp® — = P where [Pl = Ef the energy in the
i'hccnomnmmi‘}iwmmnmmuimmpmmm:mnm
sum is carried over all cells. )

Due to imperfect calorimetry in the two azimuthal sectors at + 15° with respect to the
verﬁﬂl:n'x.-’sinﬁnnummdhnhmeimm:cjecﬁonsth:pr"mhlﬁnn
hecomes almost gavssian.

b. In UA2 there is no particule detection at & < 20° or 6 > 160°. In the two forward backward
regions 20° < @ < 40° and 140" < 6 < 160" thor is a partial detection because of
incomplete azimuthal coverage (toriod coils) and lack of hadronic calorimerry. This produces
non - gaussian tails in P75 resolution. (The probabiity of losing one jet in a 2= jet event
vasics between 10% for P = 15 GeV/c and 2% for P = 40 GeVc)

" is caloulated from B = —Fre - =P - AP



The sum is for IIi;rill > 3 GeVic, and ?T is the total transverse momentum for paricles
which do not belong to jets. The A factor is an empirical correction tzking into account the
non - linearity response of the calorimeter to low ~energy panicles (the A value is determined
by <Fp*> = Jfor the sample of Z = €7~ in UA2).

2. SAMPLES FOR ANALYSIS

2.1 Final W - ev sample

The figure 1 displays the distributions of events containing at least onc clectron with
PT‘ > 15 GeVIcina(P-re. P*) plane for respectively UA1 and UA2.

In high P® regions (P1® 2 25 GeVic), signals from W+ o (P = 7€) and Z = e*e”
(Py” = 0) arc visible above the background.

Figure 2 gives the projections for both experiments on the P" axis (data from the end of 85 are
not included). From these projections it tumns out that the rejection power of a cut on Pp* against the
background is larger in UAI than in UA2. In UA) events with Py > 15 GeVjc exhibit the
caracteristic Jacobian structure expected from the W - ev decay.

anAZth:n:pnntinnisnotsousyduetothcnon-gaussianlailoﬂhePT'dimibuﬁnn.

The final cuts are the following :

UAIl PTe > 15 GeVie, PT' > 15 GeV/c. This corresponds 10 a total number of 314 (172 + 142
from the 1985 data) candidats after rejection of »’s and es in azimuthal vertical direction (holes defined
in part I).

UA2 P1® > 25 GeV/c, Pp” > 15 GeV/c and, on top of that, a topological cut defined by “no jet
within A¢ = 60° back to the electron”. This cotresponds t0 a total number of 216 candidats. The
ﬁgunlg'vatheindnsiveP-redimibuﬁonfmmUAZanalysisincludingthchMBSdlh.

The
The main sources of background are :

o QCD background, jets look like ev.
b. Z° = ¢~ + ¢* where onc particle is unseen.

¢ Woﬂ’wi!hdlb‘ﬂlelepmnicdeﬂyoflh:r(r-oevevq_)orlh:smikplon'tvhyl
(1011,'°+m).
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In UAI the hadronic background is estimated from the shape of the P" sesolution.

In UA2 the topological cnt mentioned above is applied 10 minimize the background from
misidentifed hadrons with a3 jt a1 opposite diection To do this one defines
Popp = —Pqt - IPPPSF, mm is over all reconstructed jts with Pyl > 3GeVic and
(%;JP.FT=)> 120,

Thecutispopp<J(monof“'oa-deuysmwtmswithhtgel’-rmblhmep
whereas for misidentified high p. hadrons poy > 1).

Background contributions are listed i 1able 1. The figure 4 gives the resulting P © distributions.

opp = 0

Table 1
UAl UA2

P® threshold (GeV/c) 15 GeVic 25 GeVic
Number of events 172 214
Hadronic background 53+ 19 116 ¢ 24
2° < ¢+e¢ (undetected) 9. + 11
W n'(r - v 91205 33+03
W = 1, (1« r #%+hadrons) 27204
W = e Signal 15+ 12 190 + 15

* For UA] this analysis does not include the 1985 data.

Cross sections
For UAL, the last 1985 data are not used for the crass— sections given in table . The first quoted
errors are statistic, then systematic. These last ones come mainly from uncertainties on totl luminosity
(215% in UAl and #8% in UA2 which takes advantagr of the total cross — section measured by UA4
in the same intersection).

Table 11
J5(GeV) vAl UA2
546 (.55 £ 0.08 £ 0.09mb (0.50 + 0.09 £ 0.05mb
630 (.63 + 0.05 + 0.09mb (0.53 £ 0.06 p 0.05)mb
(oB)g30
R= 115+ 0.17 1.06 + 023
(0B)sqp

{Theoretical prediction 1.20)



14

2.2 Z - e*e” event samples

The electron identification efficiency is about 75% in both experiments. So, to minimize an
imponant lost of events (= 50%) when applying all electron critenia, it is required that first both
energy clusters arc compatible with an electron from calotimeter information alone (E4 > 8 GeV) and
moreover, one track at least satisfy the full electron identification criteria.

The resultting distribations for the invariant masse m,, are shown in figure 5. A well - scparated
peak around m_ = 90 GeV/c? appears in each distribution. The low—mass continum decreases
rapidly and becomes ncgligeable for m_ masses larger than S0 GeV/c®. It is due mainly to QCD
2~ jet events and a.contribution of the Drell — Yan process.

3. ANALYSIS

3.1 Angular distribution of the clectron in W - ev decay

At the CERN pp collider energies, W is produced mainly from valence quarks and antiquarks. As a
consequence of the V/A coupling, the helicity of quarks (antiquarks) is —1 (+ 1) and the W is almost
fully polarized along the p beam (the contribution of sea quarks becomes important at higher energies
and the resulting W polasization is reduced) [2].

From very simple helicity arguments one predicts then : antileptons are manily emitted along the W
(P) direcrion (and the reverse for the leptons). The resulting angular distribution is given by

dn/dcosf* a (1+cos8*)? where 0* isthe e*(e7)

angle in the W sest frame measured with respect to a direction parallel (aniiparallel) to the W
polarization. (It is worth noticing this axis coincides with the p(p) beam in case of a null transverse
momentum for the W : PrW = 0; for PyW # 0 initial parton directions being unknown, 8° is defined
by the Collins - Soper convention [3}).

In figure 6 the cosf* distribution from UAL, corrected for the acceptance, agrees very well with the
expected (1+ cost®)* form.

In UA2 the absence of magnetic field over most of the solid angle allows a charge — average cosf*
measurement only.

In figure 7 the UA2 experimental dats agree well with the expected (1+cos?8*) form of the
distribution in this case.

Spin from <cos#*>. Obvionsly if J = 0 <cosd*> = 0.

For arbitrary spin 1, one expects (4] :
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<cosf*> = <A> <p>/JI+1)

where <u> is the global helicity of the production vertex (ud) and <A > is the global helicity of the
decay vertex (er).
Fora V—A coupling <p> = <A> = -], From this,

<cosf*> = SforJ =1
and {<cow*>| < 1/6for) > 1

UAI published [5], <cos®> = 0.43 + 0.07 in agreement with J = 1 for the W boson.
One can notice that such measarements do not provide 2 wzy to distingnish between V—A and
V+A couplings (in fact in V+ A, <g> = <A> = +]). A wav 10 do this would be to measure the

3.2 Longitudinal momentum of the W and the quark distributions

This analysis was done by UAL. No new result including 85 data is available for the time being. To
summarizr the UAL analysis, the Feynman variable xq, = 2Py W/./z (P; W longitudinal momentum
dth“nhememdwhhthhnﬁnmlm%aﬂ:pd&wngmwmhdh
the p and p beams : xy, = ’1’—

Th:mwmanncxp!medwnhthcvmabhm mw’/|=5xp.ﬁumthu:twoeqwions
and using events with unambiguous determination of the charge, UA1 gives the fractionmal momentum
of auand Jin case of W* or 2 d and © in caxc of W-_ Figores Ba and 8b show the cxprimental
distributions of u and d quarks which agree fairly good with the parametrization of Eichten et al [6).

3.3 Transverse momentum of the W

The W transverse momentum P W i obtained from :
FTW = FTG + FT'

F:gue9pv=thl’ distribution for UAl and UA2 including the 85 data. Curves are QCD
predictions from reference [7].
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UAI sin'eg, = 02147304 £ 0.015 (4) (the 1985 data not included)

UA2 sin’0y, = 0.232 £ 0.004 £ 0.008 (5) (preliminary result mcluding the 1985 data).
The quoted errors are respectively statistical and sysiematical. These last ones wre mainly due to
uncertainties on mass scale from uncertainties on calorimeter calibrations.

As a comparison these results agree well with an average of the low energy data

lin“w = 0.220 + 0.008 [10]
A very recent result [11] publishec by the CDHS experiment

sin*fy, = 0.227 4 0.005 £ 0.003 £ 0.013 (m_— 1.5 GeV/c?) (0]

is also in a very good agreement with the previous figures (the very last uncestainty here reflects the
contribution of the quark — ¢ mass in this determination).

As it was shown elsewbere [12] the need for the radiative corrections in the Standard Model from
tbmm:(qﬂ(ﬂmumhtbﬁnebdngkm.uhhmdu&edhthew.
[11], without radiative corrections result (6) and results (4) and (5) are in very poor agreement.

By using (1) one assumes that the p parameter defined as p -mw‘lmz‘eosﬂ‘w(h.ilequllwl.

To test this, equations (2) and (7) are combined to get :

p = my/lmy*(1- B my,*)
where B? = A%/(1-Ar).
The results are :
UAlp = 1.028 + 0.037 £ 0.019
UA2p = (0.996 £ 0.033 + 0.009

p=102¢%002 9

Alllhe.aﬁanumcompﬁbkwhhp- 1. which corresponds to the minimal Standurd Model
with only one Higgs boson (one isodoublet of complex Higgs ficlds).



19

4. RESULTS OF PHYSICS WITH MUONS

All these results are from the UA] experiment where muons can be detected.

4.1 Inclusive muon spectrum and W mass

The analysis requires an high —p- solated track m the muon detector (P* > 15GeVic) and a
hxpnﬁsingmm:nmmm(ﬁr'> 15 GeV). This gives a sample of 82 cvents ncluding the
I%Sdmﬁ?fdinﬁbuﬁonhminﬁgmuwhu:hhmpuadwhhhmm
expected from W — pr decay for my, = 83 GeV/c’.

From this one calculates the partial cross—section for W production followed by W - o decay
which tums out 10 be compatible with the p—e¢ universality. The results are summarized i the
following 1able [13].

Table Il

Cross — sections for Wt « u¥»

3 (GeV) Theory (nbam) o B(W - »r)1983 (nbarn)1984

546 033 £+ 0.10 0.56 + 0.18 + 0.12

630 047 £ 0.10 061 £ 0.11 + 0.12
Ratio 1.2 1.09 * 0.40

W mass determination from the g sample. From the 1984 data, after tight cuts in the central
detector and p chambers, the UA| experiment uses the 22 remaining events to get :
My = 816+ :g * 3‘(1’
in quite good agreement with the W mass values determined from the inclusive electron amalysis
(W = o decay). The coresponding transverse distribution is shown in Sgure 13, the cunve is an
gxpectaﬁonﬁcmmw=330e\”c"

4.2 Dimuon prodaction

The following analysis does not include the 1985 data.

The figure l4shmthem”distn’bnﬁmnixhl’-l’>SG=VIcmdmn>GGe\’;c’.0nm
notice a rapidly falling continum for the low mass values which is well separated from events with
masses around 90 GeV/c?, the Z° mass region.
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Dashed events in the UA2 distribution contain at least onc jet with Eq > 5GeV. The
corresponding information including 85 data is not yet available for UAI, but the percentage of such
events (using data up to 84) is 38% and 28% for UA1 and UA2 respectively.

3.4 W mass determination

To determine the W mass value, both experiments define a transverss mass
mT=—2pT=PT'(1—cosA¢)whhmT<mwandA¢=(i’=i")

AMomeCaﬂogmmtedxﬂ':r:mdelstﬁbuuonsforvmousmwvalues The W —mass is then
determined by a maximum of likeli hood.

The advantage of this is that unlike Py and Py”, my is rather insensitive to the transverse
momentum of the W.

From UAI one gets only very a preliminary experimental m - spectrum shown in figure 10 without
any adjustement. UA2 gives the transverse mass distribution in figure 10b including £5 data as a

The results for the time being are
UAlmy, = 83.5" 1"+ 27 GeVe? (without 85 data)

UA2my, = 803 + 0.8 £ 13 GeV/c2 (preliminary inchiding all data)

(The systematic errors reflect the uncertainty on the absolute energy scale of the calorimeters). A fit to
thcdeisuibuﬁonwithlheWwidthTwuaﬁeeparamnetpmviduawaylowanuppcrlimhon
I'y-
w

(The following figures are not revised with 85 data) :

UAI Ty, < 0.5 GeVie?
UA2Ty, < 7GeVie? (90% C.L)

3.5 Z mass determination

MmgdimibuﬁongivmmﬁgnSbadjunedhﬁgh—mmg‘ombyammm
fit of a Breit— Wigner folded with the experimental mass resolution.

a From UAI there are no new fit available for the time being, the result including the 1984 data
i .



My =930%141% 3.0 GeV/e?

hﬁp-elhtbmu&mﬁnninhﬂ:?ujmﬁmﬂ:lﬁswhﬁmulm
resubt. |t includes 17 new Z° £ e*e” events.

b. MUM:MMM“MENM&M%Mh
the Z° ngon o pven i fGgorellb. h comtaings 30 Z° - c*c” cvents (with
m,, > 70 GeV/c?) inchuding 14 new cvents from the 1985 data.

As » preliminary vesult, the messured mass is

My =915+09¢ 15 GeVic?

3.6 The Z width and the number of neutrino species

In the frame work of the Standard Model, the value of the Z width is related to the number of
fermion doubicts for which the decay Z - fis kinematically allowed.

This peint of view was carried out by the two experiments [§] and sllowed to put an upper Emit on
AN> the mmunber of new neutrino species. No new analysis has been done yet with the 1985 data in
both ezperiments. 1 just recall the relevant conclusions.

With 90% of confidence kevel this upper limit is AN < 7 from UAI] and ANr < 2.6 (11.7) from
UA2 (bere the quoted emror reflects the theoritical uncertainties).

P

3.7 Comparison with the standard model h

~

To compare the resulis about the W and Z mawn with the Standard Model predictions onc uses the
weak mixing angle defined as [9]

This leads to
My, = A{(1-4r) sin?iy,] @
Mz = 4A2[(1—Ar1) n‘rw] 3

where A = f(a//TGp) = 372810 £ 0.0003) GeV/c* and Ar is the anc —loop radiative corrections
computed 10 be {9) or = 0.0696 + 0.0020 for & top quark mans m, = 36 GeV/c® and assuming the
mass of the Higgs boson equal to the Z mass.

From (2) and (3) and using the W mass and the Z mass, one detesmines sn?ly, :
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UAI sin'ty, = 0214004 £ 0.015 (4) (tbe 1985 data not included)

UA2 ain"w = (0.232 + 0.004 + 0.008 (5) (preliminary result including the 1985 data).
The quoted emors are respectively statistical and systematical. These last ones are mainly duc to
uncertainties on mass scale from uncertainties on calorimeter calibrations.

As a comparison these results agree well with an average of the low energy data

sn’8y, = 0.220 + 0.008 [10}
A very recent result [11] published by the CDHS experiment
sn’ty, = 0.227 £ 0.005 + 0.003 £ 0013 m -15GeV/cY) (6

is also in a very good agreement with the previous figures (the very last uncertainty here reflects the
contribution of the quark — ¢ mass in this determination).

As it was shown elsewhere [12] the need for the radiative cormrections in the Standard Model from
the two resuhts (4) and (5) cannot be proved for the time being. But, as it is underlined in the Ref,
[11], without radiative corrections result (6) and results (4) and (5) are in very poor agreement.

By using (1) one assumes that the p parameter defined as p -mwzlmz‘mﬂ‘w(h.heqmltol.

To test this, equations (2) and (7) are combined to get :

p = myfimz*(1~ B imy,)]
where B2 = A?j(1-Ar).
The results are :
UAlp = 1.028 £ 0.037 £ 0.019
UA2p = 0.996 + 0.033 + 0.009

p =102+ 002 9

Alltl:.uﬁunumeompnﬁbkwhhp- 1. which comresponds to the minimal Standurd Model
with only one Higgs boson (one isodoublet of complex Higgs ficlds).



4. RESULTS OF PHYSICS WTTH MUONS

All these resuhs are from the UA1 expeniment where muons can be detected.

4.1 Inclusive muon spectrum and W mass

The analysis requires an high— p-r:solatedmckmuzmuonM(PTF>lSGeVIc)uﬂn
large missing transverse momentum (E¢” > 15 GeV). This gives a sampic of B2 events including the
1985 data. The P* distribution is shown in fignre 12 where it s compared with the spectrum
cxpected from W = ar decay for my, = 83 GeV/ci.

From this one calculates the partial croms — section for W production followed by W - x» decay
which tumns out 1o be compatible with the p—¢ universality. The results are summarnized m the
following table [13].

Table 1T

Cross —sections for WE < pt»

J5 (GeV) Theory (nbamn) o B(W = pr)I9E3 {nbam)1984

546 039 + 0.10 0.5 ¢ 0.18 + 0.12

630 0.47 2 0.10 0.61 £ 0.11 £ 0.12
Ratio 120 1.09 + 0.40

W mass deiermination from the & sample. From the 1984 data, after tight cuts in the central
d=tector and p chambers, the UA| experiment uses the 22 remaining events to get :

= 4.6 9.0
my Bl.ﬁths 8.1

hqﬁ!cpodmnﬂh&eWmvnhndﬁmedﬁomtbemdunwdmmﬂm
(W = o decay). The concsponding transverse distribution is shown in fgure 13, the curve is an
expectation from my, = 83 GeV/ch.

4.2 Dimuon produaction

The following analysis does not include the 1985 data.

The figure lAshnwsth:m”dimihuﬁcnwilh Pf > JGeVIclndm”>6Ge\’;c’.Onm
notice a rapidly falling continum for the low mass values which is well separated from events with
masses around 90 GeV/c?, the Z° mass region.



4212Z2° = pp”

The sclection criteria are P-r" > 15 GeVie for the first track and the event must containt a second
minmum jonising track with PT > 15 GeV/c. Including the 1985 data, this leaves 20 events (S at
8= 46 GeV, and 15 (6+9 in 1985) @t fs = 630 GeV) with invariant wmasses greater than
60 GeV/c2.

A best fi of a Breit ~Wigner gives : myy = 88.8, " 2GeV/c* (cacluding the 1985 data for the time
being).

From the 1984 data UAL gives a partial cross section for Z° = p~p~

oB(Z° - p*p )= 633226+ 12pb
This agrees with the theoretical prediction tased on the 4 — ¢ universality [6,13).
422 Low mass dimuoss

No new analysis including the 1985 data is available for the time being so0 1 recall briefly the results
already mentionned elsewhere {14]. '

Inﬂn:amplecumainingdimuomwithl’-lﬂ>S&V/candmw>6G=V/c’(ﬁgmel4)lhaem
IlZﬂmwhhm” lower than 60 GeV/e?, namely 150 p~u~ and 62 u*p* or p™p~ pairs.

Each of these two categories is splitted into isolated and non —isolated pairs according an isolation
criteria defined as following :

Around the vector momentum of cach muon, a conc having half—aperture
R = f(A9* + A¢?) = 0.7 is constructed.

mmmmm:qmwwmmhmmhmme
dimuon event the isolatio:y parameter S is defined as

S = BEQ'F + EELP

where the two cones are taken into account.

Most of muons from W = ur or Z - p*x~ decays satisfy the conditien ZEy < 3 GeV. So
§ < 9 GeV? is choosed to defined the class of isolated dimuons, and remaining dimuons belong 1o the
non ~isolated dimuon class.

The figure 15 shows the S distribution of the dimuons events.

In the figure 15 there arc 44 dimuons events with opposite sign peaking below S = 9, whilst the
corresponding distribution in figure 15b for the same sign dimuons is flat. In fact one has :

dimnuons with oppoaite sign 150 = 44(S < 9) + 106(8 > 9)
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dimuons with same 6ign 62 = %S < 9) + 55§ > 9)
1. Muon pairs with opposite sign are expected from three main sources :
i The decay of the upsilon T = s~ 4. This accounts for 9.7 £ 3.3 isolated dimuons.

ii. The Drell—Yan process Pp = v = p*p~ is estimated to 204 & 52 isolated
dimuons.

i QCD produc - of pairs of heavy quzrks (bb, c5) followed by semi—leptonic
decays (b~ cw) of both quarks This comtributes for both isolated and
pon ~isolated dimuons. A flat distribution in § is expected for this Last source as
one can check in fignre 15a after substraction of the two first contributions.

2. Muon pairs with same sign.
The first possible source is the production of bb pairs where p~(2*) is produced from a
seré pronic decay of the b{b) quark and the other p~(p*) is produced from a semileptonic
decay of the c{c) quark which results from the hadronic decay of the B(b) quark. For example
becprtndb~c v

An other possible interesting source is the B°— B® oacillation (The B® is a neutral meson containing
2 o~ quark). In this case for exampie a p~ is produced from a b quark whilst the other quark b first
fragments into a B° meson which tums into B° meson state (analog to K°—RP® transition) and
produces 3 - again. Obviously s*s~ pair is produced following the same scheme starting from a b
direct decay and 3 b which first fragments into BY.

These two sources give both isolated and non—isolated same sign dimuons. This is reflected by the
flatness of the §— distribution in figure 15b.

The published measure related to the low mass dimuons is the ratio -

R = [NG*s*) + NGxx )W/NG*5")

calculated from the non isolated pairs only, R = 0.45 & 0.10. This corresponds to a lower Emit
R > 030 with 90% of confidence level

The estimation of the last contribution, B°—B°, depends strongly on the used Monte—Caro
Model (EURQJET).
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So the UAI experiment necds a lot of tests to prove the real contribution of this source in the
previous R value.

5. ISOLATED PHOTONS {15}

The isolated photons arc mainly analysed by the UA2 experiment taking advantage of 2 good
granularity for the calorimcter and of the apex determination for electromagnetic showers in the
preshower part in front of the calorimeter.
The main contributions are estimated from the following graphs.
q q q cecee - g q /q
<t ot X
- luamaw Y
g Y q q q

Compton 502 annihilation 252 bremstrahlong 252

The inclusive spectrurn of the transverse momentum of y's is shown on figure 16. This
distribution is compared with the theoretical second order QCD prediction [16). The main relevant
conclusions are about the ratio y/jet and the ratio y/2°.

Concerning the rmatio y/jet, a complete lowest order calculation [17,18] predicts
o(y)le(jet) = 4.2 10~ for 30 GeV < PT’ < 50 GeV. In this range, the ratio of the measured direct
photon cross — section to the measured jet cross— section is

cylcjﬂ =294+ 09% 12(syst) 10°*

in good agreement with the theoretical estimation. )

The ratio o(y)/o(=°) of the single photon cross ~ section to the inclusive »° one increases from 0.06
. nP—r = 15GeVicto 0.25 st P—r = 35GeVic.

A crude comparison with the ISR results for this matio gives <7Iv">w=0.land
<”">ISR",°'°5'

hﬁnomhnwhevuyudtﬂahomdﬂ;ﬁnmdm.ﬂummvdueof&rfmbmh
experiment is differemt <»r>7”-0.5<»r>1mk.mdmﬁngviohﬁumfmboththemn
functions F(x,Q%) and the fragmentation functions D{z,Q?) have 10 be taken into account.



CONCLLUSION (present and future)

In this valk clearly some points deveiopped in previous reports such as uncxplained events or even
top quark search have disappeared. At present time, with a large increase m the statistics, one accepts
the idea thm large stanistical fluctuations in standard physics could account for those peculiar events.
Concerning the top search in the UA2 expermment the presemt apparatus does not allow extracting
significant signal from the background despite the rejection factor reached (= 10°). In the LAl
experiment, afiey 3 clectrons candidats and 3 muons candidats published in 1983 and 6 electrons
candidats in 1984 (no muon snalysis published in 1984), one does not get more confirmation up to
now. ln fact to account for observed & + two jets production (which is believed a way 1o reach the
10p quark from W = b, with t = ber, and B(b) - jets) the UAI experiment nesds an important
QCD ti production which weaks a lot the whole anialysis. Moreover all this needs a counter part with
» production. In 1985, ihe micro — vertex did not work 3o at present time one has 1o wait for ACOL.

The future with ACOL

The two cxperiments renamed UALY and UAY expect working with a  lummosty
£ <A10™ ar s~ which comresponds, over three data taking periods, to a total lnminosity of
’.?d!wlOpb"huﬁequm.thmdilhnnhoﬂy.ﬂ:&Hdﬂ:yﬂ:wonﬂbe

1. W = o and Z - ee with respectively 4000 decays and 400 decwys.

2. Top search

3. W jet+im

a Swmfmsuyma:(ﬁmz-u.damufmq,m,’_x

For each ftems the forusen problems and competitions are :

1. The Z mans M; i te measured within +50 MeV at SLC moreover one needs the best
calorimeter calibranon ‘better than 1% is a challenge), and at Fermilab the total available
energy i /s = 1.6 TeY that means a factor of three in the W cross section production (but
along with this, the 1:¥0 et cross — section is incyessed by a factor of ten, so this will need a

better rejection factor acrirst the background in fact ).

2 i the top mam is 30 GeV/z* < mp < 50 GeV/c?, one predicts a low ratio for the decay
W = tb (30 — 60 events/exp.) and moreover it will be a clear competition with Fermilab.
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3. Concemning the W decay into two jets, the granularity of calorimeters mainly in UA2" prevents
competition at first glance but it turns out to be very difficult anyway.

4. Conceming the discovery of SUSY particles, Fermilab with a total energy /s = 1.6 TeV, is
clearly in better position in principle.
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Figare Captions

. Scatter plots of transverse momenta PT° versus P” (events with PT‘ < 15 GeV/e).

P(” distributions from the scatter plots in Fig. 1.

- From UA2, inclusive spectram P (preliminary).
3 R:mhingl’-r‘dim'buﬁomlﬁuﬁmlam

. lnnﬁmm&ism‘buﬁmsme.btevmwiﬂnmm

From UAL the cosf* disttibution for the clectron in W = ev.
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. The cos8” distribution in UA2 (without charge signature).

. From UAl, fractional momentum distributions

a) for u quark
b) for d quark.

. Transverse momentum distribution of W, PTW

a) from UAl
b) from UA2

Transverse mass distribution my. of the W (W ~ )
a) from UA1 (very preliminary)
b) from UA2.

lnvuinnmassdim'buﬁonmeeintheﬂmg'on
a) from UAIL
b) from UA2.

From UAL, the P distribution of the muon transverse raomentum in the decay W - pr.

Transverse mass distribution of the W (W = p»).

Invariant mass distribution of the two muons abserved in UAL.

“S — distribution” for the dimuon events
a) opposite sign dimuons
b) same sign dimuons.

From UA2, the inclusive spectrum of the photon transverse momentum (isolated photon

events), P¥ a1 /5 = 630 GeV and rapidity 5 = 0.
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ABSTRACT

Within the UA2 callaboration a study has been made of events containing three ha:d jets in the final
state. The angular distributions of the three jets show evidence for gluon bremssirehlung, in good
agreement with a QCD model 10 leading order in the strong coupling constant a . The yield of three-jet
events relative to that of two-jet events provides a measure of the swong coupiing
constant : a, Ky/K; = 023 & 0.01 £ 0.04, where K; and K, repressnt the contributions anising frem
h@aord:rcon-u:ﬁonshnsmth:lwo- and three-jet cxclusive cross-sections. A preliminary study bas
also been perfomicd on events containing four jets in the final state. The observed features of these events
agres well with a recent leading order QCD calculation, indicating a sirong deviation from phase space
behavior. These results are not consistent with the presence of 2 large contribution from multi ~ parion
scattering, in which more than one hard scatteting takes place among the nucleon constituents.
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1. Introduction

Since its start in 1981 the CERN pp Collider has proven o be an excellent laboratory 1o produce
and cxamine hard collisons between parions (quarks and gluons). These collisions have been extensively
studied and their properties have been successfully compared with the predictions of perturbative quantum
chromodynamics (QCD). This is made possible by the presence of hadron jets which can be isolated from
the other collision products and identified with the outgoing partons. In particular, most features of
two-jet final states are well described by the leading term in the perturbative expansion of the
parton-parton cross-section in powers of the strong coupling constant as.lnthcplescnl report the studies
are extended to threc-jet and four-jet final stares which are proportional to higher powers of a,. We
discuss the observation [1,2) of such states and present a detailed study [3] of their measured properties.

The study is divided into two areas of investigation: First, we examine the three-jet events and — in
order to test the underlying dynamics — compare several distributions with those obtained from Monte
-Carlo calculations based on a QCD model or on pure phase space. These comparisons confirm the
qualitative features expected of QCD, in particular, a Rutherford-like angular dependence for the
scattering angle of the lcading jet and a bremsstrahlung spectrum for the energy and angle of the sofiest
jet. This agreement encourages us to perform more quantitative tests of QCD. To do s0. we measure the
cross-section for the production of three-jet cvents relative 1o that for two-jet events. This ratio provides a
measurcment of the wirong coupling constant ag, in the sensc that it yields a numerical value for the
expression a; K3/K;, where K; and K, represent the contributions arising from higher order corrections

‘n ~ 1o the two- and three-jet exclusive cross-sections.

Second, we present a preliminary study of four-jet events. Again, the features of these cvents are
compared with 2 QCD model and with phase space with the goal of testing perturbative QCD to order
as‘.Theevm!shapﬁmfomdtoagmewdlwﬂhtheQCDmodd,mdammmncntofas,usingth:
ratio of the four-jet cross — section 10 the three-jet cross-section, is in progress. In additon, several authors
have predicted a second mechanism for producing four-jet events, in which more than one hard parton
scattering takes place in a single collision [4]. A simple mode! fo: this so-called multi-parton mechanjem
has been used 10 search for the presence of such events. The preliminary conclusion is that the observed
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cvents are consistent with Jeading order QCD, and there is no evidence for the multi — parton process in
the current data sample.

2. The Data

The data for the present study have been obtained uvsing the UA2 central calorimeter [5] which
covers the pacudo-mpidity region -1 <9< +1 over the whole azimmithal range. his gramalarity
{240 cells, each covering 15" in azimuth and 10° in polar angke) is well matched to the jet structure of hard
collision final states at Collider encrgies. The trigger is obtzined from a coincidence between a minimum
Hadganmﬁngihmdam—diﬁacﬁmppwmﬁnn.mdth:mqwmmzﬂpm
wital transverse energy measured m the 240 calorimeter cells, exceeds 60 GeV. The data were collected at
J5 = 630 GeV and comrespond 10 a total integrated krminosity of 310 nb™ from 1984 and an additional
luminasity of 440 nb™? from 1985.

In ecach event, energy clusiers are constructed using a refined algorithm optimized for the study of
multi-jet final states {3]. We have studied the angular resolving power associated with this refined
algorithm by superimposing jets obtained from two different two-jet events. The fraction of such events
fmwhichmc.dunedngdpﬁthmﬁndsmdwmisamﬂmoﬁh:mhingpow.llisfoundto

have a distribution with an approximately encrgy — independent cut-off at 30° + 10° (Figure 1).

Once the clusters have been defined, we proceed to select a sample of cvents which arise primarily
from hard scatiering processes. This topic has been studied previously by UA2 in an analysis of the
emergence of *he hard scattering contribution to two-jet final states [6). This analysis was based on a
simple two component model for hadron collisions. The soff component is characterized by a fairly
uniform distiibutior. of enctgy among a large number of low encrgy clusters, and dominates at low total
tranxverse epergy. The hard component consists of two high transverse energy jets accompamied by an
underiying event of low transverse energy secondaries, and dominates 2t high total tramsverse energy. The
results of this study arc summarized m Figure 2, which shows the inclusive cross-section and the fraction
of hand scattering events as a function of two transverse energy variables: the total transverse cnergy
(EEr)mdthehdingjulﬂm\ﬁseenay(Er= Ep' + Ep?). This figure sugpests that the
contamination from the soft component decreases much more rapidly f we require a larpe transverse
energy in the leading jets (E.)-
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In each event, the clusters are soried in order of decreasing transverse cnergy and labsled 1, 2, 3, eic.
In addition, we calculate the transverse momentum P of the jet systemn as the vector sum of the

transverse momenta of the leading clusters. The events are then required to satisfy the follwing conditons:

Ef* + Ef* + .. + Ef® > 0GeV, (12)
Ef > 10GeV, Ef*! < 10Gev, (1b)
il < 0.80, i=1l.n. (1)
Py < 20 GeV (14)

The first condition ensures that the configuration of the leading jets is unbiased by the trigger threshold,
and reduces the contamination from the soft collisions discussed above. The second condition retains
events in which the leading clusters are likely to be associated with the hard collision rather than with
spectator frapments, The third condition defines a fiducial volume in which the jet energy measurements
are reliable. The fourth condition eliminates events with large missing momentum. Using these criteria, we

define the two, three, and four jet samples which will be used in the subsequent analysis.
3. The QCD Model
The prescnt study relies on compansons between experimental distributions associated with the

multi-jet sample and the comesponding QCD predictions. It is thercfore useful to describe the QCD
model and its implementation in a Monte Carlo simulation.

To Jeading order in a,, the cross-section for producing n final state partons with a total invariant
mass \/s'is expressed in terms of elementary subprocesses in which two incident partons, i and j, carrying

ﬁ’acﬁunsxiandxioﬁhcirnuclwnm:mtmommum,imm:
oq O = () |3 Fylx) Fix) Quf @, (dxyn) (dxn) @
where @ is the n-body phase-space factor and Nxs = s

Explicit expressions for the contribution Qnii of each elementary subprocess are available in the
Lterature for o = 2[7), n = 3[8], and n = 4{9]. In Equation (2), they arc weighted according to the
structure functions F(x) which describe the parton content of the incident nucleons.
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As a result of the bremsstrahlung nature of the gluon radiation spectrum, Qi diverges when the
mass of any two partons, one from the final statc and onc from either the initial or final state, approaches
zer0. These divergences are cancelled by non-leading contributions 1o the topological cross-sections. Since
we are working with leading order calculations, we will only consider final states in which the initial and
final state partons are well separated in phase-space.

We implement this requirement in our model by defining cut-offs to ensurc that the parton
configuration in the final state is free of these diverpences : we only consider partons having a transverse
momentum in excess of 8 GeV and parton pairs having a scparation in excess of 20°. With these cut-offs,
thcrat.ioKnbﬂwemmempologicalmss-wcﬁmonmdhslmdingmdﬂappmximaﬁnnauw n, in
principle, be computed, although the necessary calculations have not yet been performed. Lacking a
precise calculation of K we shall have to compare the multi-jer data 1o expressions proportional to
K, o which means that the ratio of cross-sections is sensitive 10 the quantity o  K,/K,, nstead of
smply a,.

The quark and antiquark structure functions, Q(x) and Q(x), are taken from low g? neutrino data

{10} evolved to the q*-range of the present experiment. The gluon structure function is taken 1o be
G(x) = F@)/ /K - 4/91Q(x) + Qx)l ~ &)

where F(x) is the effective structure function obtained from the two-jet data of the UA2 experiment [11].
In this evaluation, we assumec that the inclusive K-factor takes the value K = 2 In addition, both the
nnmmﬁmnﬁomandthemnnguoupﬁngconshnlasmﬁmcﬁonsofq‘.Wechoosewidunify,/q’

In order 10 ccavert the final state partons of Equation (2) into observable hadrons, we usc a
fragmentation method based on the Ficld-Feynman algorithm [12}, modified to reproduce the cluster
radius distribution obsarved in thr presemt expetiment [I). We have checked that this method of
fragmentation, when used in conjunction with the clustering algorithm described previously, produces
extra clusters in less than 2% of the events for cluster transverse cnergies in excess of 15 GeV. This
empiricaily demonstrates that in our model the radiation of hard partons can be scparated fromn the soft
fragmentation process, and ensures that the jets in the final state arise from the hard-scattering matrix
element and not from the fragmentation model.
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The acceptance of the UA2 detector and the details of the energy response of the central calorimeter
are simulated in 2 Monte Carlo program which reproduces the experimental details of relevance (1). The
underlying event, associated with spectator particles, is simulated by superimposing actual minimum bias

events onto the jets produced by the hard collision.

4. The Three — Jet Sample and a Comparison with the QCD Meodel

In this section we study the event configurations for a threc-jet sample sclectad from the 1984 data
sample of 310 nb~? according to criteria (1). After boosting to the center of mass of the jet system, the
leading jets are arranged in order of decreasing p; . The threc-jet system can be described in terms of xix
vanables, three defining the orientation of the plane containing the three-jet system in space, and three
defining the configuration of the jets within this planc. In order to emphasize those features peculiar 10
QCD, the distributions of several variables will be compared with the predictions of the model described
in the previous section, as well as with & phase space model obtained by setting the Q¥ in Equation (2)
equal o one.

We first examine the distribution of cos 8°, the angle of the scattering plane relative to the beam
direction. This distribution, nomalized to one at cos8” = 0 and corrected for the Lmited UA2
acceptance, is shown in Figure 3. The figure also contains the comrected distribution for two-jet
events [11). The shapes are very similar, and are characteristic of vector gluon exchange. The curve in
Figure 3 shows the parton level calculation of the qoss-section for the gg - ggg sub-process, computed
nshsEquﬁm(Z)mdthemmemomunqundmgﬂnwpuaﬁmcm—cﬂsdnnibedmme
preceding section. The curves for the other sub-processes are not significantly different, and the overall
agreement with QCD is very good.

We next discuss the internal configuration of the three-jet system, independent of its orientation. The
qmlhaivefmuuanbewmhnmlﬁzplm.wnmnmedbydeﬁnhgmbdnﬁlbhmme
!wo-hodymnumii:

%5 = my' /s “@
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Figurc 4 shows the distribution of X,; versus X,,. If the events were distributed according to a phase space
density, the population would be uniform across the plot (ignoring acceptance effects). Instead, there is an
increased density in the region of small x,, (comresponding to final statc bremssirahlung of a soft third jet)
compared 1o that of large x,, (corresponding t0 equal sharing of encrgy among the three jets). The
absence of events near x;, = I and x;; = 0 is a resukt of the event selection criteria (1) and of the two-jet
angular resolving power. The projections of the Dalitz plot are also shown. They are compared with the
QCD model (solid histogram) and the phase space model (dashed curve). The QCD model agrees well

with the data, and there is a large excess of events above the phase space curve in the region of small x,,.

In the preceding analysis we used selection criteria which allowed us to display the dominant featurcs
of the three-jet data sample. In particular, loose cuts were used on the jet transverse momenta and on the
opening angle of jet pairs (Figure 1) to study the effect of bremsstrahlung. In this way, we have shown
that the QCD mode! gives a good description of the shapes of the threc-jet distributions. We now pussue
a more quantitative comparison with the QCD model. To this end, we measure the quantity o, K,/K; by
adjusting o in the QCD model until the throretical value of the ratio between the three-jet cross-section

mdth:two—jﬂuos-secﬁm(RQCD)isequalmhsexpdmﬂnalvalu:.Rw.

Theze are several sources of systematic error associated with this measurement which can be reduced
by applying stricter event selection criteria. We want to avoid those regions of phase space where either
two of the partons are separated by a small angle, or one of the partons is soft. For this reason, we

redefine the two-jet and three-jet data samples using two additional critesia ;

i. the standard clustering algorithm is followed by an additional step in which secondary cluster
pairs, baving an opening angle smaller than 50° and 2 transverse energy in excess of 5 GeV, are
merged into 3 single cluster (Figure I).

ii. the 10 GeV threshold used in (1b) is replaced by a 15 GeV threshold to further reduce the

The new selection criteria retain 14635 two-jet and 2596 thres-jet events. The experimental value
Rwhmwdaﬂﬂdum:nﬁommmMnmmnispmmg’mnvalue

Rnp = 0.177 £ 0.004.
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The selection criteria applicd to the data samples are also applied to the Monte Carlo event samples.
The value of Ry is then the ratio between two cross-scctions, 0,QCD and 0,QCD, pue 10 the limited
acceptance and resolving power of the UA2 detector, some n-jet final states will be observed as m-jet
events, m < n This requires us to include in ‘,!QCD both events from ,SLO and from n‘w which have
thres and only three jets obeying the sclection criteria. Similarly, o ,QCD contains events generated from
0,10 and 0,10 which have two and only two jets obeying the selection criteria. At the time of this
analysis, the full QCD calculation of 2,10 was not yet complete. An approximate estimate of 0,10 was
obtained by taking Equation (2) for n = 3, and adding the bremsstrahtung of a single gluon. The estimate
was then normalized 10 the total number of observed four-jet events. The relative contributions to 0,QCD
from 0,10 and 10 0,QCD from 0,10 are respectively 21% and 16%. Higher order contributions, such as
from 0,10 0 0,QCD and from 0,10 10 0,UCD are ignored.

By varying a, in the QUD model, we find that the value of the strong coupling constant that makes

Rgcp qual to Ry is
a, Ky/K; = 023 2 0.01. (5)

The effects of the dependence ofa‘onq'mdisphyedin Figure 5, which shows the values of
a, Ky/K; in differest bins of the multi-jet mass M. The q*-range covered by the data sample is from
~600 1o 10,000 GeV?, with the average q*~1700 GeV=. The curve in Figure 5, obtained by computing a,
for an average q* calculated for each mass bin in the figure, shows the expected +7% variation of a, over
this mass range. The data are in agreement with the curve, but show no significant deviation from a
constant value.

Several sources of systematic uncertainties affect our evaluation of the strong coupling constans. We
now midﬂuchofm&inmmdwalwettﬁrmnibuﬁomtothemonul Ky/K,.

i. Fragmentation effects: In the high energy range of the present experiment, there is virtually no
ambiguity in distinguishing between two-jet and three-jet configurations. Instead, the main
consequence of using different fragmentation functions is to modify the fraction of the original
parton encrgy which is collected in the corresponding calorimeter cluster. This affects the three-jet
mﬂqwbﬁcﬂmm@aﬂﬁvﬂywﬂﬁdjﬂ.m&mﬂnmjummnph
&wwmmdc'wmhmw(Aasla!)s + 10%.
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ii. Underlying event: The spectator scattering contribution is simulated by superimposing a
minimum bias event onto each generated hard collision. However, we know {1] that the value of
Ep is, on average, twice as high for hard collisions as for minimum bias events. Part of the
difference can be accounted for by particles directly associated with the hard collison
Nevertheless, we have studied the effect of doubling the transverse energy camied by the

underlying event. From this study we evaluate an uncerteinty on e, (Bagja) = 10%.

ii. Structure functions: Uncertainties in the structure functions may affect the e, measurement to the
exient that the quark to gluon ratic may be modified. Becanse of the higher colour charge of
gluous.arda&vemmofth:glummmlmmshalnwvﬂueof%co,md
mnsaqu:nllyinalnwu'valucafc,.Qmminth:quarkmghonnﬁommhmmmy
(An‘/a') = % 7%.

iv. Higher order contributions: The contribution to RQCDﬁomn.wisimporhm,ofth:otdu’of
21“/..Asmmﬁonedeafﬁn,n.mwasmmymedwithomlb:bencﬁxoﬁb:MQCDaluﬂaﬁon.
WA:u!imateannm:emi::ntyof$40%¢:ntheabsoh.uestzl:ofw.u)wl:icl:appcas-sin!.ln:cxs

measurement as an exror (A"s"’s, = % 8%.

v. Energy response: Uncertainties in the energy response of the UA2 central calorimeter partially
cancel since they affect both the two-jet and the three-jet samples. They introduce an uncertamty

.on the @, measurcment af(Aa'Ias) = % 3%.

vi. Event selection: The measurement of o should not dcpend on the criteria used to select the jet
samples, as long as these selection crteria are compatible with the cut-offs used in the QCD
mndeLAﬁnvaryhgth:s:hcﬁnu.minfumuppulimh(Au,lns)<4%onth:tme:n.ainty
resulting from this source.

After this summary of the individual uncertainties, we can compute the total systematic etror. Some
effects are accounted for in several of the systematic uncertainties described above. We conservatively
ignore this double counting and retain as a global systematic uncertainty the number obiained by adding
all individual contributions, i) to vi), in quadrature. The result is .

a, Ky/K; = 023 + 0.01 & 0.04 ‘ (55
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where the second esror represents the systematic uncertainty.

Finally, we note that our choice of q* in the scaling violation factors is somewhat arbitrary. A
different choice of @* will not affect a,, but only modifies the QCD scale A, as long as the two-jet and
three-jet samples are treated equally. However, it is possible to choose q° definitions which alter the
average ¢ of the two-jet sample with respect 10 that of the three-jet sar:ple. We have considered 2
concrete cxample by replacing our choice, /q? = Max (py), by /g' = <pi>, thereby reducing the
three-jet <q*> with gespect 1o the two-jet <q*>. The result is 1o increase only the value of a, that
appears in the calculation of 0,10, typically by 8%, and hence 1o increase the value of Rgcpy As a

consequence, the measured value of a, K3/K,; decreases by 25%.

5. A Study of Four-Jet Events

In this section, we describe an analysis of four-jet events sclected from a combined data sample of
750 nb~!. The selection is made according to criteria (1), with an additional siep in the clustering
glgoﬁﬁmhwhkhwmndaryduﬂmwhhmopmingmd:maﬂﬂlhan”mmcrgedhﬂoadnﬂ:
cluster. This reduces the sensitivity to fragmentation effects while still retaining good angular resolution,
andxes.uhsina:ampleof2219evmu.AtypimlhithErcv¢m&omthislamplcisshowninFigu:=6.
with four clearly resolved jets in the final state. If we apply the stricter cuts, used in the previous section

fonh.:usms\mem,wearriv:namuch smaller sample of 255 events.

For this analysis, we again boost 1o the center of mass of the jet system and atrange the iets in order
of decreasing p;”. The four jet system can be described in tenms ~f nine vasiables: three describing the
orientation of the jet system and six describing the internal configuration of the jets. This large mumber of
vasiables make the description of this final state rather complex. The jets do not ke in a plane, nor cax
they be described by simple Dalitz plots. A natural set of vasiables are the six x;; defined in Equation (4),
oreqtivalmﬂyth:spaneanglcsbetwemth:jeuinthecmaofmm.coswii'.()nlyﬁveofthue
variables are independent — the sixth degree of freedom corresponds to the total mass of the jet system.

As for the three-jet analysis, comparisons will be made between the data, a parton level QCD model
bawdmmaknhﬁombyxmmmd&uﬁng[ﬂ.mdaphnespawmoddobﬁndbyletﬁnanii
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in Equation (2) equal to one. At this preliminary stage of the analysi, we will only study te shapes of
the distributions — questions of normalization will be avoided by setting the area of the distributions 1o

onc.

To examine the qualitative tfeatures of the events, we first look at the sphericity calculated from the
jet momenta in the eenter of mass. The distribution is shown in Figure 7, and it is apparemt that the
observed:vcmshapcageuweﬂu&thm:QCDmodd.andisﬁgxﬁﬁmnﬂyksipheﬁahhmphasspam.
A more detailed understanding of the features of four-jet cvents can be obtained by examining the space
angles defined previously. Figure 8 shows the distibution of c0s w,y . The data shows a significam
enhancement above the phase space model in the region of small angulzr separanon, indicating the
presence of bremsstrahlung. This enhancement agrees very well with the QCD model A similar, less

dramatic, enhancement can also be observed in the distribution of cos «, .

Several authors have predicted an additional source of four-jet events [4]. This is the mulu-parton
mechanism, in which multiple hard parton collisions take place in a single hadron collison. This
mechanism, which is suppressed by exira powers of 8, becomes importam for small vatues of the parton
momentum fraction, where the density of partons i the nucleon becomes very iarge. The samplest ferm

of this process, m which two independent pairs of partons interact, can be described as follows:

"mp -~ 5 G(x, X;) G(x3.%y) d;ll’ d"-34 ()

where the G are double structure functions and the do are the cross—sections for the two parton
sub-processes. In order 10 searck for evidence of multi-parton mteractions, we have constructed a simple

model m which the double structure functions take the form:

G(x, x;) ~ F(x,) F(x,) g
We simulate the effects of soft ghuon radiation from the initial state partons by giving each jet-jet system a
Gaussian P kick. The magnitude of this kick has bemn adjusted to agree with the measured two-jet daa
[11). Using this spodel, one can then lock for deviations from the leading order QCD prediction, choosing
vanables which should be sensitive 1o a multi-parton contribution.
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The most characteristic feature of multi-parton cvents should be the appearance of pair-wisc
correlations among the jets. To search for these correlations, we choose to look at transverse variables in
the lab frame, since they are reiatively insensitive to center of mass motion. A simple variable of this kind
is the difference between the azimuthal angle of the leading jet, and the azimuthal angles of the other jets
inmeevmt.'nﬁsvadablc,calledw.isscnsiﬁvetotheptesmccofasecondjﬂopposiww!hclading
jet. The distribution of this variable, with three entries per event, is shown in Figure 9a. The data agree
well with the QCD model, and show no sign of the narrow peak that is expected for the multi-parton

process. An alternate variable is the Py unbalance in the event, defined by the expression:
Pp(ub)? = 2min (Fp + Fi)? )

where i is chosen to minimize the unbalanced Py. This variable should take on small values for the
multi-parton process since there will be a second jet balancing the Py of the leading jet. The observed
distribution is shown in Figurc b, and agrees well with the QCD model. Again, there is no sign of the
enhancement expected at small Py unbalance from the multi-parton mechanism.

A shightly more sophisticated approach involves finding the pairing of the four jets which minimizes

the P sum for pairs of jets:
min (B + B+ Bk + L) )

Once the jets have been paired, it is possible to calculate the difference in azimuthal angle between the jets
in each pair. The resulting distributions are shown in Figure 10, where ¢(1) is always the difference for the
higher E pair. The pairing process itself introduces some correlations, but there is no evidence for the
narrow peak expected in ¢(2) from the multi-parton interaction. Once again, the observed events are
consistent with the leading order QCD calculation.

Two preliminary conclusions emerge from this discussion. The first is that the observed four-jet
distributions agree well with a leading order QCD calculation, and differ significantly from four-body
phase space. The second is that there is no evidence for the additional contribution from the higher twist
multi-parton processes. These studies of four-jet events are being extended to include a more quantitative
test of the QCD model using the ratio of the four-jet to three-jet cross—sections, as well as an aftempt to
ﬁudmuhi-panonhnamiumﬂlnwu}:l:,r.
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FRAGMENTATION OF JETS IN UAI
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ABSTRACT

We present the final results [1] of an analysis of jet fragmentation
using two-jet -events recorded by UAl at the CERN p; Collider. The fragmen-
tation of collider jets is shown to be softer than the fragmentation of jets
obtained at lower emergies. We also describe a method to statistically sepa-
rate quark and gluon jets. Using this method, we show evidences for a diffe-
rent fragmentation between quark and gluon jets. This difference is in good

agreement with fragmentation mocels based on QCD.



54

INTRODUCTION

The extensive production of events containing jets [2]) has been one of
the dominant features of the physics at the CERN SPS p|-> Collider. In such a
context the UA)] experiment has recorded a large amount of events with high trans-
verse momentum (PT) jets. Most of these jets are gluon jets therefore the first
part of the analysis will be the study of the fragmentation properties of high
Bp gluon jets, With the help of the very larée acceptance of the UA) detector
we have also recorded jets at large pseudo rapidity (n). In this case, jets
are more preferentially quark jets and the second part of the analysis will
show the differences of fragmentation betseen quark and gluon jets.

The data are coming from a run period in 1983 at /5 = 546 GeV with an
integrated luminosity of 118 nb-]. Jets are selected by a single jet hardware
trigger with three different thresholds (15,20,25 GeV/c) on the jet Py [3].
The offline selections require a clean two-jet topology where ome of the two
jets at least is in a good region of acceptance both for the calorimeters
(jet energy/momentum measurement) and for the central detector (charged track
momentum measurement). We avoid most of the trigger biases by using in the
-analysis only those jets which were not responsible of the hardware trigger
("away jets"). Finally, if a third jet is present in the event, the event is
accepted only if this third jet does not affect the 2-body kinematics calcula-
ticns. It implies that it is a low Pps well separated third jet.

At the end of this selection, 10.007 jets remain for the analysis.

INCLUSIVE JET RESULTS

Figure 1 shows the fragmentation function :

. chh P’_(track)
D(Z) = Njet Fia with 2 = G

of all the accepted jets (statistical errors omly).
This result is obtained after the application of several corrections on the
jet or the charged tracks :

= the background tracks are removed,

- the geometrical regions of inefficiencies are taken into account,

- the jet energy/momentum is corrected,

-~ the smearing of the distribution due to measurement errore is corrected.
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Finally, this correction procedure was checked vsing a full simulation of
Monte—Carlo events [4] and found to be satisfactory.

Figure | also compares our results to the fragmentation function of lower Pr
jets obtained in e'e” collisions [5] and pp collisions [6]. A significantly
softer fragmentation function is ubserved for collider jets compared to lower
energy jets.

Figure 2 shows our data including statistical and systematic errors. Also &
comparison to a recent model of jet fragmentation [7] including QCD evolution
of parton showers and lund string hodromization, is performed. The agreement

between model and data is satisfactory.

The correlation between the longitudinal and the transverse momentum of
the fragments (with respect to the jer axis) is shown on Figure 3. This corre-
lation is still visible ("seagull effect”) in the case of collider jets. Also
we observe an averall increase of <Pt> at collider emergy cocmpared to e'e”

jets [5) and ISR data [6]. For example, for 2 > 0.], one obtains an average
value <P.> of :

<pt> = 0.85 ¢+ 0.02 (stat.) * 0.08 (sys.)

which is two times larger than ome would have obtained with lower-emergy jets.

The jet charged mltiplicity Nch is obtained by integratinmg over D(Z).
But in the low Z region (Z < 0.05) the background contamination is so important
that the fraction of multiplicity coatained at low Z has been evaluated by
the followving wethod :
We assume that the rapidity distribution (w.r.t. the jet axis) shows a plateau
and we extrapolate this platesu at low rapidity (Z = 0). The result, where the

charged multiplicity is studied in function of the two-jet mass, is given
below :

%33 (GeW) ¥on

60 -~ 80 .23*0.2
80 - 100 12.0 £ 0.5
00 ~ 120 12,1 21,0
120 - 160 12.4 2 l_.Z

This result is in good agreement with the one obtained by the UAZ Collaborationm [8].
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To summarize this inclusive amalysis, we will say that the overall
behaviour of Collider jets compared to lower—energy data is :

- a softer longitudinal fragmentation rogether with an increase of the

internal transverse momentum,

- a larger charged multiplicity.
These features are compatible both with a change in the nature of the parton
initiating the jet (gluom at the collider, quark at lower emergy) and with a
change in the energy scale (higher energy at the collider compared to

Patra/ISR data). Therefore we need to analyse separately the two contributions.

FRAGMENTATION OF QUARK AND GLUON JETS

In order to statistically separate quark and gluon jets, we exploit the
differences existing between gluon and quark structure functions ; since we
have selected clean two-jet events, we can calculate all the relevant kine-
matical quantities of the two-parton scattering process and particularly :

- x1(x3) the P(;) momentum fraction carried by the incoming partons,
-8 the ¢.m.s. energy squared,
-8 the ¢.m.s. scattering angle.

One sub=-process cross section is proportionnal to :

F(x1,0%) % Fy (22,09 x M2(3,6")

where F are the structure functions and M? igs the relevant QCD metrix element.
By normalizing each sub-process cross section to the total jet cross section

and by summing the relevant suo-processes, one can obtain the probability for
each jet to be a gluon (or a quark). Having defined Q? and limited the @2
variations (Q° = 1600 ~ 2600 GeV?) we have split our sample in a "quark" and

a "gluon" enriched sub sample where the mean probability for a jet to ba a gluon
was known and constant. We have then measured the fragmentation properties of

jets of each sub sample and extracted the fragmentation properties of "pure"

quark and gluon jets.

Figure 4 shows the ratjo of the fragmentation function of gluon and quark

jets. The prediction of (7] is also plotted. The quark jet have a harder frag-

mentation than the gluon jets and this difference looks in good agreement with
the model.



57

A sape kind of study does not show within the errors, any difference between
the internal transverse mopentum of quark and gluon jets. The distribution of
charged tracks [(lle")(llAR) (dNChldAR)] as a function of

AR = ¥ [¢(jer) - ¢(track)}? + [n(jet) - (n(track))? around the jet sxis is shown
on Figure 5 for quark and gluon jets. This distribution, measuring the opening

of the jet, shows 2 difference between quark and gluon jets : gluon jets are wider
than quark jets. This effect compensates the difference in the fragmentation
functions and then the internal transverse mowentum is approximatively identical
for quark and gluon jets.

The method used to separate quark sund gluon jets can be extended to separate
u and u quark flavours. Using several possible definitions of the jet charge
(see [9]), we have measured the average charge of jets enriched in gluon, u and
U quarks. Within errors, all tested definitions give the same numerical values ;

for example, with Q(jet) =% (,)1 22/3, wvhere i runs over all associated charged
1

tracks, one gets :

sample <Q(jet)>
~ 621 gluon - 0.03 * 0.01
68 1 u quark + 0.15 + 0.03
68 2 u guark - 0.15 % 0.03

As expected, we do observe s neutral charge for jets emriched in gluon whereas
the charge of jets enriched inm quark is mon zero.

Finally, after having measured the differences between quark and gluon
jets st fixed Q2, we have fixed the proportion of quark and gluon jets and
studied the fragmentation properties, of this smmple for various Q° bins.
We find that the scaling violstion effects are more importsnt than the
gluon/quark differences, both for the fragmentation function and for the
internal transverse momentum. Figure 6 gives a susmary of the two effects :
we have plotted the fragmentation function per bin of Z for our quark and gluon
sample in function of Q2 (where Q< = '.%i)' We have also plotted the results
of TASSO [5]. One can see that most of the changes of D(2Z) compared to low

energy data are due to the Q2 change and mot to the quark/gluon differences.



5%

Moreover, the extrapolation at high Q2 of the TASSO data seems to be in good
agreement with our quark data. This leads us to the conclusion that if the
differences in the fragmentation between quark and gluon jets are visible, most
of the saftening of the fragmentation observed in our inclusive sample, compared

to low-energy data, is due to the large increase (v 10) of the Q2 scale.
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SUPERCLUSTERS IN MULTIPLICITY DISTRIBUTIONS ?

V.§imék1), M. Sumbera®’ and 1.Zborovsky 2)

Abstract

We have analysed multiplicity distributions of charged
haérons produced in pp/pp and /L+p, e'e”, ¥yp, Jp interac-
tions using the concept of superclusters. It was found that
the multiplicity distributions can be expressed in terms of
two parameters < 90 > and ﬂ which are ?pproximately energy
independent. Relation between < Qo >, F ; <N >, D generaliz-

es the relation D~< N > from KNO energy region towards hig-

her energies.

1) Institute of Physics, Czech. Acad. Sci., Prague, Czechoslovakia

2) Nuclear Fhysics Institute , Czsch.Acad. Sci., ReZ near Prague,

Czechoslovakia



68

/1,2/

Recent experimental information concerning mul-
tiplicity distributions for the ncn single-diffractive

part of the pp inelastic interactions at #'s = 200,546 and
900 GeV has considerably changed our understanding of asymp-

totic behavior of multiparticle production. KNO scaling/3/,

after its approximate (and surprisingly early) onset at
10 ¢ JE ¢ 60 Gev, is now badly broken. Its early occurence

/4/

seems to be accidental and "KNO-asymptotia”, if it exists,

must start at much higher energies.
Scaling violation is conveniently described by the fol-
lowing combination of first two moments of multiplicity

distribution P(N) : 2
-4 DE(ND
k= ()
<N
KNO predicts that asymptotically D/<N> = const.{s) and (1)
*implies that k™'~ const.(s). Contrary to this pp and pp
non- single~diffractive (NSD) data seem to indicate that
k ¢ 1ln(s/g) = const.(s) /4/.
This new empirical regularity is usually discussed in
the framework of negative bi-nomial (NB) distribution
N+ k-1 AN/ k -k
P(N,<N>, k)= ( )( (4 +<NY/K) (2)
k-1 A+ <NX/ k

which describes multiplicities of éharged secondaries for

NSD compongnt of pﬁ reaction at 200,546 and 900 GeV and pp
reactions above 10 GeV /2'4/. Its phenomenological strength
is based on the property that it allows two different
decompositions into one parametric distributions: 1) P(N)

is summ of Xk Bose-Einstein (or geometrical) distributions.
2) P(N) is a coumpound Poisson distribution. Interpretations

based on first decomposition/s/ struggle with too many
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emission cells at lower energies and their noninteger number

at SppS coliider’4/, while those based on the second
one 16,7/ should explain an origin of Poisson distributed

superclusters/B/, their charge compositionlg'IO/ etc.
The second approach substitutes early KNO by a new

asymptotic behavior for high-energy multiparticle produc-
tion: the average number of (Poisson distributed) super-
clusters <V > =k 1ln(1 + < N > /k ) (3)
after a slow increase for CM energies between 10 and 50 GeV
levels on above ISR energies at <V > = 8 (Fig.1). The task
of answering the questions why the onset of a new asympto-
tics regime takes place just in the region the former (KNO)
breaks down and why the average number of superclusters is 8
has been removed by inclusion of neutral particles/7'9/(Fig.1).
For fixed total multiplicity of secondary particles
NT = N + N, the multiplicity of charged N and neutral N,

particies is distributed acterding to the binomial distribu-

Nol o H e
IS B) (@

Then the following relations between first two moments of

tion

P(N,N,) =

total and charged multiplicity hold
= 2 _p2 | 2
<N>=B<np, D% =P Dy + B U1-Pr< Ny (5)
From (S5) and (1) one obtains k=kT, i.e. k is an invariant

under bi-nomial randomization. The form invariance of NB

distribution under this randomization/11'12/ guarantees that

P(NT) is also given by eg.(2) with corresponding change in
parameters given by (5) and the average number of superclus-
ters is
<V = ke lnQi+ <Np>/kp) =k- Inep™ k™ oaw) (6)
Figure 1. shows a comparison between <V > and < 9T>/7’9/

for ﬁ = 2/3. Asymptoticaly < 9T> should coincide with <V >
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Rapid increase of the average number of particles inside
one supercluster < np> = < NT>/< 9T> {(Fig.1) supresses the
probability of supercluster decaying into final state con-
sisting of neutral partiles only.

As an alternative of binomial randomization scheme (4)
one can assume that the superclusters have on average eqgual
number of +, - and neutral particles/10/. In this case the
number of superclusters remains the same.

A common deffect of both aﬁproaches seems to be that
neither can explain why are the superclusters produced
independently of each other. Their distribution according to
a Poisson distribution/13/ (i.e. without any correlations)
implies that superclusters are strictly neutral and not only
so on the average.

To built in exact charge conservation we allow charged
particles to be produced in +~ pairs only/14/. Additional
condition to eq.(2) P(2N+1}=0 describing the multiplicity
distribution of charged particles is no longer needed and
multiplicity of +~ pairs is given by (2) with the new

paraneters:

- -1 =1 -1
<Npairs> <N>»/2, Dpairs =D/2, kpalrs k <N> (7)

To include neutral particles we reinterpret the basic NB
distribution as applying to clusters rather than the actual
observed hadrons/12/. Each cluster than contains one +- pair

with probability ﬁ . Expresion for average number of neutral

superclusters follows from (1), (5) - (7) :

N
(9 >= kPmrs Ln ’4*'5 kP‘H"-‘U\IP"i"‘»=k <82 4 > k) (8a)

(Ny=K 2Bk
N 2/(N> -
= (4 Do 2)
D/KNy - 2 2
h>m > -k in2p (8¢)

CN>DK
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Let us stress that parameteri3 in (&) neec not be equal to the ratio
<N>/<NT> as the number of neutral hadrons inside a cluster is not
specified within this model.

In Fig.2 <§°> as a function of energy for NSD pp and pp aata’ 1%/
and p = 1/2, 2/3 and 0.9 is plotted. Assuming <$o> to be a constant
within the whole energy range (6.8 g Jg-s 900 GeVv) we have found the
best fit for ﬁ = 0.67 + 0.01 and <9°> = 7,7 + 0.2 . From (8c) follows
that asymptotically < Y5> — <9o>. Thus the proper choice of ﬁ im-
proves constancy of (90 > at lower energies.

The NB distribution is defined for k } 0, however(Q>and (ﬂpcan

be calculated also for k~ >-<N>~! and k™ '> (1-2f ) /<N> respectively.

This is ilustrated by Fig.3 for Dp, Sp/16/,/ufp/17/ and e*e‘/18/
data. Again a proper choice of’P guarantees an approximate constancy

of < 90> over the whole energy region.
It is possible that the supercluster is only a convenient concept

describing a corresponding regroupiny of final state particles and

not a real physical object.

Thanks to the independence of (90> and P on energy D and <N> are

correlated by eq.(8b) which at lower energies recovers the linear rela-

tion between them/19/.

For all studied processes k_1 is an increasing function of energy

(for pp/4/, ete™/20/)

So at high enough energies a description of
multiplicity distributions within the framework of NB should be possib-
le. Using eq.(8) and extrapolated values of the fits x = a lnis/s )
we predict the average multiplicities of charged particles at high
energies {(Fig.4).

A smooth transition of k_1 from negative to positive values indi-
cates that NB is only a limiting case of some more general distribution
defined for all k. For this we suggest a confluent hypergeometric

distribution -
PNy = J?_.; M

(3]



This distribution for ¢ = 0 coincides with the NB distribution

16/
1

while for X < 0 b=0 and it is again a distribution depending

on two parameters only.

/1/
/2/
/3/
/4/
/5/

/6/
/1/
/8/

/9/.

/10/
/11/
/12/
/13/
/14/
/15/

/16/
/17/
/18/
/19/
/20/

REFERENCES

UA5 Collab., G.J.Alner et al.,Phys.Lett.138B(1984) 304.
UAS Collab., G.J.Alner et al., Phys.Lett.167B(1386}476.
Z.Koba, H.B.Nielsen and P.COlesen, Nucl.Phys.B40(1972)317,
UA5 Collab., G.J.Alner et al.,Phys.Lett. 160B(1985)199.
A.Giovannini, Nuovo Cimento 15A(1973)543. '
P.Carruthers and C.C.Shih, Phys.Lett. 127B(1983)242.
S.Mréweezyriski, Z.Phys.C27(1985)131.

A.Giovannini and L.Van Hove, Z.Phys.C30(1986)391.

v.%imik and M.§umbe;9, Czech.J.Phys.B, in press.
J.G.Rushbrooke, Proc.of Int. Europhysics Conf. on H.E.P.85,
Bari, July 18-24, 1985, p.837

K.Fiatkowski, Phys.Lett. 169B(1986)436.

L. Van Hove, private communication.

L.N.Chang and N.P.Chang, Phys.Rev. D9(1974} 660.
P.Carruthers and C.C.Shih, Phys.Lett. 165B(1985)209.
D.Levy , Nucl.Phys. B59 (1973)583.

T.T.Chou and C.N.Yang, Phys.Lett. 167B(1986)453.

For pp at JE'= 6.8 Gev we used J.Benecke et al.,Nucl.Phys.
B76(1977)29, for 11.5¢J5¢62.3GeV those guoted in /4/. pp data
are from /1/ and /2/.

M.Gr8ssler et al., Nucl.Phys.B223(1983)269.

BMC CollabMArneodo et al., Nucl.Phys. B258(1985)249.
TASSO Collab., M.Althoff et al., Z.Phys.C22(1984)307.
A.Wréblewski, Acta Phys.Pol. B4(1974)857,

C.K.Chew and Y.K.Lim, Phys.163B(1985)257.



7o
r
- 1
_Vﬁ -.*--—- ————t n
VY Jd
L 24 <V>v 10+
v T

7

/

Avera
(en.

S o B 001/ S S S B AN |

1000

VS Gev
Fig. 1

s number of supsrclusters <Y >
?2)) and average number of partic-

les inside ons supercluster<n> . The dot-
~dashed lines represent <y, > &Nd cav.>
aasuming N, = 3<N>/2

€L

TrY Y h 4 ¥ L T rreyvry Yy 2o v Ty vrvywyry
o2 200 S00 1000
wicev)
Fign 2

Average number of neutral supsrclusters

< Vo> {eq. (82)) for various 5 . The

gzaheg line corresponds to <v> from
g. .



y +
) A-082 o R
’l jh““t }_m { Aty
b .

il
s ol A2 |
N St
J ol LT
-“ It
RIS A I B ST

Fig. 3

The <V,>a3nd <»> (full and empty symbols, respectively)
for Vv p (circles) and Vp (triangles); ote” (squares)
and /afb (eircles)

YTy

0o 200 500 1000
¥ GeV

~N
4

Fig. 4
Predictions for average charged multi-
plicity extrapolated from lower energies
using eq.(8) and xl=a ln({s/=2, ).



75

MOMERTUM~TRANSFER CEPENDENCE OF THE PHASE OF ELASTIC

AMPLITUDE IN HIGH-ENERGY HADLRON SCATTERING

Y. Kundrdt, M. Lokajiiek
Institute of Physics, CSAV, Prague, Czecheoslovekia

P. Erupa
Institute of Physics, SAV, Bratislava, Czechoslovakia

The interpretation of the high-energy scattering of light
nuclei is based usually on the Glauber method, which starts from
the knowledge of nucleon-nucleon elastic-scattering amplitude at
a corresponding energy. This amplitude is taken always as purely
imaginary since it is commonly assumed that at least in the regiom
of smaller [t| the influence of the phase can be fully neglected.
It has been found, however, recently /1/ that a substantislly
better agreement with experimental dats for light-nuclei scatte-
ring can be remsched if a strong t-dependence of the phase of
nucleon-nucleen amplidute is assumed.

It was shown in /2/ several yesars age that the phase t-depen-
dence plays also a very significant role if the probability distri-
bution ef scattering events in the impact-parameter plane is stu-
died. The periphersl beshavieour of the elastic scattering is obtai-
ned only if the phase increases rather strongly with |t| in the
rogion of small values,

The neglection of the phase t-dependence is equivalent te the
sssumption that the imaginary part of amplitude is dominant, which
is being reasoned by some theoretical arguments ragarded as valigd
at asymptotic energios /3/. The equality of particle-particle and
antipsrticle~particle differential cross sections follows from
theas arguments, teo. However, the experimental data concerning
the pp and pp scattering /4/ show that the given arguments can be
applied at available energies to the region of very small momentum
transfers, only. And thus, there is not any convincing argument

for the dominant imaginary part in interpreting contemporary expe-
rimental data, sither.



76

Contrary to this fact a majority of papers is still based on
the assumption of the dominant imag.nary part. That leads unavoi-
dably to a central behaviour of elastic scattering in impact-para-
meter plane and to a relatively large transparency of hadrons in
head-on collisions /5/, which should be still regarded as a puzzle
(ses e.g. /6/). Therefore, one is fully entitled to conclude that
the central distribution /7/ of elastic nucleon-nucleon scattering
can be hardly justified. ‘Another reason can be found in a close si-
milarity of all diffractive collisions and in the common assumption
that diffractive production processes are peripheral /8/.

There is, of course, a certain difference between the t~-depen-
dences considered in /1/ and /2/. A simple linear incresse of phase
with [t| was assumed in /1/ while a more complicated dependence was
derived in /2/. The peripherality of hadron scattering requires the
phase to increase for cmall {t] but a maximum value should be rea-
ched at t 2 -0.3 GeV,

As to the experimental data the amplitude phase can play an
important role in the description of interference between Coullomb
and hadronic scattering of charged hadrons. In papers /9,10/ (see
also /11/) the momentum-tranafer distributions were fitted with the
help of the following parametrization of the total amplitude

Fla,t) = %8B 2(¢) oi%f. -c—’-i%,i pfA (P i) oBt/2 (1)
with
2 s ghiin?,  af ccxfin-msn g @)

Js is the total CMS enmergy, « - the fime-structure constant,
12 ~ the conventional dipole form factor, X¢ - the total West-Yenai
phase /12/.of the Coulomdb amplitude and 2= 0.577 is the Euler con-
stant. And futher, Glot is the total hadronic cross section, p -
the QS momentum of one colliding particle, B - the diffractive
slope of hadronic interaction and ja = the ratie of the real and
imaginary parts of the hadronic amplitude in the forward direction.
Three assumptions sre involved in the derivation of formula
(1); (i) spin effects are neglected; (ii) characteristic exponen~
tial dopendence of the module ef hadromic amplitude im the interfe-
rence region is assumed; (iii) the same t-dependence of the real
and imsginary parts of hadronic amplitude is suppesed.
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The first two assumpticns should be regarded zs fully
justified. The first one is supported by the fact that different
mutually independent methods for measuring the total cress sections
give nearly the same values lying within the experimental errors
/13/. The other one them by the fact that the corresponding expo-
nential dependence has been found in the czse of high-energy eles~
tic np scattering also for |ti< 10°2 Gev® /14/. The third assumption
is equivalent to neglecting any t-dependence of the phase, and
therefore, there are not any reasonable arguments for it.

It would be possible, in principle, to abandon the third
assumption by introducing a complex quantity instead of West~Yenni
q¢-phaso. There are not, however, any ideas how to parametrize
such a phase., Thus, the approach proposed recently by Cahn /15/ and
based on the eikonal approximation provides a much suitable star-
ting point. The following form has been derived for the total aa-
plitude in this case /15/

Fls,t) ~~ 3%5 +
. . (3)
+ F¥a,0) {1-:1 « [dt'lnl"- :—t-'[fz(t') Frls,t )J}
- Ft (s 0)

The hadronic smplitude can be written as

e t) ~ 'Btlz-iju) (4)

where the phase will be parametrized in the following manner

. f(t) = fo + fl Pr;lx. re jztt—ll s L= 1GeV2,  (5)
°

This parametrization is based on the resultas of /2/ and allows the
peripheral as weli as central behaviocurs of the elastie scattering
in the impact-parameter plane. For .f(t)- /;' const ‘the amplitude
(3) reduces in the principle to the amplitude (1) used in all pre~
vious analyses.

The new formula can be now fitted to the experimental data
ebtained for differential cross sections being defined by

= o Ireu® . (8
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Fit I Fit 11I

Pla Gtot B 2 Ctot B .2
[G(::/‘:] [m;] [Gev-zl f X /P8 [mb] [cev"2] jb /(

100 38,43 11.78 =-.096 61,15/69 38.49 11.74 -.090 81.44
15¢ | 38,73 12,03 =-,038 74.61/64 38,73 11.86 =~,040 75,14
250 | 39,26 12,03 ~.043 43,70/60 39.29 11.94 ~.039 43,72
300 | 39,47 12.16 =~.035 63.18/56 39.53 12.08 ~-.035 62,89
1063 41.88 13,10 0.056 59,70/53 41.93 13.10 0.061 51.84
1487 |} 42.35 13.11 0,075 45,51/37 42.36 13,10 0.082 43.06
] 2081 43.49 13.14 0.086 30,58/30 43.82 13.20 0,089 28.70

Tab. 1: The results for both the types of fits

We have applied it t5 elastic pp scattering at different energies,
For p;., = 100 - 300 Ge¥/c the data from /16/ have heen used;
they concern momentum~transfer interval =t & (0,02, 0,04) ae72
covering the interference regions, The other data taken frow /17/
are for ISR energies {5 = 44 = 63 GeV and momentum=transfer inter-
val ~t < (0,001, 0,04) Gevz. Some preliminary resulta have been
given in /18/.

Two types of more detailed fits have been performed at all
energies. In the first case (labelled as I) we bave chosen'flt f2-0
while in the other case {labelled as II) all parameters defining the
phase t~dependence in Eq. (5) have been allowed to change; however,
a series of constraints has been applied in order to obtain a peri-
pheral distribution in impaet~parameter plane. In all cases we have
started from the values of "ftot and B determined with the help
oI other independent approaches; only small deviations {(in the li-
mits of given experimental arrors) have been allowed for these pa-
fﬂmetera.

The numerical values of the parameters Siots B and p= tg fo
for bo_th the types of fits are given in Tab, 1: the X =valuas ob-
tained in individual cases under the same conditions are shown,
too. For the fit I the normal central behaviour in impact-parameter
plane is obtained. The free parameters for fit II have been modified
in such a way so as the peripheral behaviour be obtained.
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Some examples of the distributions in impact-parameter plane are
given in Fig. 1; the corresponding t-dependences of the phass are
shown in Fig. 2.

One must conclude from the values given in Tab., 1 that for
rit I the ful agreement with results cbtained in /16,17/ has been
obtained in all cames. 48 to fit II there sxist only very samall
deviations from the values of the fit I. Alsoc the X values are
in both the cases practically the same. Thus the analysis of exzpe-~
rimental interference dsta cannot decide between the two differemt
possibilities. The preference should be given te the peripheral
interpretation due to logical reasons, Perhaps more convincing
srguments will be obtained if our results are combined with more
detailed anslyses of light-nuclei scattering.
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RAPIDITY DEPENDENCE OF MULTIPLICITY DISTRIBUTIONS
in

NON-DIFFRACTIVE rtp AND pp INTERACTIONS AT 250 GeV/c

NA22 Collaboration

Aachen'- Berlin {Zeuther)!- Brussels/ Antwerpen®- Helsinkl‘- Krakow®-
Moscow®. Niimegen’- Rio de Janeiro®- Serpukhov’- Warsaw!’- Yerevan'!

Presexted by E. Ds Wolfd*

ABSTRACT. Multiplicity distributions of al charged and of negative particles for nnn (single)-
diffractive events in xr+p and pp imteractions at 250 GeV/c (/s = 22 GeV) are presented for various
cepiral rapidity imtervals. The data are all well destribed by the negative binomial distribwtion. The v ¥p
and pp data are different for hell phase space, but similar in the central region. In the contral region, the
relation kcp = {1/2)k_ bolds for charged and negative multiplicities. Tnis contradicts the mterpretation
in terms of (partial} stimulated emission.

1. INTRODUCTION

Measureinents of charged particle multiplicity distributions in hadron physics bas been 2
popular subject of study for more than 30 years.

With bubble chambers and other “visual” detectors,the multiplicity distributions of al!
charged or negative particles are relatively easy to measure. Systematic uncertainties are

usually small and quite well understood. Over the years, a large data-base on multiplicity
distributions ir hadron-hadron collisicas has been collected.
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More recently, multiplicity data have also hecome available for lepton-hadron interactions
and ete™ anpihilations.

. Given the large collection of data, it is not surprising that much 2ffort went into the
quest for empirical regularities.

In the vast Litterature on the subject, few of the well-known {and less-known) discrete
and continnous probability distributions found in Treatises on Probability and Statisties,
were not tested against the data. Fits were made to Poisson, Bose-Einstein and gaussian
distributions, and to combinations and convolutions thereof.

Although many of these comparisons have not withstood the time and the advent

of new data at ever increasing energies, such activity has often contributed to 4 better
understanding of the problem at hand.

Important milestones in the quest of regularities were, among others, i) the observation
by Wreblewski-Malhotra[1] of a linear relationship among the average multiplicity and
dispersion of charged muitiplicity distributions , ii} the prediction of asymptotic scaling
by Koba, Nielsen and Olesen{2], originally derived from Feynman-scaling{3].

Although KNO-scaling was found to be only approximate in the PS-ISR energy range,

the strong scaling violations observed by UA5[4] ic mon {single)-diffractive interactions,
still came as a surprise.

Immedistely afterwards, the same group proposed a new multiplicity law($], depen-
dent on two energy dependent parameters—7 and k—: the negative binomial probability
distribution (NB). It is also kwown as the generalized Bose-Eiustein distribution (for in-
teger k). It becomes a Poisson distribution for ¥ — oo, and a simple Bose-Einstein

{geometric) distripution for ¥ = 1. Such distributions have applications in many areas of
science.

2. EXPERIMENTAL RESULTS
The negative binomial (NB) distribution is defined as

rin = (k) 0e i

where P, is the probability for an event with n (charged or negative) particles. The two
parameters 7 {the average) and k are related to the dispersion D by

D’_l+l
kW

’.Ll

For pp codisions at /2 = 540 GeV, not only the full phase space charged particle
maltiplicity distribution appears to be of this type, but also the distribution in various
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central psendo-rapidity intervals{5]. The parameter k is smaller in the central region than
for full phase space, corresponding to a broader distribution in the central region. A similar
analysis has been carried out for e¥ e~ annihilations at /3 = 290 GeV /c{6}. In all intervals
of rapidity (measured with respect to the thrust axis}, the multiplicity distribution follows
a negative binomial. The distributions are much narrower, however, than for hadronic
collisions. ~

As recently demonstrated|7), there are at least two classes of mechanisms which can
lead to the NB distribution: stimulated emission|8,9] and cascading{10,11].

Here we repart on a study of the rapidity dependence of the maltiplicity distribution
for x+p and pp collisions at \/s = 22 GeV fc, and present data on charged and on negative
particle multiplicities. This leads to a distinction between stimnlated emission and cascade
models. Preliminary results have been presented earlier{13).

The experiment (NA22) bas been performed at CERN ir the European Hybrid Spec-
trometer (EHS) equipped with the Rapid Cycling Bubble Chamber (RCBC) and exposed
to a 250 GeV /Jc tagged positive meson enriched beam. A minimum bias interaction trigger
was used. The experimenial set-up and the trigger conditions are Gescribed in [18].

Events were accepted when topology and charge balance were correct and all tracks
properly reconstructed. These events are weighted according to the measured topological
cross section{18]. The “non (single)-diffractive® sample is defined by excluding events
with ngg < 6 which have one or more positive particle(s) with Feynman-z |z| > 0.88. The
sample consists of 6832 2+ p and 2477 pp events.

The nmltiphcity distribution P, is studied for different cuts in the can. rapidity y.
The errors given are statistical only, except for the case of full phase space. The systematic
uncertainties arise from trigger and reconstroction biases, incomplete particle identification
and imperfect exclusion of (single-) diffractive events. They are estimated to be ~5%.

The multiplicity distribution of all charged and of negative particles for full phase space
and in selected rapidity intervals |y} < pc are fitted to the NB distribution. Fig. la-b shows
the statistically more significant x+p data in KNO form, together with the corresponding
best fit. Note that each successive distribution is shifted down by a factor of ten. In
addition, the full phase space distribution is multiplied by 0.5 for proper normalization.
The quallty of the fits is good, both for the #+p and pp data.

The values of the fitted parameters 7 and k are shown in Fig. 2 as a function of yc.
As cbserved earlier{13] for inelastic events, the full phase space xtp data have smaller
width and higher average multiplicity than the pp dats. For the full all-charged non
(single)—diffizactive multiplicity distribution we find ficy = $.21 + 0.05 % 0.1 and 7ics =
8.76 £ 0.08 + 0.1; kcy = 17.3+ 1.1 1.0 and koy = 12.4 £ 0.8 & L5, for x*p and pp
interactions, respectively. The first error is statistical, the second systematic.
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However, in the central region, the x+p and pp data are similar, both for 7 and k.
Fig. 2 clearly shows that the difference for the full phase space is due to the fragmentation
region, an interesting but not totally surprising result. -

For a given y-interval, the -values are larger for 2+ p and pp interactions at Ve=22
GeV than for pp at 540 GeV|5], but lower thar frr a+e= at the comparable energy of 29
GeV]6], shown in Fig. 3.

Comparing the negative to the all charged mnltlphclty distribution, we also observe
from Fig. 2 that kc,, = (1/2)k- in the central region. If the NB dxstnbutlon is inter-
preted in terms of partial stimulated emission|7}, one would expect kon & 2k_, in strong
contradiction to our observation.

REFERENCES

{1] A. Wreblewski: Acta Phys. Pol. B4 (1973) 857
[2] Z. Koba, H.B. Nielsen, P. Olesen: Nucl. Phys. B40 {1972) 317
[s| R.P. Feynman: Phys. Rev. Lett. 28 (1969) 1415

{4] UAS Cell, K. Alpgird et al: Phys. Lett. ﬂlB (1983) 10%; Q. Jum- et al.: Phys. Lett. 188B
{1984) 199

5] UAS ColL, G. Alner et al: Phys. Lett. 160B (1985) 199 and 167B (1086) 47¢
[8] M. Derrick et al.: Phys. Lett. 168B {1986) 299
{7] A. Giovannini, L. Van Hove, Z. Phys. C30 (1988} 391
[8] A. Giovannini: Nuove Cim. 15A (1973) 548; W. Knox: Phys. Rev. D10 (1074) 65
{9] P. Garruthers, G.C. Shih: Phys. Lett. 127B (1983) 242
{10] A. Giovammini: Nucl. Phys. B161 (1979) 429
{11} C.S. Lam: Generalized KNO scaling and the Branching Model, XXIst Rencontre de Moriond, ‘986

[12] F. Meyers: Rapidity Dependence of Multiplicities in Non-Diffractive x+p and pp Collisions at 250
GeV/c, XXIth Rencontre de Moriond, 1988

[13] NA22 Coll. M. Adamus et al.: Cross sections and charged multiplicity distributions for K+p, a+p
and pp Interactions at 260 GeV/c, Nijmegen preprint HEN262A (1986) subm. to Z. Phys. C

FIGUBE CAPTIONS

Fig. 1 Charged (a) and negative (b) multiplicity distributions for x+p data at 250 GeV/c in
central rapidity intervals. Exrors are statistical only, except for 2 and 4 prongs in the full
Phase space distribution. Histograms show best fits to the negative binomial distribution.

Fig. 2 Fit values of the 7@ and k parameters verus the size of the rapidity intefval Yaar = 2yc,
for the charged and pegative multiplicities of the x+p and pp data st 250 GeV/c. Except
for full phase space, errors are siatistical.

Fig. 8 Fittedv[al;m of k as a functicn of rapidity spau for two-jet dats in ete~ annibilstions at
29 GeVie].



negntiver

—»

.

n'p

it T
| T _
| ug!‘“. Ao
OO0 ——0igy
VVVVVy
T EEEREE
-~ ('_* E_— COUT Dw -
— —

2 n/h

¥ip. b

i
' l r—’ r__F:
k { 1 rj__t {_‘——F—T i
{
[ [ I r
! i P
P e L& i
T L 4
i b -
i o |5 v ° < .
. L .
l‘m'i'l‘ [ TR b ey dwes s o 1 ' ! i
- I - - v © ~ [ o
- £ o 'e ‘o 'o e 's 2 e

—» uail charged

.

m'p

T

T

COUVOw -

z " nh

Tig. 18



rig. 2a

T T T T T T T T
’ ¢
L R
4
I . ]
' 0
U
- 5
a
"
Q
0
o
£ f
- a.
x 3
- . -1
o a
g ° *
o
r— -4
[]
® n'p —> all charged
O =w'p —> negatives
- . A pp ~> diicharged
& pp —> negatives
o
L TR WY N TR S
0 2 3 5 8 7 8 8 10

20

RS S T nil Il Sk EAe R S Sama
L A
L % 4
= 1
O
- [T
a
n
+ @
4 -]
| € |
b :
4
- .
j : ® n°p —> ol charged
O n*p —> negatives
- A pp —> all chorged -
A pp —> negalives
1 L 1 ! L ! ! 1
o 1 2 4 5 5 7 B 9 W0
Y gop
Tig. b

9%



87

(a)

ol

100 -

90—

80

70+

60

2 3 4 5 6
Y SPAN

F63,3



89

DIFFRACTIOk DISSUCIATION

IN T*/K*p INTERACTIONS AT 25GC GeV/c

NA2Z Colleberation
Aachen - Antverp/Brussels - Berlin(Zeuthen) - Cracov - Belsinki -
Moscow - Nijmegen - Serpukhov - ¥Wersaw - Yerever

presented by
R. Wiechnewski
Inetitut fuer Hochenergiephysik, Zeuther, GDR

trecrent:

Preliminary results on single diffraction dissccietion
in T/K*p interactions at 25C GeV/c are presented. The
cross sections obteined for meson diffraction are
2.2% £0.27 pv for T*p end 1.68 20.24 pt for K*p. For
proton diffraction we derived 1.78% 0.26 mb for T*p and
1.302G.20 wb fer K*p. To study the hsdronizstion of
diffractive sgystems , the dependence of the a&verage
charged multiplicity on the diffreciive mase is giver
and conpered tc e'e” data.

1 .INTRODUCHION

Diffrection dissociation represents en importart component of
particle production in hadron-hedron interactions =at high
energies and has been interpreted within the framework of the
Regge theory in terms of pomeron exchange /1/. Fecently evidence
hes been found for single-guerk-pomeron interactions in proton
diffraction at the ISk /2/ supporting modern epproaches to under-
stand the dynamices of diffractior et the parton level. O©On the
other hend the hadronizetion properties of diffractively excitec
systems have been studieé /3,4/ avu interesting similerities to
e*e"~interactions were observed,

We present preliminery results on single beam and target
diffractior discociation in ¥*/K*p interactione &t 250 GeVl/c, the
higheet energy so far reached for positive meson-hedron
collisions.

After discussion of the experimental date the been and target
diffrection cross gections are extrecteé. Ve confroni these
cross sections to data from other experiments and compare the
dependence of the average charged multiplicity on ihe
diffactively produced mess to e%e” dete.
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2 .EXPERIMENTAL DATA

The experiment hes beer performed in the European Hybrid
Spectrometer (EHS) with the Rapid Cycling Bubble Chamber (rCBC)
as a vertex detector exposed to a tagged meson enriched beam of
250 GeV/c at the CERN SPS. Details on the experimental set-up
7n? the pinimum bias interaction trigger are described elsewhere
5 .
The present study is based on about 11% of the total amount of
600 k pictures taken in two running periods. All completely
measureable events (~90%) were passed through the geometry
program GEOHYB ressulting in 12356 “‘f and 4748 K*p collisions on
a DST. Additional event qualitiy erlteria have been applied:
(1) =a well measured and reconstructed bean,
(i1) a completely reconstructed topology and charge balance,
(1ii) a momentum measurement of Ap/p<25% for all secondary
tracks and reliable fits for spectrometer tracks.
Exclusion of elastic events was done on the basis of a cut im
missing transverse and missing longitudinal momentum. We end up
with 6589 W'p and 2541 K¥p interactions representing a
gensitivity of 0.32 and 0.14 events/ pab, respectively. For
proton identificatior the meses dependent fits in GEOHYE have been
used because ionisation scan results wvere not yet availeble. For
the fastest positive track the mass of the beam particle was
adopted, all other tracks are interpreted as pions.

3.BEAM AND TARGET DIFFRACTION DISSOCIATION

The extraction of the diffractive signal has been done in
different experimenis using rather different methods. Since the
EHS-Spectrometer offers excellent momentum resolution over the
whole momentum range we look for the characteristic quasi-elastic
target end beam diffractive signal in the Feynman-x dietributions
of the ferward and backward leading particles, as done in
refs./6,7/.
First we discues beam diffraction. Figures 1a)-e) present for

p events the distributions of Feynman-x, X;= 2p /V6, of the
slowest positively charged hadron, h*(slowest), For different
topologies (raw data not corrected for trigger inefficienciles).
The leading proton signal is clearly visible for the-2- and
4-prongs. For the higher topologies the signal to background
ratio can be increased by restricting the xy values of all other
charged yanticles to the region x;> -0.05 (see hatched histograms
in fig.1). A hemisphere cut at this value leaves the leading
proton signal almost unchanged. Enhancements are observed for 6-
and 8-prongs, while no clear signal for n, » 10 is seen at the
present level of stetistics.

We interpret the leading signals as beam diffraction according to
the reaction

h+p—--p+X (1)

vhere h* stands for W or K* and X denotes the diffractively
produced system.

The diffractive cross sections are obteined from the
xg(h*slowest) - disiributions for each multiplicity separately by
counting events above a smooth handdrawn background (see fig.1)
in the region x¢ (n"slowest) < xg¢™'. FPor n., » 5 the hemisphere
cut in addition has been used.The x**-values vary from -0.95 to
=0.75 for 2- to B-prongs as indicated in fig.1. Table 1 contains
for Wp and X'p the resulting number of diffractive events
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together with the diffractive trigger efficlencies (obteined from
MC-simulations) and the cross sections for ng, € 8. The errors
quoted teke into mccount statistical as well as systematic
uncerteinties,

We obtained an overall beam single diffraction cross section of
2.23% 0.27 wb for T'%p end 1.66%0.24 wb for K¥p intersctions for
Ney & 8.

ng the following snalysis we define the beam diffractive event
sample by the same cuts in x,(h’slovest) as used for celculating
the crose sections. In sddition we reguire the slowest particle
h*(slowest) to be identified as a proton. The mon-diffractive
background in this sample amounts to 12 - 30 & for 2- to B-prongs
(see fig.1). N R
The distributions of the effective mass squared M, for the F'p
diffractive sample calculated as missing mase squared recoiling
rgeinst the lemding proton are shown in fig.2 for topologies up
to S&-prongs and elso for >10-prongs (not corrected for trigger
efficiencies). The events with a multiplicitiy ng > 10 are
included here and leter in the multiplicity analysis. As can be
seen low multiplicities are dominieted by the quasi-elastic peak
typical for low mags diffrective processes. With growing
pultiplicity the H:Ldistribution gets fletter not showirg &
distinct lov mass enhancement. Such a behaviour has also been
found in Wp interactions at 147 G2V/c /7/ and at 205 GeV/c /8/.

The extrection of the target diffraction signal is done similer
to the case of beam diffraction. Peynman-x cuts applied to the
forward leading particle renge from 0.95 to 0.75 for 2- to
8-prongs, the hemisphere cut for ne » 6 is 0.1. The topologicel
cross sections are given in teble 2. We obtained an oversll
target single diffraction dissociation cross section of

1.78¢ 0.26 mb for T'p and 1.30 £0.20 mb for K*p.

4 .COMPARISON OF CROSS SECTIONS AND AVERAGE CHARGED MULTIPLICITIES

A comparision of the totel single diffractive cross sections
derived in sect.3 with velues determined by two other methods is
presented in table 3. The firet method consists in fitting the
topological charged multiplicity distribution measured by this
experiment for multiplicities 10 with a negative binomial and
counting the excess of events when extrapoleting the fitted curve
to multiplicities <8 /9/. The second one is & model parametri-
zation of toplogicael cross sectione suggested by Goulianos
/1,10/. The agreement of both the total diffactive cross
sections and the multiplicity distribution cen be regarded as
quite satisfactory within the errore. Nevertheless, the first
method seems to overestimete the low muliiplicity cross sections.
Diffraction cross sections for different hadrons can be related
assuming factorization f1/. Ae a consequence the cross sections
of & hadron dissociating on different tergets scele as the
corresponding elastic cross sections vwhile those of different
hadrons dissociating on the same target scale as the

corresponding total cross sections. The relevant reletione for
our analysis are

S(K'—Peky) Sy (K%p) 2)
S(V-F=T) Sy (vp)

and
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SHEerp) o Sal)

The left hand side of eq.(3) gives 0.75%0.14 to be compared with
0.84 £0.01 for the right hand side. For eg.(4) the values to be
compared are 0.73% 0.16 and 0.79% 0.04. The agreement is
satisfactory within the errors.

Next we discuss the energy dependence of the cross sections.
Comparing our K*p data with available data at lower energies
/11,12/ ve notice a rise of (0.74 % 0.28) mb for the beam and of
(0.38 £ 0.23) mb for the proton diffraction in the energy range
from 32 to 250 GeV/c. The contribution from the 2- and 4-prongs
to this rise is about 45 % in the case of beam and about 20 % in
the case of proton diffraction. Due to lack of data no such
comparison can be carried out for T*p.

To confront our results with single diffractior data for other
meson-proton and (anti)proton-proton collisions we present in
fig.3 a compilation of one vertex proton single diffraction cross
sections from Ys~6 GeV up to SpPS collider energies. In this
plot the meson h* induced proton diffractive cross sections

6 ( p 2= py) are scaled up to the one vertex proton diffraction
cross section § ( p £+ py) mccording to the factorization
hypothesis by

a Q ) *
Slp—2—=p) - é:—:%‘;_e) S (p ey (38)

while the pp data are reduced by a factor of 0.5. The data are
taken from refs. /6,7,11,13-16/. PFer ISR /13/ and UA4 /14/ the
high mass cross sections (M,Vs < Q0.1) are chcsen since our dete
include diffractive contributions from even a slightly higher
M,Y/s region. The UA5 results at 200 and 900 GeV/c are given only
for MYs < 0.05 /15/ (according to the ISR and UA4 date this
logeg m%?s cut leads to a reduction of the cross sections by 0.3
- 0.6 mb).

¥ithin the caution necessary when comparing the cross sections
cbteined with rather different methods we find our values not to
be inconsistent with a slight increase of diffractive cross
sections in the energy range considered.

To study hadronization properties we give in fig.4 the dependence
of the average charged multiplicity of the diffractive particle
system <n¢ > on its mase M, for meson and proton diffraction.
Systematic uncertainties are estimated to be 0.5 units . With
the present statistics no difference between W*'p and K*p data is
observed. Plotting <ncu> versus the available energy

E. = My - by, (not shown) where h refers to ¥, K* or p we find
agreement between the meson and proton diffraction curves as
obtained already at lower energies /4/. The multiplicity
dependence in our experiment also agrees with W diffraction data
at 205 GeV/c /3/.

A comparison of hadronization properties of quark-antiquark
systems produced in e'e” annihilation and in meson diffraction is
suggested in ref./3/. Assuming jet universality similarities
should be found. As a first step we compare in fig.5 the average
charged multiplicity from V'-diffraction with those from hadron
production in e*e~ interactions at appropriate energies V¥ = My
/11/ (our multiplicities have been scaled up since e*e™ data
contein W* from K% - decays /16,17/). A resonable correspondence
is found for masses Mg » 2.5 GeV. The discrepancy at lower

masses can be attiributed to a lov multiplicity cut-off in the
Adone-data.



93

5 .SUNHARY

- g 4 e

We obtained the following preliminary results:

(i) The single meson diffraction cross sectione for
topologles up to ny= 8 are 2.23+ 0.27 st for Tp and
1.68 20,24 mb for K*p. The corresponding values for
proton diffraction are 1.78% 0.26 mb in ¥p and
1.5020.20 mb K*p collisions.

(ii) Pactorization of the diffractive vertex is found to
hold at our energy. Qur cross sectionm velues scaled up
t0 one vertex single proten diffraction are not
inconsistent with e slight increase of diffractive
ecrose sections in the energy range from Ys-~6 GeV up to
collider energies.

(iii) VWithin the present accuracy of the date the dependence
of the average charged multiplicity of the meson
diffractive system on its mess is found to be
compatible with hadronic multiplicities in e*e”
arnihilation.
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Table 1: Cross sections for singie bear diffraction
T*p K*p
prongs|events £* ¥, pb events g% <, mb
2 194 0.80 485 * 130 85 0.80 44112 128
4 267 0.62 996 * 190 89 0.62 T42 ¢« 166
6 191 0.95 547 « 104 55 0.90 355 89
8 67 6.95 205+ 90 20 0.95 138 ¢+ 66
total 2233 2 268 1676 = 237
Table 2: Cross sections for single target diffrection
‘ Ttp K'p
prongefevenis £* G, mb events g™ 9, po
2 144 0.48 600 3 164 49 0.48 434 £ 134
4 1M 0.57 694 * 157 62 0.57 563 & 122
6 72 J.55 356 £ 111 20 0.55 211+ M
8 39 0.85 133 ¢« 60 12 0.85 93 ¢+ 5%
total 1783 = 260 1301 £ 202

" Trigger efficiencies for diffractive events

Table 3: Comparison of different methods in deriving total
single diffractive cross sections ¥ , pb
T*p K'p
prongs{this work negative Goulienos this work negative Goulianos
binom. param, binom. param.
2 1085% 209 1100 893 875t 185 1060 797
4 1690 ¢ 246 1900 1581 1305 & 206 1700 1296
6 903 ¢ 152 750 821 566 * 144 680 619
8 338¢ 108 120 313 231 % 86 170 238
10 142 110
totel [4016% 373 3870 3750 2977+ 312 3610 3060
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APPLICATION OF MANY-BCDY THEORY TO PROBLEMS
Of GAUGE FIELD THEQRIES®

B. Faber, H. Nguyen and D. Schiitte
Ingtitut fir Theoretische Kernphysik der Universitat Bonn
Nussallee 14-16, D-5300 Bonn, F.R. Germany

ary:

A new proposal for the calculation of the spectrum of gauge field
theories is discussed. Thé bssic principles are the application
of non-perturbative many-body techniques to the cutoff field-
~-theoretical Hamiltonian and a check of the continuum limit.
Simple many-body approximations (Bogoliubov and Brueckner-

-approech) fail to yield correct scaling. Possible extensions are
discussed.

1ntroduction

The motivation far the investigation which shall describe in the
following, is threefold:

(i) The c:iculation of the QCD spectrum by lattice gauge theory -
though undoubtedly the presently most advanced non-perturbative
method - revesls the structure of hadrons only in a limited way -
in fact one is left with the feeling that the computer knew more
about the dynamics of the Qauge fields during the Monte-~Carlo run
than we do afterwards?).

(ii) This mskes it desirable to develop alternative techniques
which - if successful - throw more light the way how quarks and
gluons combine to form a hadron. Since any field-theoretical pro-
bles is a many-bady problem (in fact, the vacuum problem is very
simi.ar to nuclear matter), we propose to apply non-perturbative
many-bady techniques to the field-theoretical Hamiltonian2). We
hope that the experience with many -body theory in other domains
of physics (especially in nuclear phyaics) might give some guid-
ance to this admittedly rather daring attempt.



9%

(iii) There is an incresasing host of "QCD inspired" quark models
(M1T7-, cloudy-, little-, Warsaw-, big-bag; constituent, soliton,
chiral seoliton, etc.) trying to compute hadron properties
phenomenologically. The conceptual relation of these mocels to
QCD might be given through such s canonicel formulation of the
quantum field theory3).

It is the purpose of this tslk to give a general survey on the
many-body spproach to gauge field theories which we are pursueing
at- the moment in Bonn. Technical details will be left out and
will be referred to in the literature. The talk is organized as
follows: in sect. 2 we shall discuss renormalization, covariance
and the constructicn of the gauge field Hamiltonian. In sect. 3
we describe the prescription for our regularisation and the meny-
-body techniques we tried up to now in order to spproximate
vacuum and glueball states. Results will be presented in sect. 4
‘'and an outlook on possible generalizations will be discussed in
sect. 5.

2. Basic principles

We shall first discuss the basic principles for our procedures.
In order to have a definite example, we consider the case of a
SU(n) Yang-Mills field theory (without quarks). Canonical quant-
ization yields a Hamiltonian®)

H{A,E)

depending dn the canonically conjugste fields E ana € (Aj,EjE
Lie Su(n), j=1...3)

2.1 Renormalization

This Hamiltonian, describing interacting gluons, will be
pathological in the Fockspace yielding the well-known infinities
of any non-trivial field theory. The standard way to deal with
this problem is renormelization which cean be summarized in the
following way:
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(i) Introduce a regularization of H by a cutoff (M,2) (momentum,
volume-cutoff) yielding H(g,M,0) (g = unrenormalized coupling
constant). For fixed M, the "thermodynamical™ limit Q+= is well
defined?),

(ii) Introduce a "running coupling constant”™ g(M). If g(M) is
suitably chosen, observables computed with B

H(g(M),M,0)

should have a smooth limit for M+=. (H is derived from a renorm-
alizable field theory!)
(iii) For large M, g(M) fulfilling the condition (ii) should be
the universal function

22/16x% for SU(3);

2 2
(1) g(M) = g /(1 In(M/M )); a
9 9, +ago n o g(no)_

%

The standard example of such a renormalization is the lattice QCD
in the Kogut-Sisskind formulation1-5), our special prescript-
ions will be given in sect. 3.

2.2 Covariance
An important question is how, in principle, Poinarée invariance
can be restored within such a procedure: of course, invariance is
broken through the introduction of the cutoff M (we take Q+= for
these considerations, restoring translation and rotation in-

varignce, but boost invariance keeps to bte violated). Thus the
"cutoff generators”™ of the Poincar# group

PR (g(M),M) (Hamiltonian, momentua)
L*Y(g(M),M) (angular momentum, boost generators)

will not fulfil the.correct commutation relations. (As they do,
in any chosen gauge, at least formally for “,_6))_
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However, if one considers some finite set of energy-eigenstates
¥,(M) (a = momentum, spin, mass and other quentum numbers) it

is plausible that for large enough M the actiom of the operators
PH,LBY becomes consistent with the Poincaré algebra up to an

-arbitrary small deviation and yields then the well-known formulss
for the irreducible representations of the Poincare group

characterized by mass and spin. Within lattice calculation, such

checks have been untertaken with encouraging success’).

2.3 The Yang-Mills Hamiltonian

For a gauge field theory, the construction of H(g,M,Q) via
Noether's theorem is made more difficult by the fact that the in-
dependent variables of the theory are equivalence clssses
(orbits) of gauge fields where two fields have to be identified
if they can be related by a gesuge transformation.

The standard way to deal with this problem is the introduction of
a gauge fixing condition (choice of representatives). Because of

compatibility with rotation and translation invariance, the most

convenient condition is (sterting from the temporal gauge

A°=0)h)

(2) X -0
This yields the Coulomb gauge Hemiltonian

(3) Ho= 3 Ja?xer(€2482) + V_(R,E) & v _ ()

Fad
containing.a Coulomb interaction Vo(A,E) - similar to Dirac-
-Schwinger QCD, but of arbitrary order in A - and a Faddeev-Popov
term Frgq(A) which gusrantees that the spectrum of H is in-
dependent from the choice of the gaugeﬁ). Detaila of this
Hamiltonian are described in ref. 2.

It should be noted that the transversality condition (2) doea not
fix the representative: independent representatives (in esense of
gauge transformationa) are given by those tranasversal gauge

potentials A which lie inside the Gribov horizonB)_ However,
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this restriction to the amplitude of A appears to be automatic-
ally fulfilled within our calculational scheme because Vo and
VFad are singular at the Gribov horizon which forces the

carrier of wave functionals ¥Y(A) to lie inside this boundary.
This property of the Coulomb gauge Hamiltonian was first observed
by Cutkosky?). =

3. Many-body techniques

3.1 Regularization

For the purpose of applying our many-body techniques, it is con-
venient to define a regularization of H in the following way:

Introduce cutoff field operators AQ M,EQ M by an expansion into a
’ ’
plane wave basis with finite volume Q (yielding discrete momenta

k= 219'1/3(n1,n2,n3), nj integer) and by limiting this expansion

by a momentum cutoff M (‘ﬁl(M). This yields:

1 »
( KH,Q = E 76?TfT e(k,r)akr + h.c.
4)
t -iy / Uﬂ.z(k,r)ak + h.e.
20 r

M,0Q
Here, a:r,akr are creation and annihilation operators obeying the

standard commutation relations, e(k,r) {r = 1,2) are polarization

vectors with different helizity guaranteering transversalityz),

colour indices are suppressed.

Inserting these expressions for KM a’ EM 0 into (3) yields the
cutoff Hamiltonian ’ ’

H(g,M,0) = H(a%,a)

The eigenvalue problem of H{a*,a) in now a well-defined many -
-body problem where standard techniques may be applied.
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The "thermodynamical”™ limit Q+= is easily taken in the expression
for any observable by replacing

1 1 3
(5) I - [ d7k

T Gan’
We mention that this definition of the cutoff is not the only
passibility. Cutkosky3v9 has investigated an alternative by in-
troducing the volume cutoff through a compactification of R3 by

s3 and using expansions in terms of hyperspherical functions on

$3 instead of plane waves.

3.2 Exp S-techniques

General many-body theory - which is also spplicable to the part-
icle number non-conserving bosonic Hamiltonian H(g,Q,M) = H(a",a)
- shows that the ground state ¥ (= physical vacuum state) has the
structure

v = eS‘U)

where l0> is the bare vacuum abeying agr|0> = 0 and S is a
function only af the creatiaon aperators which can be expanded in
terms of polynomials S, of order 2,3,4,...

(6) 5 = Sz(a+a*) + 53(a+a+a+) +oae

(For the Yang-Mills theory, S51(a*) is missing because all
operators S, must be colour singletts).

The general procedure of standard many-body theory is now to

define an approximation to ¥ by the fallowing prescriptions:

(i) Truncate the expensiaon (6) with few terms. Keeping 57 only
would be a Bogoliubov approximation, including 53 and S3
we call YM-Brueckner theory in analogy to the nuclear matter
approach,

[ e
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(ii) Compute the expectation value

E(S) = <YHE>/K¥¥Y>

within a cluster expansion the order of which is adjusted to
the order of the truncation of ().

The cluster expansion is defined in analogy to the Mayer expans-
ion of the classical grand partition function or to the hyper-
netted chain expansion of the Yastrow approximation for the
ground state of Liguid Hed 10). It is obtained by introducing a
linked diagram expansion for E(S) and by classifying these
diagrams into reducible and irreducible clusters (like in the
case of the Mayer expansion). The approximation ic then given by
summing up all diagrams which do not contain any irreducible
cluster of some minimal order.

Within YM-Brueckner theory, diagrams containing irreducible
three- (and more) body clusters (yielding irreducible nine- (and
higher) dimensional integrals) are neglected. Details of this
procedure are described in refs. 2,11, -

(iii) The expansion coefficients defining the operators
$2,53... are to be determined by aspplying the Ritz-~

-variational principle to the (approximate) ground state
energy expectation value E£(S).

4. Results within the YM-Brueckner approach

We have performed numerical calculations for the ground state and
analogously for glueball states within the YM-Brueckner theory.
The results can be characterized as follows:

(i) An important vacuum structure function is the (on-shell)
gluon propagator

B .
A = 7.(.;.:5 f elz("'y)q‘trl(hi(§)v>/<w\w>



104

0f course, we have Ay = 1/‘k| for the free case (¥ = ‘ﬂ>).
GribovB) conjectures that this function aoes to zero (instead
of «) for small k yielding in this way a suppfession of small

momenta {large distances), a (rather weak) signal of confinement.

Qur varistional approach gives such a structure for Ak11).
The reason can be trared back to the singularity of H at the

Gribov horizon. Similar results were obtained by Culkoskyg).

(ii) A more direct indication of confinement would be the oecurr-
ance of a 1/k“—singularity of the Coulomb {longitudinal gluon-)
propagator (the function ck/k2 in ref. 2). Gribov conjectured
that this happens i1f ¥ is dominated by confiqurations very near
to the horizon.

This structure is not confirmed within our approach, in fact it
‘is just the yariational principle which - within the YM-Brueckner
approximation - preve~ts the occurrznce of suvh a singularity of
the longitudinal gluon propagator. Thus the YM-Brdckner-

approximation does not yield confinement between static quarks.

(iii) A computation of the clueball rmasses within the same
approximation (we have considered ihe guantum numbers IJ++,l]'+
2**) and a study of the continuum laimit of these guantities
(which 1s much easier performed thar 1n lattice calculations) re-
veals that this missing of confinement is not inconsistent: fix-
ing g{(3 MeV) = 1 from lattice results anc insertana g(M) from

eq. (1), we do not obtain scaling, 1.e. 1ndependence of the glue-
ball masses €(M) from M. We rather find for large M

e(M) = 0.5 M

Thus we conclude that the YM-Brueckner approach though a rather
natural generalization of the standard manv-body techniques fails
to approximate the low mass spectrum cf H, taking g{M) from (1)
yields high lying states which go tc infinity for Mse.
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5. Dutlook on possible generalizations

There exist several routes for the improvement of our YM-
-Brueckner scheme.

A first source of error could be the cluster expansion for our
expectation value. This we have checked numerically and we found
that this technique yields good appruximations\(higher orders
yield only correction = 1%).

Thus apperently the truncation of the ansatz (6) with only 2
terms must be bad. Apparently, the small -k behaviour of ¥ must
be improved. From the alternative Hamiltonian approach, the
Koqut -Slisskind formulation which is at present pursued by
Furmanski and Kalona1), one may guess that "loop-like" states
should be important. lur proposal, therefore, is that the ansat:z
for S might be essentially improved by allowing string-like in-
tegral equations for S where the kernel must be determined from

the variational principle. (S would then contain polynomials of
arbitrary order in a%).

Another strategy could be a variation of the gauge fixing con-
dition ¥% = 0. It is clear that the structure of the eigenstates
depends on the choice of the gauge, and it might be that a qgiven
approximation is good in one gauge, but bad in another gauge.
Especially non-linear gauge-fixing conditions F(ﬁK,K2)=D could

provide a non-trivial freedom te improve on our approximation.

Summarizing we conclude that there seems to exist no simple way
to approximate the solution of non-abelian gauge theories by
many-body techniques. The two main attempts, discussed at

present, seem to have both advantages and disadvantages:
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The "loop-space expansion"1) has the advantage of having built

in confinement in the strong coupling limit - but the reality,
which has to be computed, is weak coupling and it is still open
whether one will be able to tackle the complexities of the
problem in this limit. Our fixed gauge approsch has the advantage
that the abelian case is always trivially correct, that the large
volume limit can be taken and that the calculation of the con-
tinuum limit might be simpler, but 2 guess of the correct ansatz
for eigenfunction seems to be difficult. It has to be decided by
the future which approach will be finally successful.

+Supported by the Deutsche Forschungsgemeinschsft
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THE GLUON CONDENSATION IN THE PURE GAUGE THEORY

R. Maika

Silesian University , Katowioce , Poland

The effective mass gauge theory is constructed.
The gluon condensation in this theory is examined,

The veriationsl method [1] constructed on the
Bogolubov inequality [2] and on the canonical quan -
tigation approach (3] to the pure gauge theory is
presented . It allows to obtain the effective poten-
tial for SU(n) gange theory which gives the first-
order phase transition . The transverse gluon mass -
es Jad the phase transition temperature is establi-
shed . ~

The Lagrangian density for SU(n) , the pure
gange field , is equal to

L=-dFRFT - QBYRY 4 Lhpp e e, |, (W

t
Fa = AL AR +gfuchuA] | ()

and
VP = 39— gfuchl (0

The Lagrangian (1) is invarient under the BRS [4]
transformation which defines the physical subspace
Rpn in the state space Y with indefinite met -

ric . In general , only transverse gluons belong to
ﬁ. *‘F .
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The variational method is based on the Bogolubov ine-
quality for the free enerxrgy :

FEF = F + <H-Ho) (20

where F, = -k’,'['-T-rW (g' M) , (2)

and (H-Ho}, is celculated with respect to the trial
system / H, /. Only the physical states / two trane-
verse gluons / should be taken into consideration
during evaluations of the traces .

The trial system Lagrangian is postulated as

£o=-5 55" —QBAY + AL RY- 4TS, (%)

with v = %RAS —%ﬁ,‘. . (%)

H;,. means that only the transverse gluons build the
potentiels . £_ is also BRS invarient what does mnot
change the physical subspace *,,u . Unfortunately ,
assumption that all gluons have the same mass m , vio-
lates the BRS symmetry . The transverse gluon mass

m will be treated as the variational parameter . Ve
assume that

R =fp+oy )

)

vhere d:. is the classical gauge field , wvhat corres-
ponds to the gluon condensation .

The free energy F, (2) may be interpreted a8
the energy of the classical gluon condensate

(5a
F = Sd"x 'Rq ) )
’e@« = d’q‘f"ﬁ - &eﬁ. ) (sb)

which effective Lagrangisn 1is egqual to
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Qeﬁ = -z';{:;v{aﬂ ZN;:d d’ , (5¢)

where 'Fw is the same as (1b) tor the classicel field
d}‘ The gluen mass tensor l'l},w is equal +to

= -§ fu furs (KGR, - <ARAL ) , (54)

The tensor mass means that transverse massive gluons
propagate in the different way then these massless un-
physical ones ., The gluon mass may be determined from
the experimentaly kmown velue of

S = LCHFID x - |6N1|"<nr Ary (o)
which is .qul v [5]

= (360 + 20 Hev )’ (69

/ li-nz-‘l for SU(n) gauge theory /. 1t allows us te
calculate the gluon maes . 1f we assume that all glu-
ons have the same mass m , wvhat violates the BRS
symmetiry , then

<H,t nv ‘iN S,w <ﬁ;H'9>° , ¢g)
what gives us
m={3CS = 57 HeVE 37 HeV . (8)

More accurate calculations should  include inte ac-
count only the transverse gluons . This gives us

IS = 594+ 33 MeV, Q)
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On the other hand the gluon mass may be calculated
from the variational method . Taking into considera-
tion the fact that only the transverse gluons could
conaensate , this gives us

ap=(0,¢",-¢%0). .

The variational equation

(10)

éF _ i_n .
zr_nlz =0 gives m= 59%% o)
vhere "= Z¢'¢"-

The gluon mass is the function of the giuons conaen-
sate a;‘} / or g“/. All further calculations lead to
infinities , s0 the appropriate renormaligation pro=-
cedure is used , After that , and after iniroducing
the convenient dimensioniess values x , t

g = gox ' (Iln)

viwa T= T|t ) (ub)
i

&:@%ez , Tl = % Q!- ((ZC,J)

where A ip the renormaiiszation constant , we get
AU = pifim- g eyt @)

the potential U(x) is a typical one , leading =30
the uiscontinous phase transition / Pig. 1/ .
It has a deeper minimum thap Ue0 for t=0 at x =1 .
Then the gluon mass is equal to

m=AQS . G



m

It wilows us to estsblish from (9) the renormalisacion
constant value

A=95ﬂ:5 MeV . (%)

The nontrivial mininum has the value UaC at the phase
transition point x,_-i g‘z.r for the temperature
t,= 1/{2°. Avove this temperature there is still ano-
ther iocal miniwum till t =1 ., The order parameter ,
being the shift aescribing the boson condensation lLeaps
st tst.

Knowing A we can calculate the phsse transition
temperature

T, =Tt = 194£ 7 MeV , - e)

and the overheating temperature !1

T, = 189 £ 1| HeV ; )

-

Above this tempersvure , certainly , the gluon conden-
sate vamash . T, % 200 MeV onm the latsice [6].

The fact that trsnsverse gluons gain mass is analogous
to the plasmon creatien in @D .
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ABSTRACT

We calculate the spin -~ O and spin - 1 distribution amplitudes in
a simple relativistic meson -~ wave - function model. With the basic
concepts of the constituent quark model formulated within the 1light
- cone approach we are able to reproduce the essential features of
the Chernyak - Zhitnitsky amplitudes for the pion and § as they are
obtained from the QCD sum rules techmiques.

One of the most interesting areas of application of Quantum
Chromodynamics (QCD) are large momentum transfer exclusive
reactions. These includes e.g. electromagnetic formfactors of bound
state mesons and baryons as well as nuclei at large momentum
transfer Q% . A key result, which enables one to apply the
perturbative QCD analysis to such reactions is the so called
factorization theorem (#1-#2): at large wmomentur transfer the
corresponding amplitudes factorize in form of a convolution of a
hard awplitude Ty which is computable perturbatively and a process
- independent "distribution amplitude” ’“(x,Q) which contains all
of the bound state mon - perturbative dynamics of each of the
inteacting hadrons:

Mo (T T, 0N

Bere ‘!“ is the probability amplitude to scatter quarks with
fl"actu.mal momentum 0 € x; £ 1 from the incident to final hadron
directions. It is computable in the power series of strong

#1. G. P. Lepage and $. J. Brodsky, Phys. Rev. D22 , 2175 (1980).
#2. S. J. Brodsky, T. Husng and G. P. Lepage, in Quarks and Nuclear Forces,

edited by D. Fries and B. Zeitnitz, Springer Tracks in Modern Physics, Vol.
100 (Springer ~ Verlag, Rew York, 1982).



coupling “S taken at the scale Qz‘ :

T (x, Q)_ ‘\_ -l-_ (x Q) @

and it is the Eerturbanve QCD part of the calculations. *,‘- is the
probability amplitude to find quarks in the wavefunction of hadron
H{ colinear up to scale Q. In principle it contains all our
(un)knowlegde about soft bound state dynamics. The measure@

1 ax; 8O - L =) forces the longitudinal momentum
conservatmn. The key to de vatlon of this factorization is the use
of the Fock basis {'* (‘Iw 11. defined at equal & =1t + 2z,
rather than more fanuhar equal t Fcck basis. Here AC are
helicities and x; = (k, ikt)](f'ff«’)and k% ( Zx =1, Zk- = 0) are
the relative momentum coordinates of the cénstituents. The general
decomposition of the bound state vector (say pion) in QCD reads

(#2):

(ﬂ

it> =lagd ‘l’ﬂ. + lqyay Yy 3

However, in the physical gauge like e.g. atco only minimal, or
valence Fock states dominate the hard scattering, higher states
being suppresed by additional powers of hard propagators in Ty .

From now on we shall focus our attention on the light — meson
distribution amplitudes. Recently, Chernyak and Zhitnitsky (#3 - #4)
have used the QCD sum rules method, combined with some gemeral
properties of ¢u (normalization and boundary conditioms) to
establish a model for the pion and ¢ distribution ampll.tudes.
Suprisingly, they have found large spin effects (i.e. the pion
distribution amplitude is much different than the one, which
itself differs for different helicity states), as well as the large
asymmetry between quarks. In the pion a large part of the total
momentum is carried by ome quark. Finally, the quarks are highly
relativistic. All distributions are broad and very different from
the nonrelativistic & <~ function form, as well as they differ
significantly from the so — called asymptotic form %&)- 4 x X, Ky
It should be stressed that despite of tha fact that various
objections could in principle be raised against the application of
the QCD sum rules method for detemination of the hadroric wave
function, Chernyak - Zhitnitsky distribution amplitudes are
responsible for succesfull description of the wide range of
available experimental data - for a reviev see Ref. 4.

In an attempt to explain an unusual features of light - meson
distribution amplitudes we proposed a simple relativistic model of
meson light - cone wave function (#2). We use the basic concepts of
the constituent quark model (#5) formulated within the light - come

#3. V. L. Chernyak and A. R. Zhitnitsky, Nucl. Phys. B201 , 492 (1982): B204 ,
477 (1982).

#4. V. L. Chemyak and A. R. Zhitnitsky, Phys. Rep. 112 , 175 (1982).

#5. N. Isgur, in the New Aspects of Subnuclear Physics, edited by A. Zichichi
(Plenum, New York, 1980), p. 107.
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approach: (i) meson states are dominated by the valence q§
configuration with typical constituent masses of about 300

MeV. (ii) Quark - antiquark pair is a system with substantial
relativistic intermal motion. (iii) The WM and 3 have standard
spin - parity assigments.

To distinguish between the T and & umeson we need the wave
functions of definite angular momentum - J. These can be easily
constructed within the equal -~ t approach. On the contrary, we are
faced with difficulties for the case of light - cone wave function.
Here the problem is related to the dymamical character of the
angular momentum operator in the light - cone dynamics (#6).
Obviously, ve need some approximation to deal with the problem,
i.e., (i) we assume that the ground state mesons are described by
the harmonic oscillator model wave functions. These equal - t wave
functions are known to give reasomable first approximation
description of the static properties (#5). (ii) In order to deal
with the problem of angular momentum we follow to some extend the
mock - hadron method by Isgur (#7). Namely, we assume that our
pseudoscalar and vector mesons are a collection of quarks with the
wave function (i) but with all binding turn off and a mock - meson
mass equal to the mean total enmergy of free quarks. Although this
assumption is untenable, we use it as a guide to asses -a
significance of the relativistic kinemtics. For free spin 1/2
constituents the ome particle imstant (T) and light - cone (LC)
states are related by the familiar Melosh transformation (#8). (iii)
Nov we can make use of an ansatz, due to Brodsky and Lepage (#2),
relating harmonic oscillator instant wave functions and
corresponding light - come wave functions, while the spin structure
m3y be related by Melosh transformation, as discussed above. As a
result we obtain a model for the Lorentz - invariant light ~ cone
wave function of definite (free) angular momentum:

: (A EL'I. 4 [{X3]
\fu(t)x/\) = Nupo;-Pziz;S—%"i)i Cu fee @

The light - cone Clebsch ~ Gordan coefficients can be expressed by
the following invariants:

#6. H. Leutwyler and J. Stern, Ann. Phys. 112, 94 (1978).
#7. N. Isgur, Acta Phys. Polonm. Bg , 1081 319 77), C. Hayne and N. Isgur, Phys.

Rev. D25 ,

#8. L A. Kondratyuk and M. V. Terentyew, Yad. Fiz. 31
Nucl. Phys. 31, 561 (1980).

1944 (1982).
, 1087 (1980). Sov. J.
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G2 - - A
Co (AUA).): u-)\q (‘u'n XS + P’S)U:\z

(Le)
AA

(5)

C

UHA'-) = Uy, (‘“Ha/\ * f;[;,é,])ux,_

where u, , v, and E:' are the light - cone spimors and
polarization vectors of Ref. 1, respectively.

We are aware of the fact that the mock - hadron prescription is
by no means unique. For example, if one turns off the interaction in
the spin wave function (5), assuming p = k, +ky, then

cLe) -
C ° C o= 2(“1-1““‘:_) “14 ‘SU’A’_

(e _ A (6)
C an = 2 (uyr wy) WA, €, Vi,

But as it has beee shown in Ref. 9 these spin wave functions lead to
the distribution amplitudes which are close to the asymptotic omes.
(iv) Our quarks have typical constituent masses. To be specific, we
use the value my = mg = 300 MeV. The Gaussian parameter _B is
related to the mean transverse momentum in the meson P~ <k"’ >.
We allow it to vary in a wide range of values around 350 MeV, which
is consistent with various estimations (#4 - #10) . As explained
e.g. in Ref. 5 harmonic oscillator wave functions are valid in a
scheme without short-range hyperfine interactions. Therefore it is
reasonable to assume that the and masses are equal and both
approximated by the spin averaged value m, =(1/4mg + 3/4m,) eup -

Since the specification of the wave function is completed, we camn
evaluate the distribution amplitude. It is defined (#1) to be the
probability amplitude to find quarks in the I{O projection of the
wave function collinear up to scale Q:

Q leeO
¢, (@)= (TF W, () ™

Because of the presence of the Gaussian damping factor in our wave
function, we can perform the integration up to infinity. With. the
value of } quoted above it corresponds to the scale Q & 500 - 600
MeV. It is interesting to note that with our seemingly naive model
of the wave function (4) we are able to reproduce the most essential
features of the pion and $ distribution amplitudes. In
particular, the rich structure of the spin—0 amplitude is
illustrated in Fig. ! which shows the normalized amplitude (6) for
two values of § along with that evaluated with QCD sum
rules , viz. q_n- 1 —§") (#4). On the other hand, the  case is

#9. A. S. Bagdasaryan et al., Yad. Fiz. 42,440 (1985).
#10. S. J. Brodsky, T. Huang and G. P. Lepage, SLAC-PUB-2580.
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more obscure. Although we do observe helicity

b,(¢)

Fig. 1:

The normalized W distribution ampliude. Curve (a) is the
result from QCD sum rules (Ref. 4). Curves (b1) and (b2) result in

our model for p = 430 MeV and = 460 MeV, respectively.

cependence in our distribution amplitudes, pumericaly they prove to
be much smaller than those found via QCD sum rules. As a
consequence, our meson distribution amplitudes looks more

like the asymptotir form. Note that the recent reanalysis of QCD sum
rules in Ref. 11 finds that moments of the L distribution amplitude
are much smaller than that of the pion. This result leads to the

conclusion that Q should be close to the asymptotic form. It is
clear that our mo!el favors the result of Ref. 11.

#11. X. D. Xiang, X. N. Wang and T. Buang, Beijing Institute of Theoretical

Physics Preprint BIHEP-TH-~84-29 (1984). T. Buang, X. D. Xiang and X. N. Wang,
Chinese Phys. Lett. 2, 67 (1985).
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Finally, this agreement, even if semiquantative, must be treated
with some causion. It is rather an indication of a role playing by
the relativistic effects in the bound state wave function .
Assuming that the inacuracy inherent to the method of Ref. 4 and 44
has not misled us, the difference between the distributions given by
our model and those obtained from QCD sum rules can be related to
the quark dynamics and all the rest of it may be understood with the
insight of the relativistic kinematics and fundamentals of the quark
model.
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SEMILEPTONIC NEUTRINO SCATTERING

The
CDBS - collaboration
presented by
Rainer Ceiges
Inst. for Righ Energy Physica Univ. of Heidelberg
Pederal Rep. of Germany

During 1984 the CDHS collaboration has preformed the last ex-
periment. It was dedicated to a precise measurement of the Wein-
berg angle sin?8y in v, -neutrino nucleon acattering. There ara
three reasons to measure sin'é, with high precision. First, it is
a fundamental parameter in the standard model (1], therefore it is
selfevident to measure it a» precise as possible. Second,
sin®dy determined in different processes iz subject to different
radiative corrections. A comparison of those different experiments
will test the renormalizability of the theory {2,3]. Third,
models of Grand Unification [4) may predict a value of sintbu ,
vhich has to be verified by experimenta.

Despite the exzellent work which is done at the CERN P-p
collider {6,7] the neutrino nucleon acattering still offers the
most precise way to determine sinid, . In this brief report main
emphasis is put on the important features of the experiment wvhich
had a big influence on the precision of the result.

The CDHS neutrino detector was exposed to the 160GeV/c? nar-
row band neutrino beam (MBR). In a MBB the neutrinoa originate
from decays of sign and momeéntum selected kaons and pions. The NBE
spectrum is easy calculable. which is necessary for the Monte Car-
lo simulation of the experiment. The setup of the beam line was
optimized to obtain a mazimal fluz of secondary hadrons per inm-
cident proton.

In the MBB there exists a background of wide band beam (WBB)
neutrinos. These WBB-neutrinos originate from hadron decays taking
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place upstream of the decay tunnel. Their energy spectrum is
unknown. In order to measure this background a dump was installed
in front ot the decay tumnel. For about 25% of the data taking the
dump was put into the hadron beam and only WBB-neutrinos were
measured in the detector. The events observed in this “dump-in”
runnig cordition were subtracted from all data after flux nor-
malization. In the previous experiment thia WBB background caused
the largest systematic uncertainty [C], with this direct
measurement the systematic error on the ratio R, of the neutral to
charged curremnit cross section of neutrinos could be reduced to
0.1% which makes it unimportant. - ot )

The upgraded CDHS neutrino detector consisted out of 21 mag-
netized irom toroids instrumented as iron-scintillator sandwich
calorimeter [9]. The 21 modules were interszpaced with drift chk--
bers for the muon track measurement. 'In order to avoid any bias
betueen NC and CC events the event aélection was based on
calorimetric and topological information only. No reference to the
muon momentum reconstruction from the drift chamber hit patteren
bas made., Every neutrino event candidate vas characterized by
three measured quantitiea: First the longitudinal and lateral
shover vertex poaition, second the shower energy E.. from the pul-
seheight recorded in the firast 1.5m of iron after the vertex (the
shower box}, third the eventlenght, defined as the distance in
iron between the firat and last scintillator hit belonging to the
event.

All neutrino event candidates had to wmatch the following
selection criteria:

1) The lateral shover vertex had to lay inside a radius of 1.3m

around the detector axis, excluding a 26%*20 cm? area around

the central hole for the -magmnet toil. This insured full
transverse shower containment and high final state muon
acceptance. The muon acceptance wag further increased by a

toroidal magnetic field which focussed the muons to the
centre of the apparatus.

2) The longitudinal verte:x poaition wvas restricted to the space
betvean the middle of module 3 and the middle of module 10.
The first two modules served as a veto counter against muons
penetrating the iron and earth shielding in front of the



3)

Events/bin

12

detector and producing in-time overlays with real events.
The hadron energy of each event was requested to be larger
than 10 GeV. For NC eventes the hadron enérgy uas equal to
the visible energy E, in the shower box. For CC events the
muon pulscheight contributed to the measured E, and had to
be subtracted. Thiz muon pulse height was equivalent to
typically 3 GeV of hadronic energy and wes measured from
isolated mucn tracks to & precision of 25%., This uncertainty
in the E. cut for CC events caused a systematic error of
2.3% on Ry.

16000 -
12000 . i
8000 4
NC, LC ~
4000 } - |
L NE"s i
% : )
0 1 14 2 24 3 L
L/Lcut

Fig.l Distrabution of the eventlength L, in units of the cut-off
Lew (see texat), for neutrino events with E. > 10 GeY. The back-
greund from cosmic rays and WBE has been subtracted already. The
deshed line shows the Monte Carlo prediction of the muon length
in CC éventz, mormalized to the monitor region,
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The events matching the selection criteria were classifiad as NC
br CC candidates according to their eventlenght as shown in fig,
1. The lenght was measured in wmultiples of a cut-off lenght
defined by Loe =75+¢35-1nE, (GeV), in cm of iron, which provides an
optimal separation of NC and CC events.

From fig. 1 it is evident, that the rav number of NC and CC is
subject to several corrections to obtain the genuine event numbers
(Table 1).

Cosmic-ray events were subtracted using data taken between the
beam spill. The WBB background measured in "dump-in” rumning con-
ditions was subtracted after normaliztion to the same hadron flux
as for normal data taking.

For a small fraction of short events a migration beyond L.. may
occure. This happened mcstly due to secondary muons from hadron
decay in the shower or due to a lenghtening of the shower by
noise. The amount of thizs “"Long Shower™ correction vas estimated
by Monte Carlo calculations, by visual iﬁapection of events and
from hadron test beam data.

The largest correction is the determination of the number of
short CC events in the NC reqgion. Thease are mainly CC events with
muons of such small momentunm, that it ranges out within the
shover. Only 7% of the short CC eventa have a muon produced under
large scattering angle, where the muon is leaving the detector at
the side.

The number of short CC events is determined by MNonte Carlo
simulation of the muon length distribution. No simulation of the
hadronic sbouer is needed. The Nonte Carlo length distribution is
normalized to a monitor region defined as 1.4 ¢ L/Loe ¢ 2.4 (see
fig. 1). This procedure is equivalent to an extrapolation of the
CC y distribution (y = 1-E,/E,) and is8 much leas sensitive to
physics assumptions than the normalization to the whole CC sample
would be. Uncertainties i1n the knowledge of the y distribution,.
primarily from the longitudinal structure function, induce an er-
ror of 0.7% on the value of the correction, Because of the nor-
malization to the monitor region the correction is insensitive to
errors in the momentum, the divergence, the x/K composition of the
parent beanm, the muon energy loss and the hadron energy cali-
bration. However, it is sensitive to a bias in the length
measurement., This was estimated to be less than :1,5cm, correspon-
ding to an error of %1% on the correction.
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Jable 1

Event numbers and correctione of NC and CC events with E, >10 GeV

NC cc Change of NC/CC
. and systematic error
(%)
Candidates 60936 137853 20,3
Cosmic rays -1120 -9 -1.820.1
WBB background -2920 -5187 -1,220.1
Long Shower +159 -158 +0.5+0.2
Short CC -9642 +9526 -22,520.35
Ka correction -3016 +2488 ) ~8.020.2
Corr. event numbers 44397 144513 20.65

In the neutrino beam there is8 a small admixture of electron
neutrinos :from Ko decays. The CC events of these v, s appear’ as NC
candidates since the electromagnetic shower from the final state
electron is hidden in the hadronic cascade. The total number of CC
ve events is determinded from the Honte Carlo simulation nor-
malized to the number of fully reconstructed CC y, from Kaon
decay. The CC v, events are subtracted from the NC sample and
those with Ev > 10 Gev are added to the CC sample.

Having done al' these corrections we compute the NC to CC cross
section ratio for neutrino interactions in iron to be:

R, = 0.3072 x 0.0025(stat.) + 0.0020(syst.).



For an isoscalar target corz:ztinc out of u,u,d and d quarks
only and without quark mix:ing =z:7vi6s can be determined from the
following formula [3]:

Ry, = 1/2 - gin®@, + 5/9 sin*d, (1+r),

vhere r denotes the ratio of the CC v to CC v cross section inte-
grated over the same neutrino spectrum and with the same E. cut
off. We have measured this ratio to be r = 0.39 ¢ 0.01.

In order to use the above formula the experimental result has to
be corrected for the non-isoscalarity of the target, the presence
of & and c quarks and antiguarks in the nucleon and the charm
quark excitation, The corrections were done by using a quark par-
ton model of the nucleon. Corrections due to higher twist effects
are claimed to be small for events with E. > 10 GeV and are
therefore neglected {3,10). Radiative corrections are calcuated in
the on-shell renormalization scheme according to ref 11. The lar-
gest uncertainty of the model comes from the choice of the charm

quark mass m , which affects the threshold suppression of charm
'production in the CC events [12]. Therefore we give the result on
8in%f, as a function of m.: .

8in®®, = 0.22520.005(exp.)=0,003(theo.)+0,013(m. - 1.5GeV)

The experimental error is the statistical and the systematic error
on R, and r added in quadrature. The theoretical error does not
include tﬁe uncertainty on m,, choosing me = 1.5 = 0.3 Gev/c? it
increases to 0,005.-

Thie value of =in®f. is compatible with earlier results
obtained by: this group [5,8]. It 1s also compatible with recent
results from other semileptonic neutrino experiments {13.14,15,16]
and with recent determinations of sin?6. firom the W mass [€,7].
The good agreement between the values of 8sin?6. obtained from
neutrino scattering and from the ¥ mass holds only if electroweak
radiative corrections are applied. Without these co:rections the
values of s8in?6y, = 0.20720.0083 from the W mass and 8in*fy =
0.23620.007 from this experiment differ by more than two standard
deviationa. But to really test the weak part of the radiative cor-
rections more precise valuecs are needed.
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Racent results on deep inslastic charged
lepton and neutrino scattering are reviewed.

—

In this psper, developments in the field of desp inslastic

scatterirc are discussed. Three arsss, where recent data has been
presentec, will be covered.

1. Exclusive or elastic p°, ¢ and J/¢ production in deep
inslastic muon pu&wt;m is described 1.e. ths process
wi+*uVE, whare V is & vector seson and N is a nucleon.
The dats indicate that st high Q" the vector dominance
behaviour of the photon dies sway and the photan becomes

s pure electromegnetic probe, even for the production of
vector mesons.

2. Tests of the quark parton model of the nucleon and QCD from
desp inelastic neutrino end muon scattering sre deacribed.

3. Dats on the differences between the structure functions of

the nucleon bound in nuclei and those in free nucleons are
roviewsd.
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Figure 1 shows the lowest order diagram for deep inelastic
scattering by neutrinos or charged leptons (e!.u!)- comcti_\ons for
higher order diagrams are required and such radiative corrections can
be routinely made!). The dats sre analysed in terms of the varisbles
v, the energy in the lsboratory frame and Q', the negative four,
somentus squared transferred to the virtusl boson probe. The liorm
scaling varisbles x-Q’Izl- end y=v/E, where E is the energy of the
incident lepton and M is the nucleon mass, sre used. The varisble
wavelength of the virtusl probe which decreases like 1/Q" at fixed x
allows thé structure of the nucleon to be investigated in deep

inelastic scattering.

Lepton Lepton
& N -
T~ A
1EMM " n- Wek w'
1 [ Y, p*  Charged carvent W™
]
% Vv Weak
: : YT e}
Hadron -
1 fragments 0 = LEE" Sin® 8/2
el ice
Fig. 1

The lowest order Feynman graph for desp inelastic
lepten-nucleon scattering

2. THE PROPERTIES OF THE PHOTON (IN CHARGED LEPTOS SCATTERING)

High emergy real photons (Q'-O) have much lurger cross sections
for the production of hadrons than would be expected from s pure
electromagnetic interaction. The exclusive production of plon pairs
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is found to be dominated by p° production. This observation led to
the formulstion of the vector meson dominance model to explain such
b.hl'i.uII‘Z). Racently dats has been presented by the ENC on elastic
p* production st high Q’ in muon scattering from targets of l:ynlmgcm3

and -nnh” (mainly nitrogen) and also for slastic ¢ production.

)

To select exclusive svents containing a single hadron pair, the
total energy of the pair was required to be greater than 0.92 “3.0)_
Figure 2 shows the invarian’ mass distributions of the hsdrons treated
as either K'X” or *'v pairs. Clesr pesks sre sean at the p° and ¢

masges in the v'« and K'K distributions, respectively.

T + T Y ™ 372 —r—rr—r—rTrr
1F al T ntrn .
‘r ; T T ]
sY 1 =»

Numbar of events

0 1 12 13 075 015 15 175
My (GeV) . M, (Gev)

rig. 2
Invariant mess spectra of oppositely charged pairs of
hadrons of total engrgy larger than 0.92 v,
treated as a) K pairs b) v pairs.

The mass spectrs shown in fig. 2 were corrected for the acceaptance
and 8 fit of & Breit-Wigner distribution and & smooth background
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fynction performed. The number of elastic p° and ¢ mesons were found
from this fit to be 538:40 and 94124, respectively. From these yields

the ratio of the cross sections at s mean value of Q?s7.5 CeV?, is

*
slrpeee) . 9 . M
oly pp) 1.6 £ 0.4
The observed ratio is consistent with the value of 9:2 expected from
SU(3) flavour symmetry (i.e. from the quark charges). However, it is
inconsistent with the value of 9:(0.6210.02) msasured in real photon
production (Q°=0) st similar incident photon mqiu”
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and le” production.
c) The ratlo 90(J/¢)/8a(p)
as a function of Q’
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the model described in ths
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Figure 3(a) shows this result togetbher with previous msasure-
-ntls'” of the ratio of the cross sections for slastic p° to alastic
# production as a function of Q’. Figure 3(b) shows the cross ssctions
for elastic p*® photoproduction on hydro;cns") snd elastic J/¢ photo-
production on iron ) as a function of Q°. It can be ssen that these
cross sections become almnst equal at high Q'. Figure 3(c) shows
the dsta in fig. 3(b) prusented as a ratioc of the cross sections.

The smooth curves in figs. 3(a) and 3(c) show the predictions of the
following simple model. Firstly, it is sssumed that in the limit of
large Q' (Q' > -;. vhare L is the mass of the vector meson L) the
rstio :vp:ev1 spprosches the valus sxpected from flavour symmetry

i.e. 9:2 (9:8) for ¢(J/9). Sacondly, in the intermediste Q” range it
is assumed that the cross section follows the propsgator form 1/(1«0’1
l;)'. a behaviour which is well established for the Q’ dspendence

of the p° and J/¢ cross mtim?'s'". With these sssumptions the
ratio of the cross sections will vary as

o, ¢, (uleq"y’
R e @
P (m; +Q )

with ci-z for ¢ and 8 for J/¢. The curves agres well with the data
in both figs. 3a) and c¢) indicating that the mechsnisms for the photo-
production of elastic vector mesons p°®, ¢, and _J/¢ are similar., The
differences in the production cross-sections sre determined by the
different meson masses which are related to the quark masses. The
photon gluon fusion lndel') gives a reasonable representstion of the
J7¢ dsta although an arbitrsry normalisation factor is required in

the elastic region to account for non-perturbative otfocts”. This

indicates that elastic p° snd ¢ production at high Q’ could also
be described by a similar mechanism.

Figure 4 shows the dependence of the ylelds for elsstic p°*
production from the ammonia target as function of t'ajt-t -:i.nl where t
is the four momentum transfer between the photon and the s° meson and
"-i.n is the kinemstic minisum valus. The peaks at small values of t*
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correspond to cohsrent production from the nitrogen in the target
smeared by experimental resolution. The lines show fits of the form
o-bt' to the dsts for t'>0.2 Gev’ excluding the coherent region. The
slopes of the fitted linss decrease as Qa incresses and st high Q' the
slopes are charscteristic of s hard scattering process. This is
consistent with the behaviour described in>) and the measured values
of the slopes st each Qa sgree with the hydm; dlt.”. Furthermore,
as in the hydrogen dsta for t'>0.2 GeV" the polarisation of the p* was
found to vary like cos’® indicsting that the p* is produced in s
dominantly helicity zero state.

200 Gev ) 20 Gev
150%¢ t50's20
0
% 3 R
2 g.
% 2
% %
S s
-t
L)
w?
Wi am i3 6 OB 13 o &’ 13 o 8@ i3 & e’ 13

t 16ev?) r Gev)

Fig. 4
The event yields ss a function of t'=|t-tmin| in different Q® bing

The straight line fits in fig. 4 were extrapolated under the

coherent peak in order to estimste the ratio of the coherent, °eoh'
to iileoberent. ahu:' cross sections neglecting the effects of quasi-

elastic suppression at small t'. Pigure 5 shows the ratio of °eoh’°in=
for elastic p° production from nitrogen as s function of Q’. The

points st Q’-o were obtained by performing similar extrspolations using
photoproduction date from carbon and copper tu‘-t-m'u). The smooth
curve in fig. 5 shows the expected kinematic effect due to the increase
of t_h-(o’u;lzo)’ with ”. The dats fall much faster with Q°

than expected from such kinsmatic effects.
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The decrease of the coherent part of the cross section with q*
may be understood as follows. Ins) it was shown that elestic p°
mesons at high Qa are produced dominantly in a helicity 0 gtate from
zainly transverse photons. In tbe forward direction the spin flip
of the p* implies that the proton spin flips to conserve angular
momentum. Such spin flip smplitudes will not contribute to coherent
production as the nuclear state sust change. The obzerved coherent
signal at larger Q" is due to the residusl nom spin flip (diffractive)
amplitude which decresses spproximstely as 1/0’. This indicates that
the residusl diffractive amplitude which is Presumably due to the

vector meson dominance properties of the photon is a higher twist
mechanism.

production,

Thus at high Q’. even in elastic vector meson photo-

the photon behaves as an electromagnetic probe and the
vector meson dominsnce properties die ay.
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3. INCLUSIVE DEEP INELASTIC SCATTERING

In deep inelastic scattering the inclusive differential cross
gections are measured. From the lowest order Feynman graph for the

process (fig. 1) the measured differential cross sections are relsted
to the structure functionsl?) of the target nucleon as follows:-—

a) Charged lepton (pure vector interaction)

i 2 2
a’s Ava ul 2 Mxy AT ] 2,¥
——-—,' - Q. 2ME [Fz (x,Q )(l-y—ZE ) + lei'l (x,Q )2 ] (3)

b) Charged current neutrino interactions (V-A)

,(;: . O ), )
de G HE __vB 2, . BXy vB oy~ + __wi 2 b 2
axdy dy = [Fz (x,Q7)(1-y 78 )+2xF1 2 (_)!l'z (x,Q )(1-2)! 4)

Here a it the electromagnetic coupling constant and G is the Fermi

weak coupling constant measured in muon and nuclear B decays.
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< 13
Figure 6 shows a sample of the recent structure function data ).

It can be seen that the structure functions F'zm are spproximately
independent of Q’ at fixed values of x i.e. the absorption probability
of the virtual photon probe is independent of the wavelength of the
probe. Such behaviour indicates that the nucleon contains point-like
structures i.e. quarks. The observed independence of the structure
functions with a lemgth scale is termed scaling. The small devistions
from scaling are expected from QCD. The smooth curves in fig. 6 show
the predictions of leading order QCD taking the mass scale paramater
A=90 MeV. The agreement of the smooth curves with the data shows that

QCD gives a reasonsble representation of the data over the whole kine-
matic range.

4. TESIS OF THE QUARK PARTON MODEL AND QCD

The structure functions measured in neutrino and muon scattering
in principsl sre not the same. However, if these particles scatter
off the same constituents of the nucleon (the guarks) the structure
functions are related to the quark distribution funetionsn)as follows

r:’ = e:x(u-ﬂ':) + e;x(d«.'i) + T x(e+c) + % x(s+8)

X7 4

r‘zm - e:x(u-fii) + e:x(d-n-i) + -;- x(e4c) + % x(8+8)
ezﬂ’
w1 a - o - -
LB Gl T P P 3 x (c43) + % x (343)
r‘z"’ - 2x{d+uss] r‘z"‘ = 2x{u+d+s]

(5)
1 _vp__vn -
F, = 5(F, +F, ) = Ex(qfﬂf)

1 v, __w -
ﬂ3 = 2(!!'3 +’I‘.F3 ) = Ex(qf—qf) = quv
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Here f denotes any quark flavour, v denotes a valence quark, u,d,c,s,
(G.E.E,;) the momentum distributions of the quarks (antiquarks) in the
appropriate target (n=neutron, psproton, Nsnucleon i.e. the average
of the proton and meutron), q denotes any quark distribution and the
charges on the u and 4 flavoured quarks sre e, and ed. The charm and
strange quarks in equations 5 are assumed to have charges 2/3 and 1/3,
respectively.

The quark distribution functions are a function of x and Q’.
However, as can be seen from fig. 6 the Q’ dependence induced by QCD
is rather weak. To avoid such effects in the following the neutrino
and muon data are averaged over approximately the same ranges of Q’.

3) The Gross-Llewellyn Smith Sum Bulel®) ig given by

vl
n fiu = [* Yq (x)éx (1—°—') (6)
o X [ ] qu L 4

where o, = the strong coupling constant of QCD. In deducing this the
sea quark distribution is assumed to be symmetric. The integral on
the left hand side represents the total mmber of valence quarks in
the nucleon. The world average value of the integral is 2.8110.1015).
Correcting for the small QCD radiative correction tenls,. sssuming

usso.z. gives the total number of valence quarks to be 3.0%0.1.

b) The Adler Sum Rulel?) is written

vh _vp
2 Fz ‘FZ b
Io 5 - I° (u_-d )ax (¢))

ass\m:'ing that the sea distributions in the neutron and proton are the
same and that the quark seas sre symmetric. The integral averaged over
(1'z hags been measured to be 1.07!0.2013). Thus the difference in the

nunber of valence quarks in the protdn is 1.07+0.20.

=
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from these observations the neutrino data are compatible with 3
valence quarks of which there are 2 of u flavour and one ¢ flavour in
the protom.

The quark charges can be messured by comparing tha structure

functions obtained from muon and neutrino experiments. Figure 7 shows
ol _ul 19)

the values of 5718 F_' /T, .on iron obtained from comparing dsta
9 2 2 20
from the cnnsul and CCFRR neutrino experiments with the EMC muon
13) -
data . . -

From equations (S5) it can be seen that

wll 2 2
o 48
2 _wd

w2 (1-4) (8)
2

where 4 is & small correction factor for charm and strange quarks.
The data in fig. 7 show that this ratio is independent of x within
the ercors evem though the structure functions change by more than an
order of magnitude over this range. The mean vslue is compatible
with unity within the normalisation uncertsinties on the experiments.
From the dsta in fig. 7 the mesn value of the ratioc of the muon and
neutrino structure functions is

3

o~

< —}.— > = 0.29£.02 - )
¥
2

nki.:g)the small corrections for the :trmou) and charsed quark

seas (~6% at x=.03 and decreasing as x increases).

In muon scattering it follows from equations (5) that

VP _un 2 2
1 F-F o -
l- —%_Lh - “_z.g (10)

ut\.ingtlutthn-retnundmdulmequrhi.nthaprotcn
and that the quark seas are identical in the proton and neutron. The
value of the integral has been measured to bs 0.2520.1222)
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Fig. 7
The charge weighted ratio of the structure functions measured
in neutrino and muon scattering experimentsl!?) from iron.

Using the measured values in equations 8 and 10 gives
leul = 0.64 & .05 and lo‘l = 0.41 £ .0B. (11)

Thus the absolute values of the structure functions measured in muon
and neutrino scattering are compstible with the quark structure of the
nucleon snd show that the quarks have fractionsl charges.
a

" Howsver, all is not perfect in such comparisons. Figures 8 show
similar comparisons to those in fig. 7 for neutrino data from the MWA21
collaboration using a hydm;enu, and the WA2S eéllubontlcn“’
using a deuterium target and muon data on the same ur;etszz'a,.
The smooth curve shows the calculated change in the ratio caused by a
systematic shift of ~1% in the ssme direction on the messursment of
the incident neutrino energy. This energy is difficult to memsure in
these experiments and it is estimated by the same technique in both



experimants.

the smooth curves.
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The trend of the ratios is reasonsbly represented by
Thus such systematic shifts can explain the datas
in figs. 8 rather than a deviation from the quu-i parton model.

’ !
“rm / J '
T L T I L L) - '
u g _ 11
1 . // 4 ,5' 1wk 4 ‘
" -~ 4 '
k4 - 3
™ * N
= 09 * 1% w2 1
S WAZS
% + + Enc |02 DATA ni )
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X
rig. 8
Comparison of the structure functiom msasured in a) Dz
P M. In b F" was calculated from the quark distribution

2
functions messured by WA2115),

of a ~11 systemmtic decresse in tha msasured incident neutrino
enargy together with s normelisation shift of 25% in b).

Tha dashed curves show the effect

6. TESTS OF QCD

“Figure 9 shows the measurements of the strong coupling constant,
L) in lesding order as a functiom of Q’ from many different tech-

niquuu,) neglecting higher order corrocumz"’).

It can be seen that many different techniques give similar values
of LR within the errors. This shows that QCD provides a good descrip-
tion of a wide variety of processes. Howaver, the errors are too large
to ascertain if o runs. Thus the svailsble data shows that QCD gives
an sdequate description of the strong interaction when it csn be
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spplied in the perturbstive region slthough it is not yet proven that
the coupling constant changes with the enargy scale.

as
03

T g \J v

04

[ 1)

0.2

03Gevy

rig. 9

The strong coupling constant, ay, in lesding order, as a

function of Q?, asasured from different techniques. The
smooth curves show the expected behaviour

7. NOCLEAR EFFECTS

Results have been presented by the ll:z“ wvhich showed that
the nucleon structure function messured on bound mucleons in iron is
different from that measured on quasi-free nutleons in deuterius. The

effect was subsequently confirmed by dats from mn.zu) and by the
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1
BCDMS collaborstion at CERNC)’. This indicatas thst the quark and by

implicstion the gluon distributions in s bound nucleon, are different
from those of the quasi-free nucleons in deuterium. Many theoretical

models have besn proposed to explain these effects reviews of which are
given in 30).

The original EMC d.-nz‘) were obtained from separata msasure-
ments of the absolute values of the mucleon structure fungtion lz with
iron and deuterium targets. These meassuressnts were taken under
different experimental conditions (beam energy, beam intensity, target
length and trigger) and at different times. In conssquence, tha
systematic srrors on the !: rstios were rather large. Figure 10 shows
the original measurements whers the error bars are statistical only.
The shaded band shows the range of the systemstic error om the slope.
The systemstic errors on each dats point are similer in megnitude to
thosa indicsted by the shaded band. In sddition to these systematic
errors there is a further nnriﬁluttun uncertsinty of 7% coamon to

Fig. 10

The original DX date®’
on the ratio of the
nucleon  structure
functions !2 measured
in iron snd deuterium

Fi (Fel 7 F3 (O}
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sll the ratios. The data from StAC’ *2%) and the BCONS collabor-

ation®®) indicate that the ratio of Fj(Fe)/Fy(D) tends to fall at the
lowest values of x whereas the originsl EMC data (fig. 10) indicated
a continuous rise. Howe.er, the different msasurements are not
incompatible within the systemstic srrors on the dsta. Figure 11
shows the measured ratios from neutrino experimsats >1’. mo single

T T T T
o F, -RATIO

O V -Ne/D, A.Cooper et al

A v, V' Ne/HM.A. Parker et al -
O v, V-Fe/HH. Abramowicz et ai

O V- Ne/DV Ammosov et al .

® EMCpu-Fe/D

13

F, -RATIO

Fig. 11
The mucleon structure function ratios from neutrino upori-atsu)
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neutrino experiment is statistically precise enough to verify the
effect. Howsver, the trend of the dats is similar to that from the
charged laspton c:p‘rhnnts.

In order to decrease the systematic errors, new dats has been
taken by both the ENC and BCOMS collaborations’:) in expariments
designed to meadure the ratios of the nucleon structure functions
from nuclear and deuterium tsrgets. The ENC dsts were taken as a3
parasitic wessurement on the polarised target experiment with thin
targets of either copper, carbon or deuterium and the polarised
target in the beam simultaneously. The geometry of the nuclear
targets was identical and they were interchanged st intervals of
a few hours in order to average out the effects of time dependent
inafficiencies in the spectrometer and the beam intensity monitoring
spparstus. In this way the systematic errors were better controlled.
The BCDMS experiment used two targets in the besm simultaneously to
minimise the systematic uncertainties.

In the BMC experiment events were only sccepted with Q’>3 GQV’.
the angle of the scattered muon 6>0.01 radians, energy of the scsttered
mion £ '>30 GeV, w25 Ge¥ and y=v/E<0.85 where E is the incident mion
energy. These cuts wvoid reglons of small or rapidly varying acceptance
and where radiative corrections are large. =

Rediative comct:l'm. to obtain the single photon exchange
contribution to deep inelastic scattering, ware calculated using the
procedures described inn'z”. The corrections for coherent radiative
events ware calculated taking the form factors for copper and carbon
Em”). The suppression of the quasi-elastic radiative events was
calculated according to the Fermi gas model of the nucleus given
inu). The sbsolute radiative corrections for each target separately
decreased from 191 at x=0.05 on copper through zero at x~0.35 and
continued to decrease to ~5% st x~0.65. However, the corrections to

the ratios are alvays less thsn 4% in the range of the data pregented.
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The ratios of the structure function F, measured in
a) carbon, b) copper to deuterium

Figures 12 show the ratios of the event yields of copper to
deuterium and carbon to deuterium as a3 function of x after applying
the radistive corrections. The error bars are statistical only, the
systematic errors which represent a normalisation uncertsinty are
~5% and are currently being studied. Assuming that R, the ratio of
the photo-absorption cross sections for longitudinally and transversely
polarised photons is independent of the nuclear target, these are the
ratios of the structure functions F:(Nuclms)ll?:(neuter:lm). Within
the systematic and statistical uncertainties of the measured rstios,
the dats in figs. 12 are compatible with those in fig. 10 and with
the previous measurements of the nuclear effects on the structure
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functions but at x<0.l the ratios tend to decrease rather than show

s continuous increase ss x decnmsz‘)

Figures 12 also shows the recent structure function ratios from
carbon, iron or copper snd deuterium as a function of x from other
mruu”‘z"”'u). There is good agreement between the differ-
ent experiments. This indicates that the effect is not strongly Q
dependent as the data from each experiment cover differemt Q' ranges.
The dats show thet the qusrk distributions for a bound nucleon are
softened for 10.3. This behaviour can be explsined by bag models znd
rescaling models for the effect. In the region 0.1<x<0.2 the ratios
tend to be grester than unity indicsting sntishadowing. At smaller
values of x (x<0.1) the tremd of the ratio 'h to decrease indicating
the onset of shadowing. Such behaviour at large values of Q' was
predicted bys”. The cbserved decrease at small x indicates that the
pion content of the nucleus is probably small snd it is obscured by
the effects of shadowing.

8. CONCLUSIONS

Over the past year desp inelastic scattering experiments have
continued snd some of the new results have been reviewed. The data
discussed show that -

1. The vector meson dominance behaviour of the photon decreases
spproximately as IIQ'. indicating that such behaviour is

a higher twist mechanisa. At higher vslues of Q’ the photon
becomes a pure electromagnetic probe.

The quark parton model of the muclecn and QCD, the currently
favoured theory of the strong intersction, have baen success-
fully tested.

Wew data have becose svajlable which confira the observation
that the structure functions for a nucleon bound in a

micleus are different from those for free nucleons. These
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data indicate that there is an interplay between quark and
gluon degrees of freedom in the nucleus and the nuclear

medium.
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1. Introduction

This review is concerned with the properties of hadronic final states in deep inelas-
tic lepton nucleon scattering, with an emphasis on recent, and often new, results. The
main underlying physics motivation in these, and in similar studies on e*e~ —hadrons
and o2 jet production from badron colliders, is to advance our understanding of Quan-
tum Chromodynamica. Although the gross features expected fram QCD, namely the
production of hadron jets produced by the fragmentation of energetic partons, have
been beautifully confirmed in ¢*e~ and high energy pp collisions, precision tests have
proven difficult. This arises, in part, from uncertainty in defining, at the hadron Jevel,
quantities for which there are relinble asymptotic QCD predictions. At the parton level,
there are generally large contributions from higher order graphs in regions of phase space
where one of the gluons is relatively soft, or two partons bave relatively small effective
mass (ie (p; + p;)? small).

In QED these problems can be handled by defining ‘measurable’ quantities which
sum up the effects of soft and colinear photons. This procedure cannot be directly
applied to QCD, of course, since the partons are not detected. The loug-distance high
arder properties of the theory (ie the fragmentation of partons to hadrons) mean that
the properties of the hadrons cannot be directly related to those of the underlying
partons. While Iattice QCD provides a future hope in the solution of these difficulties,
the most common approach is to make simplifying assumptions or to use QCD motivated
fragmentation models. These models are based on the quark parton model (QPM), so it
is important to test the basic assumptions of the QPM, as well as the various additional
assumptions made in the fragmentation models.

Fig.1 shows the basic lowest order diagram. This involves the exchange of a
virtual 4*, for pN scattering, aud a W%, for v/ charged current interactions. The
data is generally corrected for higher order electromagnetic processes to correspond
to this lowest order diagram. The kinematic quantities used to describe the events
are the square of the exchanged four-momentum ¢* = -Q?, the energy transferred by
the virtual boson in the lab. system v = E; ~ Ey and the Bjorken scaling variables
zp; = Q*/2Mv and y = v/E,, where M is the nucleon masa. The centre of mam
(cms) energy W of the outgoing hadronic system (or the 7"-nucleon system) is uniquely
determined for given values of zpy and @3, since

= M? + @*(1/xpy - 1). )

The bulk of the experimental resulta are on the inclusive properties of the final
state hadrons. Their momenta can be conveniently resolved along (p;) and transverse
to(pr)thevutua.lboeonduechan hthehadrmcmsthekynmvmuﬂzzpmd
the rapidity y° are used and are defined as

E+p1,)

- @)

- . - 11
=5 ) vy =3 OS(
In the lab. system z = Ej,. /v is frequently used. Note that for = 2 0.2 and for high
values of W, zp = z. In the QPM, z (or zp) represents the fraction of the energy of
the struck quark carried by the hadron. :
In the QPM, zp, is theﬁuhunofthenndeonltumamdbythe struck
quark in a frame in which the nucleon has a momentum large enough that masses and
momenta transverse to the virtual boson direction can be neglected. In »{P) nucleon
interactions the main valence quark trannition is W+d — u (W—u — dJ, eo that the
fragmentation products in the current {forward) region are mainly those of a u(d) quark.
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ratio 4:1 (from the squares of the quark charges). Since the proton is wud and the d
quark distribution is suppreased at large 5, most of the interactions are off u quarks
at large zp;. Atsmall 25, ( S 0.15 for @* ~ 10 GeV?) there is also & large contribution
from sea-quark interactions. The main final states at the parton level are given in Table
1. A similer list can be written down for scattering off neutrons. Lepton scattering
thus provides an ideal laboratory for the study of the fragmentation of light quarks and
various diquark combinationa.

The QCD O(a,) corrections to the QPM process are shown in fig.2. These config-
urations will, st sufficiently high energies, load to 3-jet final states. The soft gluon limit
of these disgrams is also expected to influence the properties of the final state hadrons.
The asymptotic requirements needed for the validity of leading order QCD are not met
in practice, so that sisesble non-perturbative effacts are expected. For example, the
struck quark can have a transverse momentum, ky, arising fram ita confinement in the
nuclecn. From the uncertainty principle one expects kr ~ 1/Ry ~ 0.3 GoV, and this
has the effect of rotating the parton configuration with respect to the virtual boson
(Bs.3).

What happens in between the production of energetic partons in the interaction
and the emergence of hadrons in the laboratory can only be approximated by models.
The snergetic struck quark can go off-shell (~ Q?) and it is expected, in most models,
that the fragmentation process occurs over a distance of several fermis. Much of the
analysis work on the properties of the final state hadrons is thus in the testing of models.
Four main models have been tested in lepton-mucleon scattering

i) Independent jet model of Field and Feynman {1]. As an energetic parton leaves
the interaction region, ¢ ~ § pairs are formed in the resulting colour field. The
v — § pairs are suitably combined to form mesons. Baryons can be added by
producing (¢g)— (#f) peirs, either directly or indirectly. Jets are treated separately,
with consequent problems in joining them together and maintaining relativistic
invariance. -

ii) Lund string model [2]. In this model the colour field is represented as a string
stretched between the ¢ (colour 3) and g¢ pair (colour 8). The string subsequently
breaks up and fragments to hadrons. A gluon is represented s a ‘kink’ in the
string. This model is found to reproduce many aspects of lepton-nucleon final
states, but contains a rather large number of parameters.

iii) QCD Branching models eg. Webber model [3]. In this model the off-shell quark
loses energy by the branching processes (¢ —+ ¢ +9,9 =+ ¢+ 8,9 2 9+ 9
etc.), calculated in the leading log approximation and including the effects of soft
gluan interference, until colourless clusters of partons of low mass ( < 1 GeV) are
formed. These clusters are then badronised, using phase space formulae, to the
known hadrons.

iv) Firestring model [4]. In this mode] the ideas of QCD, in particular dynamical
gluons, are not used. The badrons are produced by the decay of one or more
firestrings, formed by interactions of the virtual bosons with the quarks and anti-
quarks. A confrontation with the data is described in [5].

On the experimental side, the /7 data come from the FNAL 15’ and CERN
BEBC bubble chambers; filled with either Hy, Dy or Ne. A typical charged current
event sample from one of these exposures has shout 10K evetns, < E, >~ 50 GeV
(but with a long tail to high energies) and W up to about 12 GeV. Charged particles
cap'be if!entiﬁedbyiomiutian, but only for piey S 1 GeV. Neutral decays (K°, A)
are identified by kinematics. The wuon dats come from three phsses of the Enropean
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Muoa Collaborstion (EMC) programme. In the first and third phases (NA2 1978/80
and NA2' 1984/5), only hedrons which were forward going in the cms were detected.
Data sumples with E, = 120, 200 and 280 GeV bave been collected from these phases.
Long targets of Hy and D3 were used for the NA2 phase, giving consequently high
statistics (~ 500K events). In the NA2’ phase, hadrons from & polarised target (mainly
NH;) and from some additional parisitic targets of Dy, He, C, Cu and Sn (to study
A dependent effects), have been used. The NAS phase (1981/3) bas ~ 4x acceptence
for charged hadrons and good particle identification (in contrast to the NA2 eet up).
Using differential Cherenkov and time of flight counters about 50% of the charged final
state hadrons are identified. The beam energy used was 280 GeV and the event samples
consist of about 25K on H; and 20K on Dy, with < @* >~ 20GeV and 4 < W < 20
GeV.

A general review of hadron properties in £— N scattering can be found in [6] and
some more recent results are covered in [5).

2. Point-like nature of the virtual boson probe

It is generally assumed that, at high enough Q?, the virtual 7° (or W*) behaves a2
a point-like probe of the ¢ and § constituents of the pucleon. However, the analysis of the
interactions of real photons (Q* = 0) on nucleons and of low energy electroproduction
(Q* S 1 GeV?), has led to the following picture of the photon. Fluctuations from the ~
(rea! or virtual) to & ¢ pair can occur, the time of which is limited by the uncertainty
principle. This ¢f pair will carry the quantum numbers of the photon and can thus
behave as a virtual vector meson (p, w, ¢, J/¥ etc). The vector meson-nucleon cross
section is large, 80 that the probability that the virtual meson interacts is high, and
these interactions account for the bulk of the total 7(7°) — N cross section. This picture
. is called the vector meson dominance model (VDM) and predicts that the final states
will be generally diffractive in nature (e the momentum transferred to the nuclson will
be small).

The disgram in the VDM for the exclusive reaction uN — uNp® is shown in
fig.4. The 4° converts into a virtual p°, which scatters diffractively (ie with small )
off the nucleon (eg by Pomeron exchange). The 4* can be polarised either transversely
(belicity A = 1) or longitudinally (helicity A = 0). The belicity of the final state »°
can be measured from the distribution of the angle (f) made by the x with respect to
the p° direction, iv the p® cms. In general we have, integrating over azimmuthal angles,

W (cont) = % [(1 - ¢)sin® 0 + 2rcos® 0] ®)

where r = O corresponds to a transverse p°(A = +1) and r = 1 to a longitudinal
#°(A = 0), giving s sin® # or coa® # angular distribution respectively.

Memmtdmmdhwmwmmm”&
tions for this process gives, for Q* = 2 GeV?, R = o1 /oy = —0.38::0.14(stat)* 3 3(eyat)
{7). Hence the photons are mainly transverse. Fig.5a shows the results of some mea-
surements of v as s function of Q. It can be seen that r changes from r ~ O(A = 31) at
Q? = 0 (which corresponds to the »° helicity being equal to that of the 4° i.e. s-channel
helicity conservation) to r = 1(A = 0) for Q® = 5 GeV®:. It ia interesting to note that
inclusive p°'s in #Ne scattering favour A ~ 0 [5].

The t dependence (see fig4) of elastic »° production can be parameterised by

Lt i~ @
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In the VDM b = (R3 + R})/2, where R, and Ry are the p° and N radii. From the
uncertainty principle, the lifetime of the virtual ° is

A

L. ! - ®)
Ry fh-g-m Q@tm

l.nthep"uuﬂ',ﬂzm,/(q’+m=),vhichilmudlbthlnlfmfurQ'>lGeV'.
Hence, at large @3, b — R}, /2 ~ 4 GeV~2. Fig.Sb:how-lomedmunthanluud_b-
a function of @*. The slope is steep (b~ 8) at @* < 1 GeV? but becomes progressively
broader (i harder pr distribution) as Q? grows. Thus for @* 2 5 GeV? the elastic p°
channel has the characteristics of a hard scattering procees and not that of a diffractive
hadron process.

The W2 probe can also disocciate into virtual mesons. The coberent produc-
tion of a single #~ in the process H,Ne — p*s~Ne has been studied by the WAS9
Collaboration {8] to Jook for such effects. This process can occur by a W= — p~ transi-
tion, tosether with the exchange of an w® in the t-channel (je vector interaction) or by
W= — A](r~) and a Pomeron exchange in the t-channel (ie axial vector interaction).
‘The vector term has a cross section ¢(Q? —+ 0) — 0, from CVC. The W~ — £~ tran-
sition ariges from PCAC (9,A" = fx¢.), but is predicted to give a small contribution.
‘The main term is thus the A; contribution, which using PCAC and VDM can be written

do e G2 d,-n;-..n. _ ;} Q’)l . (ku:g:::lc) ®

Experimentally it is found that

o, + Ne— pts—Ne)
Oron

Fitting the data to equation 6, a plausible value of M4 (= 1.35 + 0.18 GeV) is found.
Further, the model gives a reasonable fit to the dependence of the cross section on the
various kinematic distributions.

It is also of interest to investigate whether a deuterium target, which is normally
treated as a loosely bound system of p and n (and thus elementary), has additional
structure. It has been suggested that the deuteron may be composed, for some fraction G
of the time, of A(1236) A(1236). From isospin symmetry, the states A*+A~ and A*A°
should be equally probable. If an interaction occurs on the A~, then the spectator A++
should leave an experimentally measurable signal from its px+ deacy. A study of the
interactions of v, and ¥, in Dy should then lead to a signal in »,, but not in 7, (since
the 7, does not interact with the valence quarks of A~ = ddd). A search in these
reactions has been made for a A** signature [9]. No signal was found and an upper
limit G < 0.4% at the 90% c.l. is given.

=(09+0.1)% M

3. Tests of the Quark Parton Model

Much of our knowledge of the strong and electroweak properties of quarks has
been extracted from the data assuming the QPM. It is thus important to test, wherever
poesible, the underlying assumptions of the QPM. The normalised cross section for the
production of a hadron A in deep inelastic scattering is given, in the QPM, by

1 do* 1 dN* T clzq(z)Dh(2)
Cer AR A T S e ®)
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where the sum is over all ¢ and § contributing to the cross section and D: is the

fragmentation function for quark ¢ to fragmert to badron k. The denominator is equal
to the structure function Fy(z) and, for H; and D, tergets, has the form

Fia(z) = %zu, (=) + %zd, (z) + sea (9)
FP* ) = Sleua(z) + 5du(2)] + sea (10)
where the valence quark dxst.nbutlons refer to the proton.

Assuming that DX* = D3, D" = D" (from isospin) and also DX~ = D¥*,
=2D]j etc., then

At AT
Sl = 5- [i":T + 8 ] & DX (2) + DX (2) (1)

where the approximation is expected to be good to a few percent. That is, 3 should not
depend on z, nor on the target,sothat 37 = 3= ;. Some data on ) from high energy
pp and ud interactions {10] is shown in fig.6, and 1t. can be seen that the prediction is
consistent with the data.

K we take the difference between h* and h~, namely

1 [dNM  gNw
AMz, )= — | — — 12
Y(z,2) [ - (12)

the effects of sea-quarks cancel. For example,
A%(z,2) = F,I(T) [%zu.,(z) - 57 (z)] [p2*(2) - D" ()] (13)

Thus A can be factorised into z and z dependent parts. Similar equations can be
written down for AX and AF. By measuring AT, AX and AP in pp and ud interactions
the structure functions u,(z) and d,(z) czat be extracted. This has been done using
identified x%, K* p and j badrons, with zr > 0, by the EMC NA9 Collaboration. The
quark distribution u,(z), extracted in this wzy, is compared in fig.7 to that determined
by fitting functional forms to the EMC H znd Dy structure functions [11]. Attention
should be drawn to the remarkable similarity of the results, rather than to the possible
small differences at small z. Note that tte extraction of u,(z) from the structure
functions is sensitive, at small z, to the parameterisation essumed for the sea.

Using the ud data from the EMC NA2 experiment, the fragmentation functions
D' and DI” have been extracted [12]. Since the above tests of the QPM have proven
utlsfu:tory llns can be done with some degree of confidence. The data is restricted to
g > 0.15, so that the corrections for sea-quark contributions are small. The resulting
fragmentation functions can be parameterised (for z > 0.1) by

DT =03(1- z)*™, DT 8 < ‘; (14)

The difference Df* (2) = D**(z) - D"( z) gives Lhe fragmentation function of
a u-quark to a leading x+; that is to a 7* formea vy 2 v-quark picking up » d quark
directly (or from the decay of a resonance eg p*). Ccntributions further down the
fragmentation cancel. Fig.8 shows the meescred distribution of DE" (z), and it can
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be seen that small values of z are favoured. This is in contrast to heavy (¢,b) quark

fragmentation, where < zz > 2 0.5. The momentum fraction zD,'_'* carried by the
leading = is roughly constant up to z = 0.5, and then drops rapidly.

4. Fragmentation to Identified Hadrons

Detailed measurements on the fragmentation properties of identified hadrons are
an important ingredient in our attempts to understand the hard to soft fragmentation
process. Data, from pp scattering, now exist on x% x°, K* K° p,p, A A and on the p,
w, ¢, K*, f, A** and J/¥ resonances. Obvious questions to be answered are what are
relative production rates of vector and tensor particles relative to pseudoscalar particles
and what is the mechanism by which baryons are produced.

The Lund model (with the ratio of s to u@ pairs set to 4,/ = 0.3, the ratio of
{g9) — {§d) pairs to g — § pairs set to 7¢e/7q = 0.075 and with the ratio V/PS = 1) can
be used as a guide to the data. The Lund model adequately reproduces the observed
proton distribution, but overestimates A*¥ production by a factor of about two [5].
SU(6) symmetry for the proton target is assumed in the model, however this could be
violated, for example, by the presence of a (ud);=s=0 diquark state.

Fig.9 shows the normalised z5 distributions for p°, K*° and K *° mesons from the
pp EMC NAS experiment. The p° production in the central region falls below the Lund
model curve. The K *(892) production is, however, reasonably well reproduced, includ-
ing the excess of K*° over K*° in the backward hemisphere. This can be understood,
because the K*° can be produced more easily with a A°.

A vomparison of the z distributions of non-strange vector mesons is shown in
fig.10. The inelastic data (z < 1) on p°, w® and ¢ come from the NAO experiment.
The elastic p° point (at z = 1) is from the NA? phase of the experiment |7}, and has
< Q1 >= 17 GeV? (which is similar to that of the inelastic data). The ratio of elastic
¢ ta elastic p° production has been determined, using data obtaired from the NA2'
polarised target (mainly NHs), to be {1.6+0.4)/9, with < @* >~ 7.5 GeV?. This ratic
is considerable larger than that measured for real photops (~ 0.6/9) or that for low
energy electroproduction and approaches the value ¢/p = 2/9, expected from SU(3).
The elastic ¢ point in fig.10 is obtained by scaling the elastic p° point by the measured
&/p ratio. The J/¢ data is from the NA2 phase of the experiment (using an iron target)
and is normalised to 8/9 of the p° elastic (ie the SU(3) prediction). Possible mechanisms
for the fragmentation of light and heavy quarks to vector mesons are shown in fig.11.
The mechanism of fig.11a would lead to a rapidly falling fragmentation function with
increasing z (as observed for p° and w). The photon gluon fusion diagram (fig.11b),
which reproduces most aspects of J/y preduction, gives a fragmentation function which
increases as z — 1 (ie as the final stale gluon radiated becomes softer). The ¢(23) data

falls less rapidly than that for p° and w, indicating perhaps that both mechanisms may
contribute.

The production mechanism of tensor mesons is also of interest. Fig.12 shows a
comparison of the normalised £ distribution of the f(1270) meson (identified as a peak
in the xx mass spectrum), compared to the distributions of p° apd protons. Unlike the
P° meson, the f shows no peak in the central region and the shape of the distribution
is more similar to the proton than to the p°. Factors which could contribute to the
suppression of the / in the central region are its high mass arnd high spin (if indeed the

peak is the J¥ = 2+ f meson).
5. Direct Photon Production

'Irhe observation of direct photons (ie not from the decay of 7%, w, n etc.) in
hadronic final states is potentially of great interest in understanding the behaviour of
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quarks in the fragmentation process. In a recent analysis of the EMC NA2 200 GeV
Hp data, such a direct photon signs] has been observed. Using a lead-glass detector,
signals compatible with having arisen from a single photon {with E, > 5 GeV) were
extracted. Fig.13 shows the z-distribution of the observed photons, together with the
yields expected from QED processes on the ingoing and outgoing muons and from the
decays of x°, w, v etc. The latter curve was calculated using the Lund model, which was
carefully tuned to fit the observed x° spectra in the same experiment. For z, < 04,
the photon data is larger than the sum of these contributions. The difference, which
is attributable to direct photon production, is also shown in fig.13. The total observed
yield after acceptance correction is N,(z, > 0.05)/N, = 0.1510.01(stat.) +0.06(syst.).

A possible source of the direct photons is the QED Compton process. This cor-
responds to the graphs shown in figs.2a and b, with the gluon replaced by a photon. A
calculation of this process {13] leads to the photon fragmentation function

D)= f;e:‘—’“i‘;’-i In :—; (15)

For mg = 3 MeV (ie a current quark mass) and < Q* >~ 10 GeV?, this gives N, /N, =
0.023; somewhat less than the observed yield.

The differential distributions of the direct photons, ss a function of z, and p}.
(wrt the virtual photon) are shown in figs.14a and b respectively. Also shown are the
expectations from the QED Compton model for mg = 3 MeV and m; = 300 MeV. It
can be seen that the data is much larger than the prediction at small 2( < 0.2). The p3-
distribution is also underestimated. Note that the p}. distribution of the cirect photons
is much softer than those of x° mesons.

6. Transverse Momenta

Momenta transverse to the virtual photon direction are sensitive to the magnitude
of the various potential underlying sources. In the large pr region, perturbative QCD
should dominate, leading to production of events with two forward jets. At the other
extreme, soft hadronisation processes will dominate for < p}. > < (0.4 GeV)3; this is
the domain of fragmentation models. From the form of the leading log QCD formulae,
significant production of soft gluons is expected at the parton level. These gluons may
be 100 soft to form a separate jet, but may well influence the final state hadrons. In
the Lund model, the transverse momenta of the soft gluons are summed over one unit
of rapidity and given to the final state hadrons. The recoil is taken up by the struck
quark. In this scheme the pr of the leading h* is compensated in the central region.
Another source of transverse momentum is the intrinsic kr of the struck quark, which
leads essentially to a rotation of the jet axes wrt the 4° axis. In this case the pr of the
leading h* will be corpensated in the backward (target fragmentation) region.

Fig.15 shows a plot of < p% > against zp, for all charged hadrons, from the up
NAS experiment. Also shown are various curves computed using the Lund model. It
can be seen that the inclusion of both hard and soft gluon radiation, together with a
value < k} >~ (0.4 GeV)?, are needed to reproduce the data. An estimate of the
value of < k3 > has been made using < Pr >, where Pr = |Epr| is the modulus of
the sum of the pr vectors of the backward going badrons. It is found that < k3 >is
correlated to the parameter o,, which controls the width of the transverse momentum
distribution for fragmentation. The parameter o, is found from a study of < §,; >,
where &, = |pr, — Pr,| is the absolute value of the difference between the transverse
momentum vectors of hadrons having opposite charge and within 1 unit of rapidity.
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Comparison of the measured values of < Pr > and < §; > with those computed by
Monte Carlo with different settings of < k3 > and o, gives

< i} > = [0.29% 3§ (stat) ¥ 35 (syst) Ge\f]l (16)
g =0.410+£0.002+ 0.020 GeV

The values < k3 >= (0.44 GeV)? and g, = 0.44 GeV are used in the curves labelled
standard Lund in figs.15, 16 and 17. The transverse momentum balancing the leading
particle in the forward direction (defined as zp > 0.5) is shown in figs.16a and b
as a function of y*. The data is the same in both cases. Figs.16c and d show the
pr balancing s trigger particle in the backward direction (—0.5 < = < —0.2). The
conclusion concerning the Lund model (figs.16s and ¢) is the same as that for the plot
of < pb > v. zy. In figs.18b and d two variants of the independent jet model are shown,
corresponding to the energy-momentum conservation schemes of Hoyer et al and Ali et
ol. The independent jet model, the parameters of which were tuned to fit the data as
well as possible, fails to reproduce the behaviour of the pr compensation.

An obvious question to be asked is whether there is any direct evidence for hard
QCD 3-jet processes and to what extent such final states can be distinguished from
higher order effects or from the effects of soft gluons. A search for events with three well
separated jet has shown that their production rate is small (< 1%). However, evidence
for hard QCD effecta is found from a study of 3_(pi?)? in the event plane {defined as
the plane minimising }_(p§**)? for events with > 4 forward charged hadrons). From
fig.17 it can be seen that a long tail, compatible with planar events, is found and that
this is well reproduced by hard QCD (with a,(Q? = 20 GeV?) ~ 0.25). The inclusion
or exclusion of soft gluons does not substantially change the prediction.

QCD studies of the energy flow of the energy flow of final state hadrons are difficult
to interpret hecause of their depenience on the fragmentation models. An interesting
variable in this context is that proposed by Ochs and Stedolsky [14], namely

A= — = — (17)

where @ is the angle made by a hadron with the virtual photon. Defining de = dE/E;,;,
where E is the hadron energy, then in cascade models, the energy flow de/d) is predicted
to be independent to E;.,. Fig.18 shows the ratios of the distributions of de/d, as a
function of X, for various intervals of W. The denominator is in all cases 4 < W < 8
GeV. Jt can be seen that the data is consistent with scaling in the backward direction
but that there is an increase of de/d) in the forward direction. This increase grows
with increasing W. The independent jet model, with QCD included and A = 300 MeV,
falls well below this increase. Increasing A would make the model incompatible with the
data in the backward hemisphere. The Lund model with QCD adequately reproduces
the data.

In et e annihilation, the QCD cluster model of Webber successfully accounts for
many aspecta of the data. The model predicts that, at the parton level,

do 1\ large W? L. 1 w?
L v.log (;) !_. gaussian with max. at zlog (ﬁ’?) (18)

where z = 2p/W. The position of the maximum versus InW? should thus be linear,

with & slope of 1/4. For the hadrons, this prediction may be modified by the effects of
badronisation.



The distributions of zdo/dz, as a function of 1/z, have been investigated for
identified #%, K%, K° and p, all with zr > 0, from the EMC (NA9) pp experiment.
The distributions are indeed gaussian in shape and the positions of the maxima, as
a function of W2, are shown in fig.19. Also shown are some e*e~ data from TASSO
and the predictions of the Webber and Lund models. The Webber model is that for
e*e™, modified to include the appropriate quark distribution functions for deep inelastic
scattering. The Lund model serves as a control. Note that it is only the slopes of the
distributions which should be compared with the theory. The slopes are summarised
in table 2. It can be seen that for the heavier hadrons (K, p), the hadronisation in the
Webber model does not significantly change the slope from the parton value of 0.25.
The data are consistent with the Webber model, which contains the effects of soft gluon
interference, and also with the Lund model, which does not.

1. Lepto-production off nuclear targets

The study of hadrons produced in a dense nuclear environment has two main aims.
Firstly, by interfering with the process of hadronisation one may learn something about
it. Secondly the flavour content of the leading hadrons can be used as a tool to study
the quark distributions in nuclei. Such studies provide, therefore, a rather unique tool.
Charged hadron data, in the forward direction, bas been collected off deuterium, copper
and other nuclear targets (He, C, Sn) in the NA2' experiment. The copper nucleus has
a radius of ~ 5fm, which is large compared to the mean interaction length of a pion in
nuclear matter £, ~ 2.4fm). Thus a pion created at the centre of the cucleus has about
a 90% change of interacting. One common idea in many models of hadronisation is that
the struck quark will travel a finite distance before fragmenting (formation length).
Thus, if the hadronisation occurs outside the nucleus, there will be no attenuation of
the hadrons, provided the parent partons traverse nuclear matter without interacting
(theoretically there is some belief that this may be s0). If the distance over which a
hadron is formed is related to the hadron size (~ 1fin) then, in the lab system, this will
be Lorentz boosted to larger distances. Hence fragmentation effects may depend on the
velocity of the quark in the lab system and hence on ».

Fig.20 shows some measurements of the ratios of the z distributions, for Cu and D;
targets, for different regions of v. The data were obtained using 120 and 200 GeV beam
energies. The Dy target, for the purposes of the comparison with Cu, can be considered
as a free proton and neutron (at least to a good approximation). In addition to the
statistical errors shown in fig.20 there is an overall systematic uncertainty of +10%.
Fig.21 shows the ratio of < p} > for Cu to D, for different regions of ». Secondary
interaction effects in the nucleus are expected to broaden the jet. Figs.20 and 21 show
that the jet properties in Cu and D, are rather similar. Any nuclear effects are rather
small { < 20%), and are not a strong function of either z (in the range z > 0.05) or » (in
the range 30 to 200 GeV). This implies that the hadronisation process occurs mainly
outside the nucleus. These results confirm a previous study made using the NA2 set-
up {15]. An experiment at SLAC, exploring much lower i values (~ 10 GeV), found
considerable attenuation of hadrouns in heavy nuclei [16]. These results, when combined
with the EMC data at high v, indicate that the formation length increases with »». The
long formation length for jet formation, together with the short { < 1fm) longitudinal
dimension found for the Bose-Einstein interference effects for like-sign pions [17], may
indicate a space-time ordering of the hadron momenta. A reduction in the size of both
the statistical and systematic errors, and the analysis of more nuclei, is expected from
the more recent EMC data.
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| Summary and Conclusions

The region @Q* 2 5 GeV? and W 2 10 GeV can be considered as the domain of
deep inelastic scattering. Here the virtual v* {W*) behaves ws a point-like probe and
themmpﬁoudlthPanﬁlﬁzdtowithinthcmtpnﬁondmm
meumwhm&mmfmﬁmdmmﬂ
thnunlummmp-ﬁbhviththepmdmhnbytchin-ﬁh&ummimm
{otli;hqwhmdﬁumphomn-;luonfuimhhnquwh. The f(1270) bas &
pdmwmhspmdmﬂnwmmmwthep'mm
results on the extraction of direct photons now exist and the measured cross section is
higher than that expected from the Compton QED process.

In the domain of models, the independent jet model fails to reproduce the pr
cotrelations between the forward and backward jets and the behaviour of the scaled
energy flow with W. The Webber model has not been fully formulated for deep inelastic
scattering but, where tegted, is consistent with the data. The Lund string model is
mp.ﬁbhvithmyupechdthduh,pmiddMMQCDMuﬂdm
effects are included and that & value < k} >~ (0.4 GeV)? is used for the intrinsic kr
of the struck quark.

The hadronic jets formed in collisions on Cu and Dy nuclei are rather similar,
indicating that the fragmentation of fast hadrons occurs mainly ocutside the nucleus.

ible differencies are ~ 10%, but will need further studies in order to establish them
firmly.

Table 1

Main reactions at the partan level for deep inelastic lopton-proton scattering st Q* ~ 10 GeV2.

Interaction Forward ) Backward
¥p valence [ - .
[ d, uudy,
Pp valence d ud
see &, wudd,
#p  valence v+ id ivd+ Luu
sea S+ 8)+1d+d) | Send(®, + )+ Suud(d, +d,)
Table 2
Slope % K* K P
data 42+ 011+ .02 20+ .08+ .00 381.124.10 21+ .05+.06
Lund model - 38 43 35 23
Webber model 32 28 - 24 25
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Figure L, uos

Lowest order diagram for leptop-nucleon scattering.

0{a,) QCD corrections to the QPM diagram.

Effect of the intrinsic ky of the struck quark on the scattering process.

VDM diagram for uN — uNp°.

Distl;ibutiouofa) polarisation parameter r and b) slope parameter b a9 a function
of Q.

Distributions of 3~ as & function of x for up and ud interactions.

Valence quark distribution determined from the structure functions and from the
final state hadrons.

Fragmentation function for a leading ** as & function of =.

Distributions in £y of #°, K*° and £*°.

Distributions in z for the vector mesons p, w°, ¢ and J/¥. The elastic data is
shown at z= 1.

Possible fragmentation mechanisms a) chain mechanism b) photon-gluon fusion.
Distributions in zr of °, f and p.

Distribution in &, of ocbserved photons in 200 GeV up interactions.
Distributions of direct photons in a) z, and b) p}. The curves are for the QED
Compton process for different values of the quark masses.

< p} > as & function of zy. The Lund model curves with hard QCD, soft gluons
and < ki >= (0.44 GeV)? is called the standard curve. Variations from this are
labelled.

Distributions of the transverse moments balancing a trigger particle with zp > 0.5
in a) and b) and ~0.5 < £y < -0.2 in c) and d). The curves in a) and c) are
from the Lund model and in b) and d) from two variants of the independent jet
model.

Distribution of 3(p})?, the curves are for the Lund model.

Ratio of the distributions of de/d\(Ws)/de/dA(W;) for various intervals of W;.
For each W3, 4 < Wy < 8 GeV. The curves are for the independent jet and the
Lund models

Maxima of 1/s distributions as a function of W?* for identified »%, K%,
K° and p.

Ratics of the  distributions of Cu/Dj for different regions of ».

Ratios of < p} > for Cu and D;, as a function of ».
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New Results from the UA5/2-Experiment!

Ch. Geich-Gimbel
Physikalisches Inatitut der Universitit Bonn, F.R. Germany

This talk will cover recent results from the investigation of pp-interactions at /s = 200
and 900 GeV with a streamer chamber detector (UA5/2-experiment) [1] at the CERN
SPS Collider, 1 will presént results on cross section measurements, diffraction disso-
ciation, multiplicity distributions and forward-backward multiplicity correlations.

The data these preliminary results are based on were taken during a very successful
run of the pulsed pp-Collider at CERN in spring 1985. The UA5/2 detector [2] took
115,000 streamer chamber pictures and 500,000 electronic events (i.e. only containing
information from the trigger hodoscopes and the hadron calorimeter), mainly at the
fiat bottom at 100 GeV beam energy and the four seconds flat top at 450 GeV of
the cycle, see fig.1. For part of the run, an additional photon converter plate was
introduced between the beam pipe and the upper streamer chamber to increase the
photon detection efficiency at large production angles.

The UAS5/2-detector consists of two large streamer chambers (6 x 1.25 x 0.5 m?® visible
volume), placed above and below the 2mm thick beryllium beam pipe, see fig. 2. The
azimuthal coverage of the chambers is 95% for a paeudorapidity? || < 3. At each end
of the chamber there is a pair of trigger hodoscopes, designated Al and A2, covering
a pseudorapidity range of 2 < |p| < 5.6. The large solid angle covered by these
hodoscopes and their good time resolution made the trigger efficient for beam-beam
interactions, suppressing a good part of the beam-gas background. At 90°, see fig. 2,
a 4 x 1 x 1 m® sandwich calorimeter is located.

1. Cross Section Measurements

The count rate Ni(t) is related to the trigger cross section o; by the luminosity L(t)
as N;(t) = oy - L(t), thus requiring the knowledge of the luminosity to calculate the
cross section from observed count rates. The absolate luminosity at the SPS Collider
turns out to be hardly measurable to better than 10%.

In pulsed collider mode however, the fact that the same circulating bunches of protons
{and antiprotons) are accelerated and slowed down between 100 and 450 GeV, allows

! Bonn-Brussels-Cambridge-CERN-Stockholm Collaboration
ty = —in tan ©/2
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for a measurement of the cross section ratio for /s = 200 and 900 GeV:

o0  N¥O0 1200
= %0 = {aoo [0 (v

where L2%° /L% only depends on machine parameters, and is essentially given by
the ratio of the beam energies (nominally 2/9). Its precise, measured value |3] is
L300/L,%00 = 0,224+1%, obtained by analyzing the radio frequency settings, the radial
positions of the bunches in the machine and extracted beam measurements.

Two different triggers were used in paralle] to record inelastic pp-interactions in the
UAS-detector: a 2-arm-trigger A1-A2 to select NSD (non-single diffractive) events,
and an l-arm-trigger Al -AZ to select events of the reaction pp —X +p (p-diffrac-
tive)!. Fig.3 schematically shows the trigger set-ups, and fig. 4 illustrates the distri-
bution of the total cross section to the various triggers.

The relationship between onsp,osp and the trigger cross sections o; reads

o1} _ [ €1NsD €1,SD ONSD . (2)
o2 €2,NSD €2,SD osp
The fractions e (trigger efficiencies) were obtained by the UAS Cluster Monte Carlo [2].

Single diffractive events were generated with an 5/M?-dependence and a longitudinal
phase space decay of the diffractive system of mass M, see also [4].

Solving eq. (2) for either Ginel = dsp + OxsD, Isp OF Onsp one obtains (at each /5)
an equation of the form

0 = K10} + K202, (3)
where the x's are functions of the above efficiencies ¢. The trigger cross sections o,
and o in eq. (3) finally follow from the counts N; (in time t at a luminosity L),
corrected for non beam-beam interactions as

’ _iN
o= @

The proportions of genuine events, f;, were obtained by scanning and where necces-
sary measuring streamer chamber pictures from time intervals corresponding to the
electronic triggers.

Combining eqgs. (1), (3) and (4) one finally gets®

_ (2rifiNy + mpfpN,)%0 L399 ¢2% (s)
- (2K1f1N| + ﬂzszz)zm L900 ¢80 °

!The corresponding A1.A2 trigger was not used on account of more severe background conditions
from the intense proton bunch.
2The factor 2 in eq. (5) arises from the use of only one of the possible 1-arm trigger combinations.
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For the ratio R we have measured {5

RO/ _ y 20 + 01 % .02,
the Brst error being statistical, the second systematic, reflecting the uncertainties in
the trigger efficiencies and the luminosity ratio.

1.1. Absolute Cross Sections -

To get absolute values of the c7oms sections we use the fit 10 o¢oi(pP) by Amos et

al., |6], which renders o7% = 51.6 + 0.4mb, see fig.5'. Additionally, from the UA4

mennmtofv.nlvu at /8 = 546 GeV [7] and ISR-measurements we interpolate
/0 O.IQiDl,companﬁg.G,mdhenuobhmau—ﬂs:tOOmb

humthiinput,mdt.henm,”nhemnud.ltfolbm
ol =503+ 0.411.0mb,
and, with 057 /08%° = 0.23 + .01 (from extrapolation),
o9 =653+ 0.7+ 1.0mb.

This agrees to a value of 65.8 mb, predicted by the dispersion relation fit [6] mentioned.
As the ratio 0,1 /01 < 1, the additional error in the determination of o, from 0;ne
20d 041/0v i much smaller than the error in G.I/mo;

1.2. Diffraction Dissociation

Diffraction dissociation, i.e. the inelastic excitation of interacting particles with
diffractive like signatures (sharp forward peak, no quantum number exchange) was
predicted long ago [8]. Inelastic diffraction was viewed as a process which puts virtual
hadronic states on the mass shell, the mass M of such states only being limited by a
coberence condition, which in most analyses is taken as M?/s < 0.05.

For the investigation of diffraction dissociation in the UA5 - experiment the mea-
surements of 0, and 02 can be exploited to calculate ogp at each energy, as eq.(3)
may also be expressed for ogp/onsp in terms of 0)/0; and ¢’s, independent of the
luminosity. The measurements give [9)

r =030 [onap =0.132 + .016 + .024
r =030 foRep =0.180 £ .014 + 029,

For the low energy data poinis see [10-14]
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and with 0gp = Oge1 - r/(r + 1) and the values of the inelastic cross sections
osp = (71.8+£05+ 1.1) mb at /5 =900 GeV
osp = (4.86£05:+0.8) mb at /a=200GeV.

Table 1 summarizses the information on cross sections, also in comparison to ISR
results {11-15}.

Table 1 pp Cross Sections
ISR SPS- Collider
N 53-63% 200 540 900 GeV
Orot ~44 | 516104 | 619115 | 653122 | mb
Ou/Oir | ~0.175 [ 019 .019 |0215+.005 |028+.01°
oa ~177 ~98 13.3+C6 ~18 mb
Oinal ~36 |418+067 | 4861169 | 503114 | mb
osp” ~7 | 48213 | 81108 | 78116 | mb
onsD ~ 200 ~ 37 ~ 417 ~42.5 mb

) All cross sections in this column averaged from different ISR-sxperiments {10}
” &Mxﬁ% interpolat taxt
3 ' :0m, Beo baxt.
Calculsted from |7).
¢) From [16].
By jon of Ogp from Olagl.

Figure 7 shows thesz results on diffraction dissociation together with a large number of
measurements of the single-diffractive cross-section over a wide range of c.m znergies,
where different experimental techniques were used to extract single-diffractive events.
We have included measurements of the SD cross-section for different definitions of
the M?/s high mass limit and {or various experimental methods of extracting the
single-diffractive sample (17, resulting in partially inconsistent results at the same
energies. For example, at ISR energies the measurements for M?/s < 0.06 from one
experiment give lower cross sections than for M3 /s < 0.05 from another experiment
at about the same energy, indicating the difficuities of measurements of this cross-
section. It appears that the single-diffractive cross-section increases only slightly with
energy, in contrast with the tendency, suggested by the ISR daia [15], that the the
SD cross-section is a constant fraction of the total pp cross-section (0ap = 0.17 Ouot).
This would vield a single-diffractive cross-section of sbout 11 mb at 900 GeV and 9
mb at 200 GeV, both of which are cleatly ruled out by the Collider measurements.

All collider measurements, together with the values at highest ISR encrgies are in fact
compatible with ogp being constant with a value between 5 and 8 mb.
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In the aualysis of diffraction dissociation at Collider energies also an attempt was
made to estimate the contribution of double-diffractive processes. In analogy to the
method described above, a third independent *trigger’ was used in order to enrich DD
events in the 2-arm trigger sample. In practice, this “trigger’ consisted of an off-line
cut, e.g. demanding no charged track within a certain central pseudorapidity region,
for details see {9]. One ended up with

ofp =40+25mb
o35 =85+22mb.

‘One may compare these results with calculations assuming factorization of diffractive
vertices. If factorization holds for the double-diffractive cross-gection it may be written
as [18): . .
b

=%D. Db 6
900 = 204 " el bop : (©)
with bpp = 2bgp —by; , relating the slope parmneters b of the exponential dependence
of all three diffractive cross-sections on the 4-momentum transfer t (do/dt = a-ebt).

In the Collider energy range data for o, be and bgp are only available at /s = 546
GeV [7], so we compare our result with calculati~as based on 546 GeV measurements.
Taking 0 = (13.620.6) mb, by = 15 GeV ™2, bgp =8+1GeV > and 0sp = (T 1}
mb the above formula yields a value for opp between 2 and 4 mb in approximate
agreement with our measurements.

The impor: . . question, whether the diffractively produced system of mass M tends
to hadronize by an isotropic fireball-like decay, or rather according to pr-limited phase
space was investigated by means of the dispercion

Bebe
obs _

o’ ﬁ ;(m— <1 >obe)?

of the n-values of the observed particles around their mean per event. Whilst for
the case of an isotropic decay the above quantity is expected to have a half width
at half maximum of about 0.88 units in pseudorapidity, independent of the mass of
the diffractively produced system, a multiperipheral decay implies a mass dependent
HWHM of approximately in(M/ < u >), where i1 denotes the transverse mass of the
final state particles. These different situations are illustrated in fig. 8.

Fig. 9 shows the observed pseudo- rapidity distribution of charged particles in 1-arm
triggers at /s = 900 GeV in comparison with two different model predictions. A pr-
limited hadronization process in diffractive dissociation events is clearly favoured. In
fact, only at collider energies the difference between the two possible hadronization
schemes becomes large enough to be distinguished that way.
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2. Multiplicity Distributions

Generally measurements of charged particle multiplicity distributions in hadronic in-
teractions provide important constraints on models of multiparticle production, es-
pecially in lack of a theory of soft hadron production.

The mean charged multiplicity < n.y > from non-single diffractive reactions at various
center-of-mass energies is shown in fig. 10. The new data points at /s = 200 and 900
GeV originate from the UA5/2 experiment [19]. The observed multiplicity has been
corrected by standard techniques, see [2,20]. The lower energy data are from [21,22].

The energy dépendence of the charged multiplicity is equally well described by
<ngp>= A+ Blns + Cln?s )]
<agp>=D + EsF ®)
in the range /5 = 10-900 GeV, as shown in fig. 10. The fit parameters are A = 2.7+

0.7, B = —0.03+0.21 and C = 0.167+0.016 with x>/NDF = 17/9,0r D = ~7.0+ 1.3,
E = 7.2 + 1.0 and F = 0,127 = 0.0089, respectively, with x?/NDF = 11/9.

The result of the fit to the power law (8) definitively rules out an energy dependence
of the mean charged multiplicity such strong as s%, which had been favoured by
statistical or hydrodynamical models {23], and stili seemed possible at ISR energies
{24] (already the first data from the Collider, namely < ng, >= 289 +0.4 at /5§ =
546 GeV [25,26] were in disagreement to the 5%-2° fit used in [24] at the ISR).

The quadratic In s term (form (7)), which also gives a good fit to the data, gains plau-
sibility by the observations made in inclusive pseudorapidity distributions (nat shown
here}, where both the height (at n = 0) and the width of the inclusive pseudorap*dity
distributions were found to rise approximately with In s.

2.1. Inclusive Multiplicity Distributions -

In 1972 Koba, Nielsen and Olesen |27] predicted that the normalized charged par-
ticle multiplicity distribution for hadron-hadron interactions should become energy
independent when s — oo, i.e.

7 < ngy > Py —~ &(z), =04,/ <ag > (9)
with P, being the probability for n charged particles to be produced and with the
general definition of the normalized multiplicity distribution

O(z,8) = <ney > -Pyle) . (10)
The KNO scaling law [27] had been derived from Feynman scaing [28]. Theugh

Feynman scaling is known not to be valid, the KNO scaling apparently holds in an
energy range of 11 to 63 GeV c.m. energy [24,29).
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Clear evidence for the violation of KNO scaling at /s = 546 GeV was shown by the
UAG collaboration in 1983 (25,30}, see fig. 11. The normalized multiplicity distribu-
tion ®(z) for NSD events at /5= 546 GeV is much broader than that at ISR {21] or
FNAL and Serpukhov [22] energies. This becomes manifest e.g. in the fraction of
events with 2 > £ increasing to 6% from about 2% at lower energies.

2.2. Negative Binomial Distributions

The UAS collaboration has found (31,32} that charged particie multiplicity distribu-
tions for pp reactions at /5= 546 GeV and pp reactions between about 10 and 60
GeV c.m. energy may well be fitied by a negative binomial distribution (NegBin)

n+k+1 ok \" 1 .
Pln;,k) = ( 5 )(l+n/k) G +a/xfE " (21)

This NegBin distribution has two free parameters: i , which denotes the mean charged
multiplicity < nc, >! and the (non neccessarily integer) parameter k, which afiects
the shape (width) of the distribution. The dispersion (second central moment) of a
NegBin is given by

D? = 1 + f%/k (12)

The observed widening of the normalized multiplicity distribution with increasing
energy is connected to a decrease of the parameter k with energy, as shown in fig. 12.

It may be recalled that k=1 in the NegBin leads to a geometrical (single-cell Bose-
Einstein) distribution. For any integer value of k formula (11) leads to a generalized
Bose-Einstein distribution, as used already in 1923 by Planck [33] to describe the
number of identical photons coming from k independent phase space cells.

UAS has found non-integer k values for the NegBin to fit muitiplicity distributions
best [32], with the binomial coefficient in eq. (11) written as

n+k+1) (a+k~1)...(n+k-1~(r-1) _ k(k+1...n+k—-1)
n N n! B n! )

(13)
It had been remarked {34] that in the case of very high energy, such that the average

multiplicity becomes large (fi = k) the NegBin can be expressed in terms of scaled
quantities 2 = n/f and fiP, like

&(z,k) = = i k-1 ~ks
(z,k) = 6P, ) g5 leks (14)

‘Henceforth we will not distinguish between 8 and < ngp, >
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This asymptotic form (14) obviously requires constant k=' for KNO scaling, such
that the NegBin (11) is the correct form at current energies, to waich a KNQ-like
scaling would appear as an asymptotic approximation |34].

At highest current accelerator energies (/2 = 900 GeV) an asymptctic region has not
been reached, as shown by the UA5/2 data {19], see fig. 12. The shape parameter k
is still changing with energy. One obtains

k'=2+bhv (15)

with a = —0.104 + 0.004 and b = 0.058 + 0.001 (s in GeV?).

Furthermore already in a previous publication of UAS [32] it was concluded that
the ‘observed’ KNO scaling in the c.m. energy range between 10 and 6C GeV was
‘accidental’, as in the C, moments, eg.

1

k L4
whose energy independence would be equivalent to KNO scaling, the term (1 + {)
numerically dominates: The variation of (} + }) with c.m. energy is shown in fig.

13, where the fortuitious approximate constancy of 43 = C3 — 1 at the FNAL and
ISR shows up.

There tao new data points at /s = 200 and 900 GeV are added, which were obtained
by fitting negative binomial distributions convoluted with the UAS acceptance matrix
to observed charged multiplicity distributions {19}, see fig. 14.

Hence, the multiplicity distribution turns out to be governed by the nezative binomial
distribution (11), whose parameters fi and k are smoothly varying v.ith energy in
a range of two decades (10-900 GeV) c.m. energy, confirming the result from the
first collider runs at /8 = 546 GeV on the violation of KNO scaling [30). One
might conclude, that up to now KNO scaling never was valid rather than calling the
observations a violation of KNO scaling!

In conclusion, the negative binomial distribution, replacing KNO scaling, provides a
new basis for predicting multiplicity distributions in hadronic interactions at higher
energies.

C; = l+(‘li+ (16)

2.2.1. Physical Interpretation of the Negative Binamial Distribution

Originally the NegBin was reached assuming stimulated emission of identical bosons
by k identical phase space cells [33]. For a2 translation of this picture into high energy
physics the condition of k being integer is quite unpleasant, as k has been found to be
generally non-integer, varying smoothly with the energy available, and furthermore k
is showing an energy dependence (eq. (15)) oppasite to what seems natural from the
above idea [19,32].
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Before Collider data arrived, however, in the framework of stochastic cell mode<ls
related interpretations of the NegBin and its shape parameter k have been advanced
|35}, which called for integer k and k to increase with energy.

Data from the Collider demonstrated the broadening of the multiplicity distribution
with rising energy, independent of the framework of the NegBin, i.e. not involving
any physical interpretation of the shape parameter k of the NegBin so far.

2.2.2. Superclusters

Recently a way was found to overcome the interpretational difficulties of the exper-
imental result of k being non-integer and decreasing with energy, the idea of super-
clusters |36,37): One assumes a fluctuating number c of independent (super-) clusters
with a Poissonian distribution per event, branching into fluctuating numbers m; (log-
arithmically distributed) of particles per cluster; such that

n = Em; and & = f-T, (17)
i=1

rendering the desired NegBin for n.

The average number of clusters € and the average cluster size i are related tc t!.»
parameters fi and k of the NegBin by |36

m = fft and € = kin(1 +“ﬁi). (18}

The average number € of superclusters and the mean cluster size 1 are shown in fig.
15, plotted versus the c.m. energy.

Surprisingly the average number of (super-) clusters seems to reach a constant value
{about 8), at about the energy (/& = 60 GeV), where the ’accidental’ KNO scaling
ceased to hold. The further increase of the total charged multiplicity then seems to
be provided by an increase of the average cluster size, only. Why does the number of
super-clusters saturate, and why does this saturation occur at the exquisite number
of 8 primary clusters?

First referenced in 1713 {38] {based on gambling) negative binomials have been known
and applied in biometrics since long. Two schemes have been developped in the
application of NegBins in biometrics more recently:

The NegBin (11) has been derived in risk theory. An illustrative example is giver
in [39]: The frequency distribution of accidents occurring to women working oa the
manufacture of shells was found not to be described by a single Poisson distribution,
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but rather by a superposition of mdividual Poisson distributions, with the condi-
tion of the mean values of the individual Poissons following a Gamma-type distri-
bution. The working hypothesis supposes that the individuals investigated differ in
their *proneness’ to the attribute under study, represented by different parameters of
the individual Poisson distributions [40].

Mathematically such a mixture of Poisson distributions, with their mean values ac-
cordingly distributed (Gamma-distribution) is equivalent to a negative binomia! dis-
tribution, cf. [39]. ’

Elsewhere, in counting problems in biology (more precisely in bacteria and colony
counts), it was found in 1948 {41}, that if the colony counts c followed a Poisson dis-
tribution and the numbers m; of bacteria per colony were logarithmically distributed
the total bacteria counts were distributed according to a negative binomial.

A proof of this conjecture was first given by Quenouille in 1949 [42], relating the
parameters fi and k of the nezative binomial (11) to the average number € {of colonies)
and m (of bacteria) under the above suppositions in the same way as applied to particle
multiplicities in high energy physics now [36,37], see eq. (18).

3. Forward-Backward Multiplicity Correlations

From the foregoing results on multiplicity distributions at the Collider, and the fact
that the dispersion of the NegBin, see eq. (12}, is larger than the dispersion of a pure
‘Poisson distribution (for which D3 =< n >) for any finite value of the parameter
k, one may conclude onto the presence of correlations in the production of chzrged
particles. Also, the investigation of correlations may provide a deeper understanding
of the dynamics of multi-particle production.

Forward-backward multiplicity correlations appear as the easiest way to access cor-
relations in the particle production. Defining ng and ny as the number of backward,
resp. forward going particles, such that ng = ng + ny, one has found experimentally

<ng(ng)>=a+b-of . {19)
where the slope parameter b is equivalent to the linear regression coefficient

be cov(ng,np) ' (20)

V/var(np)var(ng)

In order to decouple the two regio~s (forward and backward) from the (trivial} effect of
resonances emitting their decay praducts into either region simultaneously, 2 central
gap of 6y = 2 was introduced. Fig. 16 shows for the 900 GeV data the average number
of backward going charged pariicles < ng(ng)} > versus the number of forward going
particles np. For the slope parameter b a value of 0.51 + 0.03 [43] was obtained.
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This result proves the existence of long-range correlations. Fig. 17 summarizes the
results on the correlation parameter b at ISR [44] and Collider [43,45] energies. Still,
the correlation parameter rises about linearly with the logarithm of the c.m. energy,
reflecting quite strong correlations at Collider energies. :

3.1. Correlations and the Cluster Model

Formally, for each ng there exists a f,(np) distribution and its moments. It can be
shown [45] that the following identity holds for the correlation parameter b:

iD} - < di(oyp) >

(22)

For the physical interpretation of the correlations observed different assumptions may
be distinguished. In the case of independent single particle production, i.e. having a
binomial distribution with p = 1/2 for a particle to fall into either hemisphere, one
obtains di(ng) = p(1 — p)ng = 1/4ns, and with the measured values of < ns >=
16.0 £ 0.2 and Ds = 8.8 2 0.1 (for a &n = 2 gap at 540 GeV [43), thus b = 0.66, in
contradiction to a measured slope parameter of b = 0.42 + 0.01.

If instead inpendent production of clusters (groups of particles, possibly including
resonances) is assumed, with a fixed cluster size k, one would get d2(ny) = p(1 ~
p)kns = 1/4kng (thus increasing b), or

k=4di(np)/ns . - (22)

This picture is still unrealistic, as the cluster size may vary, at least due to various
decay multiplicities of known resonances. Under the assumption of clusters of mixed
size the cluster size k in eq. (22) turns into an effective cluster size kg (46]

ks =<k > +var(k)/ <k> , . (23)

which is a function of the first two moments of the (unknown) cluster decay multi-
plicity.

This quantity 4 d2(np)/ng = k.q is plotted in fig. 18 for different c.m. energies and
different spans An of the pseudorapidity intervals considered, in dependence of the
overall charged multiplicity ng in the intervals considered. It appears that, provided
the multiplicity ng is large enough as well as the interval An, the effective cluster size
saturates at kg = 2.5, also independent of the c.m. energy. As for smaller intervals
and/or smaller multiplicities the relative probability for clusters to emit pariicles
::ﬂtside the control regions (leakage effects) is enhanced, naturally smaller values for
emerge. .
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The curves in fig. 18 represent the resuits of Monte Carlo simulations, based on

independent cluster emission (UAS5 Cluster-Monte-Carlo |2]). There for the charged

cluster decay multiplicity a truncated Poisson distribution was input, with < k >~
. 1.8, resulting in ko = 2.6.

This result ties in with the conclusions drawn from the analysis of two-particle pseu-
dorapidity correlations [47] at /& = 540 GeV and also with earlier ISR results |48},
where compatible values for ks were obtained.

4. Search for Unususl! Phenomeps

Cosmic ray physics have provided a variety of unexpected - from the viewpoint of
extrapolating the behaviour of the hadronic interactions from ISR results known ther -
phenomena, as the so-called Centauros, Geminions and Chirons {49], at beam cnergies
around 10'4eV. One major motivation to perform the UAS- and UAS5/2-experiment
|1,50) was to search for these suggested phenomena under "laboratory conditicns’ in
a similar energy range. Eapecially the Centauro hypothesis deserved attention. From
the signature of events recorded in a two-storey emulsion chymber (Mt. Chacaltayz,
Brasil-Japan Collaboration [51]) the presence of a sizeable fraction of photon-poor
(compatible with no photons at all) and high multiplicity (possibly baryon-rich) events
was inferred, with considerably bigger mean transverse momentum.

At /8 = 540 GeV both the UA1 and the UAb-experiment [52,563] reached a negative
result in the Centauro search. The cosmic ray data could however be interpreted to
suggest a threshold for Centauro production just above that Collider energy [54). This
led to the propasal of raising the Collider energy to the equivalent of Eg = 430 TeV,
where the Centauro signature, if genuine, should occur at a frequency of 5-10% [1).

In our detecting system (fig. 2) such an event-type would materialize in evenis having
reiatively big signals in the calorimeter, preferentially in the deeper "hadronic’ layers
of the calorimeter (caused by neutrons and anti-neutrons of high transverse momen-
tum), and showing few or no photon shower initiated tracks in the streamer chamber,
especially in the upper chamber, where the photon conversion probability is enhanced
by a converter plate!.

From a detailed analysis of the UAS5 data at /8 = 900 GeV [55] along these principles
upper limits on the Centauro production were obtained, shown in fig. 19, heing
typically in the order of a few per thousand inelastic events.

In conclusion, no evidence for the existence of Centauro-like events has been found a*
the SPS Collider, suggesting either a threshold still higher, or alternatively that the
Centauro phenomenon is an observational "artefact’, to which accelerator detectors
might be less susceptible [55|. However, if the observed Centauro events were not

1 Effective thickness of the converter plate, placed between the beam pipe and the upper streamer
chamber, is 0.4 radiation lengths for tracks with [y] < 3.6.
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caused by nucleon-nucleon collisions (but by some exotic object), laboratory experi-
ments are not expected to see the phenomenon.

5. Summary

In this review of recent UAS results from pp-interactions at /s = 200, 546 and 900
GeV, obtained at the CERN SPS Collider, the following points were discussed:

o From the measurement of the ratio of the inelastic cross sections at /s = 200
and 900 GeV for the total pp cross section «: 900 GeV a value of 65.3 £ 0.7+ 1.0
mb was determined.

o The investigation of single diffraction dissociation showed that at the Collider the
single diffraction cross-section appears to be about 5 — 8 mb, being only weakly
energy dependent.

¢ The hadronization of the difiractively excited system preferentially proceeds ac-
cording to pr -limited phase space, rathar than by an isotropic fireball-like decay.

¢ Violations of the KNO scaling are well established. The multiplicity distributions
can instead be parametrized by negative binomial distributions, whose parame-
ters smoothly vary with the c.m. energy.

¢ Besides strong short range correlations in the particle production, which appear
to be energy inpendent as far as ISR and Collider energies are concerned, the
analysis of long range correlations revealed a linear increase of the correlation
strength with the logarithm of the c.m. energy.

¢ The findings on correlations strongly favour the independent production of clus-
ters (of mixed size) of particles, giving rise to multi-particle production. For the
effective cluster size, which is defined by the first to moments of the cluster decay
multiplicity, a value of about 2.5 charged particles is estimated.

o There is no evidence for Centauro events up to /s = 900 GeV.
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CYGNUS X-3 AS EVIDENCE OF NEW PARTICLES,
KEW_IFTERACTIONS OR EXPERIMENTAL ERRORS?

Maria Giler
Physics Institute,University of Iéds
Poland ’

The discovery ?g Cyg ¥-3 as a Galactic source of very high
energy quanta /10'2 = 10 6"ev/ inducing in the Earth's at-
mosphere extensive eir showers® has been causing a great in-
terest among cosmic ray and alsc elementary particle physi-
cists. The re?’?on is that for the first time a confirmed
cosmic sourceof particles of such a grzat energy has been
jdentified. Moreover, all the existing experimental data on
Cyg %-3 are non compatible with any known particle traveling
from that source to us, neither with their expected inter-
actions extrapolated to high energiea.

Cyg X=3 is a binary object on the edge of our Galaxy,lying
some 10 kpc away from the Sun in the Galactic plane. It is a
strong X=-ray source displeying a periodical change of the in-
tensity /the period being ~ 4.8 hours/ usually interpreted as
a result of the orbital motion ¢f the two compoments, It is
observed in redio waves /where it exhibits strong outbursts
with unexplained period of~367 days/ end in the infrared red-
iation where the 4.8 hr period is seen.

Measurements at higher energies are less consistent with
each other. Some of the balgon and satellite mirasions de-
tecting Y -rays et 10° <= 107 eV do see Cyg X-~3 ™, some of
them don’t W, It is plausible that at lzast some of these
differenciea might be attributed to the variability cf the
source over the time scale of years or even months.

Here we shall be concerned with the interpretation of the
experimental results at the highest energiss, corresponding
to the energy of the primary quante EX10'¢ eV, There are two
sets of that data based on
1/ surface detectors registering 12

a/ Cherenkov light produced by small /EX 10" “ eV/ electro-

megnetic cascades which themselves die out high in the
atmosphere,

b/ extensive air shower arrays /B2 10!% eV for sea level/

and
2/ deep underground muon detectors with the typical muon
energy of the order of several hundreds GeV.

The identification of Cyg X-3 was made hy the observation of
sn enhancement of events coming from its direection and /or by
a nonuniform distribution of the events in the phase plot for
the 4.8 hr period/. Most experiments identity this source by
the second method becsuse, as it turns out, the excess events
are concentrated in a rather narrow phase bim. However, in
the first observation of Cyg X=3 by the extensive air shower
arrey in Kiel both the enhancement of the shower counting
rate and the nonuniform phase distribpution was seen /fig 1
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and 2a/, The angular resolution of the shower arrival direc-
tion was better than 19, due to a large number of scintillator
detectors measuring the delays in detecting the shower front,
An interesting thing is that Cyg X-3 was seen only in the
shower sample with broader lateral distribution of particles
/age parameter s> 1,1/ = as one Yguld expect for showers ini-
ciated by high energy /E> 2 x 10'2 oW/ y_raye. This is an
imposing idea that the quanta producing“showers in the ate
mosphere are K-raqs but it meets with a very serious diffi-
culty., The Y -ray induced showers should produce much less
/~ 10 times/ muons than the normal showers induced by strong
interacting particles /protone, nuclei/ - whereas the muon
content in the Cyg X-3 showers shows practically no indica-
tion of being smaller ),

The Kiel observation was coafirmed shortly later by the
Haverah Park air shower array ). The phase analysis of the
showers coming from Cyg X-3 direction shows an enhancement
of events in the same bin /0,2 - 0,3/ as in the Kiel experi-
ment although the time averaged flux is seme 5 times lower
/fig 4/. Further air shower and Cherenkov technique experi-
ments displayed nonuniform phese distributions but the phase
of the maximum was about 0.6 rather than 0.2. Fig 2 shows
examples of the data obtained mainly in 1984 /appart from
the last histogram produced from 1981/82 data/. A compilation
of the phase analyses from many experiments in different en-
ergy ranges is presented in fig 3 where positions of the
phases of highest peaks are marked. It can be seen that the
phases are grouped around two values 0.25 and 0.6, the prefer-
able phase for later measurements being rather C.6. The sta-
tistical significance of the peaks exceeds 4§ in many ex-
periments. However, the primary ¥ -ray energy spectrum drawn
in fig 4 shows a fat.her large scatter of the data, particu-
larly for EX10'4 eV. Some of the discrepancies may be at~
tributed to the uncertainties in the primary energy determi-
nation /which are not sho.m on the graph/, some might be due
to the variability of the source, some of course are caused
by systematic errors. Nevertheless the overall shape of the
observed integral spectrum can be roughly described by a
power law ISE/~E”®with ¥« 1. This is much flatter than
the cosmic ray particle spectrum for which ¥ = 1.7 in that
energy range. It also implies that the energy content in the

~ray flux is the same in any constant logarithiic inter-
vel of energy. Thus the flux must steepen or cut off some-
where. Moreover if one wants to calculate the energy spectrum
at the source the X -ray interactions 1.? the interstellar
space must be takef into account. At 10'7 eV the mean free
path for pair production on the microwave background radiation
reaches its minimum and is about equal to the distance to
Cyg X=3. So the source spectrum may be even flatter. Fig 4
shows a hypotheticsl source spectrum with % = 0.7 chosen so
to fit the Kiel observations after abaorption correction.

As it was slready said Y -rays from Cyg X~3 should not pro-~
duce meny muons in the Earth atmosphere. So it was quite puz-
zling when within a short period of time two groups reported
opserxa ions of high energy muon fluxes from Cyg X~3 direc-
tion ®), These were proton decay experiments located deep under-
ground which in addition are well suited for measurements of
high energy muons produced by cosmic ray particles. However
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other experiments have not confirmed these resultam. Fig 5
shows phase distributions of muon events for the two positive
results together with one ofthe negstive ones, obtained with
a large muon detector in Baxan /Caukasus/, The ststistical
significance of the latter is much better tham the others,
partly due to lower energies. ¥hat slso is important is that
the NUSEX deta correspond to a rather large declination and
right sscension interval /both 10°/ around Cyg X-J position
chosen so to maximize the signal, although the angular uncer-
tainty of muon arrival direction was about 1°. Moreover the
Soudan | data represent the events coming from the dirsction
shifted by 2.,7° in declinstion from Cyg X~3 position. Thie was
also chosen in such a way to maximize the signal in the phase
plot,although it is less than the estimated pointing error.

Ii‘ the observed muon enhancements were really due to some
particles from Cyg X-3 then they are in conflict with the

-ray hypothesis by several orders of gnéudf. The muon
flux from the Soudan experiment is 7.10"1Tem™4s=! for E,> 650
GeV which is the same as the l-rax flux of that energy /fig 4/
The NUSEX flux is not so drastically high but ¥ -rays of the
intensity from fig 4 would also not produce it.” However one
should keep in mind that the source may be variable and di-
vergent results of different groups might be at least partly
due to it.

A very rough model for the high energy ¥ —ray production in
Cyg X-3 is the following'®, A compact object /probably a pulser/
and a rather low mass normal star are orbiting around esach
other with the 4.8 hours period. This corresponde to the dis-
tance between them of the order of solar radius. XI-rays are
produced by the matter falling from the companion star into
the deep gravitgtion potential well of the pulsar, heated to
temperatures 10/ ~ 1 K. The quickly rotating pulsar is pro-
bably the site ?f the acceleration of protons to the energies
up to about 10! V. These protons produce Y *s in the star's
atmosphere /by m9->2)/, which shielda the pulsar twice during
one period. Phase zero corresponds to the minimum X=-light so if
it means that the pulsar is then behind the ster we should ex-
pect the x -ray pulses at phases somewhere in the regions
Oel = 0,27and 0.8 = 0.9. The observed aituation is different
/phases~ 0.25 and 0.6/. Particularily phase 0.6 corresponds to
the s2ituation when the pulsar is in front of the atmosphere.

A very interesting possibility to determine the pulsar’s
orbit arises by measurements of the derivative of the pulsars
own period of rotation. The only observation of the pulsar’s
period was reported recently by Chadwick et al™, They observed
the Cherenkov light flashes, corresponding to primary X ’a of
1000 GeV, being periodical with 12.59 ms. So the pulsar may
serve 8s a clock and due to the Doppler effect its own period
should vary with the orbital phase. The data gives negative
derivative at phase around 0.6 implying this being a rear part
of the pulsar’s orbit - in contrast with the simple model de~
scribed above, but in agreement with the Y -~ray peak for that
phase. So the model of Cyg X-3 must be different and there ure
several attempts, assuming e.g. eccentricity of the orbit and
or asymmetric gas distribution, trying to fit the data.
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What in fuct%ost disturbing for elementari particle and
cosmic ray physicists is the nature of the arriving quanta and
their interaction in the atmosphere. The particle must obviously
be neutral = otherwise it would be deflected by gelactic magnetic
fields from the streight line direction. We have alresdy ex=
plained the problem with the photon hypothesis = there are to
many mucna /almost an order of magnitude/ in the extensive air
showers. The photoproduction cross—section at ~ 10’7 eV wogld
have to be comparable with the nuclear one which meens in-
crease by two orders of magnitude in comparison with 10'' eV,

The very large distance /2 35 000 light years/ excludes neutron
as a particle Ygich would produca the muona. The neutron energy
should be 2 10'9 eV for its life time to be equal to I.ge travel
time but the primary energy of the showers is<2 x 10'® eV.

If neutrinos were the primary particles then their interaction
cross-section in the atmosphere should be greater by about six
ordera of magnitude from what,is expected from its linear rise
with energy, implying 6y ~ B®*. If neutrinos had norzal cross-
-gection and produced underground muons then the signsl should (6)
not change with the zenith anil.e = contrary to the observations'’.

The duration of the signal At provides an interesting in-
formation sbout the particle mass - the relative time dispersign
of particles with the energy greater than B is At/t~46(u/E)*,
where ¢ lés the travel time. IfA t<4£0.5 hour /A = 0.1/ then
for B2 10'¢ eV the particle mass must be less than about 100 MeV.
Moreover if the observations of Cherenkov light pulsing with the
12.59 ms period are real then the upper limit for the mass is
much smaller - m40.) MeV. This puts severe limits to various
exotic hypotheses concerning the nature of the particle. There
has been suggested that the compact object might be a quark star
rather than the neujron star and Cyg X-3 would emit bits of
quark matter. They would produce showers with enough muons but
their masa would be to large to give a short signal.

The assumptions that the primary particles are the super-
symnetric ones /e.g. photinos/ meet with one common difficulty.
They would imply a gigantic emissivity of the source. If we as-
sume that the primaries are Y -rays ‘.ga inferr¢d.emissivity is
already extremely large = Ly /Ey>10'%eV/ = 10° ‘erg/s /if it is
1sotrop“lg/. The emissivity in high energy ent protons
/Ep> 10'® eV/ would then amount to about 10/7erg/s if one allows
for the inelasticity coefficient Kqo = 0.13 and the fact that
§.’8 are observed during O,! frection of the period. This frac-
tion may be even several times smaller increasing the total
emigsivity by the same ffgtor. It is difficult to assume that
protons of the energy 10°° eV produce supersymmetric particles
instead of st°’s but the smcller is the fraction of these par—
uclgggthe larger would be the inferred total emisesivity,

L1 erg/s is already almost two orders of magnitude greater
than the energy input rate nee“d to fulfril the Galaxy with the
cosmic ray intensity for B> 10'% eV as observed at the Earth.

It is only few times less thg what is necessary for all the ob~
served cosmic rays with E>10° eV. If this large emiasivity is
transient that would relax the above discrepancy but we must
then be quite lucky in observing an object like Cyg X-3 at all.
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In concluding we would like to underline a rather low ste-
tistical significance of the two underground experimenta
claiming to observe high energy muons rrom Cyg X-3 direction.
If these are statistical fluctustions or some detection biases
then the photon hypothesis seems to be the best. However the
large muon content in the showers still remains to be explaineds
Further measurements will hopefully clear out the whole pheno~
menon if only Cyg X~3 does not fade awsy.

The author wishes to thank prof.Jerzy Wdowczyk for meny useful
diascussions.
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MEASUREMENT OF ELECTROWEAK EFFECTS IN ete~ ANRNIBILATION

D. B. Saxon

Rutherford Appletou Laboratory, Chilton, Didcot, Oxon 0OX11 O0QX, UK.

ABSTRACT
Electroweak interference effects in ete™ + leptons have been measured
to an accuracy of about 5Z. This allows for accurate comparison with
theory, and the differences hetween theoretical schemes are discussed,
together with the sensitivity of limits on deviations from theory to
normalisarion systematics. The weak coupling is seen in the hadronic total
cross-section and the Z° propagator in leptonic forward-backward
asymmetries. The weak isospins of heavy quarks have been measured,
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1. INTRODUCTION

The first significant measurements of electroweak interference in
ete” + utu~ were made in 1982 [1-3]. Since then the field has evolved
rapidly, with very high statistics (total 567 pb™') available at
s = B4l GeW from PEP, and 1B0 pb™} of high energy data at PETRA, up to a
maximum 8 of 2188 Gevi (Vs € 46.78). Present running at PETRA is
concentrating on a large improvement in the statistic at Vs ~ 35 GeV, where
there are some discrepancies from theory. The development of the study into
its modern forn can be seen In a number of reviews [4—7]. This_report is
written as an updating of a previous work by the same author [7].

The increase in experimental precision has been matched by
sophistication in theoretical treatment. Full one-loop radiative
corrections are needed to match the 5% accuracy of measurement of the
interference ten, both pure QED O(a3) and Z* self-energy, Y~-2° transitions,
and double Z°* and WY~ exchange. This introduces a dependence on the
electroweak scheme, as we now discuss.

2.- WEAK NRUTRAL CURRENT PARAMETERS

In the theory as developed by Glashow, Weinberg and Salam [8-10], the
fermion vector and axial weak neutral couplings are related to the third
components of the weak isospins of the fermions.

g = Talf) - Typ(h)
g = Ty () + Typ(f) - 20gstre,
The fermions are members of left—handed doublets and right-handed

singlets, assuming the existence of a top quark. The couplings obtained are
therefore:

Permion Qg el o e (atn?e = 0.22)
e,u,T -1 - - &-+ 2sin?e - 0.06
v.c,t +% +4 +4 - 4atn2e + 0,21

d,s,b -4 -4 -4+ dein2e, - 0.35

The lowest order diagrams for e*e™ + £F are shown in Figure 1, with
intermediate virtual vy and 2°.

For final states other than e*e™ + e*e™ we define the ratio of the

total cross-section to the point-like pure QED cross—section for
ete” + pt~

Rep = X‘:sz - 20p8Seinex + (2f + g8 (el + g x|?
The angular distribution is of the form

1+ %ACOIB + cos?g)
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Pigure 1 Lowest order Feynman graphs for e'e” + ff. The sua (for hadrous)
rune over colours.
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Lowest order cross—section, normmlised to pointlike QED, plotted

agiast -m’e'. (a) e*e™ +» p%y~. (b) e*e” + hadrons (5 flavours, ignoring
QCD effects).
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where ® 1is the cm scattering angle between the initial state electrom and
the finai state fermion. Thus we define the forward-backwsrd asymmetry

A = g~ Qesainec + 205aSelacl |}

. The Z°-propsgator is contained in y. This can be formulated in two
ways. Conventionally one follows Veinberg and Salam {9,10,11]

P G . e
2w 8 - % + fml

In this case there are three free parsmeters (p, Gy, ainle'). The
charged weak couplieg, Gg, is ohtained from y-~decay, and the Higgs mechanisz

18 used to relate this to the weak neutral current, via the parameter p
(p = 1 in the simpleat case), and - - I'Ipeod'.

X -

However, given that the Z° has now been diacovered, it hes been pointed

out by BStm [ 11] that it s perhaps more econcmical of theory to follow the
original Glashow formalism and write

X

1 o $
Aun%‘:o-ze. .- % + imr
) In this csse there are two free parametsrs (n' and -mze,,) [10,11] .
Given the Z° masa, the Beinberg angle then meagures the strength of the weak

neutral coupling. There is no link to charged currents and hence neither p
nor G!. occurs.

We shall snalyse the data both waya below, and also compare the weak
one—-loop corrections in the two schemes.

imﬂlninl the formulae for ‘fi and Agy we notice some simplifications
at PETRA/PEP energies. The terns in lllz are negligible. Weak neutral

curreat effects therefore enter only through their interference with the
electromagnetic current. The crose-section is sensitive to the vector
coupling ﬁé, vhich is very small ?ecanu -1-10. is close to £, and the
ssymmatry to the axial coupling ggx;. The signs of g, sod g, are not
measurahle, nor ie the relative sign, so. that one is not sensitive to parity
violation. We shall look at these topics in turn.

3. LEPTONIC CRORS-SECTION NEASUREMENTS AWD THEIR INTERPRRTATION

. Tigure 2(a) sh the depend on sin?8_ of the u-pair crosg-section
at Y& = 30 and 40 GeV. N, depeads on g. It is therefore very close to
the QED value for sin?8, = 0.22. The extraction of sis8, from total
crose~section is fraught with difficulty. If one messures Ry too high, a
value of sin’8, = 0.25 with s small “error” ia found, apparently
satisfactorily. If one messures u too low, two solutions are found for
sm?e', both far from 0.25 and with large errors. This is in fact the major
.problem comparing to GClashow's theory (Sectiom 7 below). Measurements of

y and L. are shown 1in Figure 3 [1-3, 12-16]. Becanse of the’
insensitivity to m#e. one traditionally adopts another approach, to fix
the electroweak terms at their standard value (or zero) and to look for
deviations from QED in terms of cut—off parameters (or photon form-factors)
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o significant devistions from QED have been reported. 95X confidence
level lower limits on Ay, based on dsta above 40 GeV are as follows. ¥We
also show a high-precision nummber based on 29 GeV (HRS).

Ed

. 951 CL Limits (GeV)
Finsl Stste Experisent

Befereace
Ay Ao

ete” JADE 267 200 14
MARK J 165 235 17

BRS 154 220 29

wh- JADE 230 245 14
MARK J 238 174 17

HRS 172 172 29

L 5 ot Jabe 285 210 14
MARK J 235 205 12

. 92 246 18

(See Reference 19 for a summary of earlier work)

One must be cautious against taking such values too seriously, for
three reasoms:

a. The errors on A, snd A_ are very asymmetric and embrace infinity.

Making a substitution K = 1/A2 (K> 0) and K = -1/A_2 (K < 0) ome
sees thst Gaussian experimentsl errors om lead to Gaussian

errors on K. Since K = 0 is always within t‘ne experimental limics
the errors on Ay become singular !0].

The formalism is very specific about the form of any uew theory.

In particular a QED cut—off of 200 GeV is quite consistent with 2
Z° mass of 83 GeV.

c. The experimental error bars should be treated with care. Almost
all the published results lie with lo of 1,0. This can, of
course, be the result of proper caution by the experimenters, but

it means that combining them to arrive at a cutoff parameter can
be migleading in either sense.

QED cutoff parsmeters are a useful expression of ignorance but beconme
out—dated when a deviation from QED is seen.

4. LEPTOR-PAIR ASYMMETRIES. LEADING ORTER AND OBE-LOOP CONRECTIONS

The forvard-backward asymmetry is given by

ACEE) = —%:—fhx * caea

For s << I"'z this 1s alwaye negative. At Vs = 35, =, = 93,
.1n26, = (.22 the Glashow form gives
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Alpp , tt) = -.090
A(c?) = =135
A(bB) = =,27 wvhich becomes -.25 after
corrections for finite mass (factor 28/(3 =~ #2) = 0.92) and QCD corrections
[21).

In comparing L1~ final states data with theory one must always nake
radiative corrections. (This was already done in the cross-section data
presented in Section 3 above.) Every theorist knows that it is impossible,
1n principle, to distinguish the 1~ finsl state from t¥2~ + soft or
collinear photona. Every experimenter also knows this also for different
ressons. What one does therefore is to make & cut at a position of one's
choice, count those events within the cut and correct the theory
accordingly. Figure 4é(a) ahows as sn example the acollinearity angle
distribution of the final state u-pair, defined as shown, for events jwith

> 4 E(besm), compared to QED predictions following Berends and Kleiss
mZ] (Data from Mark-J [12].) A cut 1s wade at £ < 20°. Everything at
E < 20* 1a called i~ and everything at € > 20° 1s called u*t™X. The

correction, 8§, 18 shown in Figure 4(b) for various values of the cut §,
where ’

Feiy,) = HFeHa+o )

" The corrections alter both the normalisation and the sgymmetry.
Initial state bremsstrshlung, for example, lowers the effective cm energy
and hence increases the cross-section. The asymmetry arises because of
0(a?) interference between the leading diagram (0{s2)), which leada to a
final atate (E™~ + unresolved vs) with C = -1, and diagrsms (0(a*)) with
‘C = +l. (See Figure 4(c).) The pure QED ssymmetry is positive (ie opposite
in sign to the electrowesk interference) and ~ 1%, depending on the cuta.
In all the work presented here, QED corrections to 0(a?) are made to the
data before they are presented. This is s reasonable procedure as the
magnitude of corrections depends on the experimenters' cuts.

The calculation of the weak one-loop corrections was clarified by Bohn
[11]. It in:ludes corrections to the Z°® propagator, Y - Z transitioms,
vertex correciions, and diagrams with two Z* exchanged or W' and W~
exchange. At Vs = 34.5 the corrections have been cslculated by Wetzel in
the Weinberg-Salsm scheme [23] . The Boru term asymmetry is ~9.23X snd the
one-loop corrections +0.60%, leading to a one-lgop corrected asymmetry of
-8.631. Brown et al [24], Berends et sl {25] and BSbm and Wollik [26] have
made calculations on the Glashow scheme. They find s Borm term asymmetry of

~8.65%, one loop currections of +0.05% and s one—loop corrected value of
-8.60%. . ’

In the early days, comparison was normally made to the data.after 0(a3)
QED correction to lowest order Weinberg-Salam. This ie wrong, and
aislesding 1f one tries to reconcile resulting n, values with collider
measurements [ 27]. A consistent spproach can be made 1f one uses either
scheme at the one~loop corrected level (the difference is beyond

experimental sensitivity) or, for the simple minded, the Glashow scheme in
lovest order.

It has recently been advocated by Cashmore et al that onc should make
comparison of theory and data after making order a3 corrections to 2°
exchange diagrsms within the Weinberg-Salam scheme [ 28]. Whilst this is
clearly a self-consistent picture, it does not sllow resdy comparison with



for pp canddates with Bup™ 05 P

207

acollinearity angle

Pigure &
from MAKK J.
acollinearity cuts.

m‘
Qas
a2
(0] =3
'; NE:
% 5
£ aml
€ wl
8 F
ooosf
o002}
Qanm
W-p-6-4-2 0 2 4 6§ MY
cos®
Figare 5 (a) Differentiasl cross-

section for e'e”
(b) Divided by acandard model
predictions st 29 GeV.

(c) Divided by QED at 43.6 GeV.

+ ete” (from [6]).

e 14
-0 e
-w - L as »
cmd
arves

(a) Acollinearity distribution cowpared to QED predictions.
(b) Radiative corrections as a function of cos® for different
(c) Disgrams contributivg to 0(a3) QED caleulation.

H

o ~
2 )34

1T ¢

LIT

Tad

Deta

TilirvrTryrrervee

TTYTY

HRS

QED
1t

-~

- 4
S ST A ARERE LA

ol o s aaala

0 0s
cos B

M St o e e e p

- TASSO
: 5:‘35&’:
,'{ iz__ %D l_!_‘--_-
EREREAT ]

- Standard b
- Model B
P DR TP TN BRI P Y | B
08 -04 1] ("3 as

cos 8



208

the Clashow acheme and so we have retained the approach of the previous
paragraph.

S. RESULTS ON LEFTONIC FIRAL STATES

Figure 5 shows results on Bhabha scattering at high energies. The
dominance of the forward pesk due to one photon exchange is clearly seen.
Ye also show the results divided by QED and standard model predictions.
Because of the tun exghange term, the angular distribution is
sensitive both to « The highest statiatics ™~ and 1™~ results
from MAC, shown in Figure 6, together with the highest energy JADE data.
The 0(a3) corrected ug and t%r™ asymmetries are as follows:

phe- )

Expt To(Ga¥) Woores Ay (x) Theory (one loop) Ref
MAC 29 16058 -5.9% 7% ,2 - 5.9 39
MARK 2 29 5312 =7.1¢% 1,7 - 5.9 30
HRS - 29 5057 -49%1.5% .5 - 5.9 29
Average 2y -5.9% 0.6 - 5.9
celLo .2 'y} - 6.4 % 6.4 - 8.5 13
MARK J 34.6 3658 2 -11.7% 1.7 % .5 - 8.8 12
JADE 3.4 3400 ~11.1% 1.8% 1.0 - 8.7 1
PLUTO 34.7 1550 ~-13.2t 2.8 ¢t 1.0 - 8.9 16
TASSO 34.5 2673 -~9.8% 2.3% .5 - 8.7 3
Average 34.5 ~11.2 £ 1.1 - 8,7
CELLO 38.9 244 ~9.3% 7.3 ~-11.7 &
JADE 38.0 22 - 9.7%5,.2 -11.1 4
MARK J 39.1 684  -10.0 % 4.1 -11.8 4
TASSO 38.3 173 +2.4% 8.6 .5 -11.2 31
Averages 8.6 -8.5% 2,8 -11.4
CELLO 44.3 576 -18.8 % 4.7 -16.2 4
JanE 43.7 1258 -19.1 t 3.1 -15.6 4
MARK J 44.1 1316 -16.0 £ 3.0 -16.0 4
TASSO 43.6 614 -17.3 ¢t 44t 5 -15.4 3

Average 43.9 -17.7 ¢t 1.8 -15.7
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™"

EBxpt  Yu(GeV) B ... A (D) Theory (ous loop) Ref
MAC 29 10i53 -5.5% 1.2 .5 - 5.9 15
HRS 29 7372 - 4.4 % 1.4 .5 - 5.9 18
MARK 2 29 3714 - 4.2t 2.0 - 5.9 30
Average 29 -~ 4.9 0.9 ~ 5.9
CELLO 34,2 43 -10.3 % 5.2 . - 8.5 13
JADE 34,6 1998 -~ 6.02%2 2.,5% 1,0 - 8.8 32
MARK J 3.6 860 ~7.8% 4,0 - 8.8 12
TASSO 34.4 350 ~4.9%2 5,3t 1.2 - 8.7 33
PLOTO 3.6 419 ~5,9% 6.8 +0~2.5 - 8.8 34
Average 34.5 -~ 6,82 1.8 - 8.8
JADE 38.0 336 +7.5% 6.3% 1.0 =11.1 4
CELLO 43,9 397 -~14.2 % 4.8% 1.0 -15.7 4,35
JADE 43,7 913 ~17.0% 3.6% 1.0 -15.6 4,32
MARK J 43,9 222 <~12.8% 7.0 % 1.5 -15.5 12
Average 43,8 -15.5 £ 2.7 ~15.6

The results are shown graphically in Figure 8, compared to
Yeinberg-Salam predictions for w, = o, and to Glashow predictions for
a - 93 and o1 0, = 0.22.

The 34.5 GeV p"" data 1ie 2.2 SD from theory, and this temnds to pull
up fitted values of p, or pull doun fitted values of u,, sway from the
expectation for m, = 93 GeV, sire_ = 0.22,

6. MEASUREMENT OF PARAMETERS

Vith p, Gp and »; as psrameters we find

G
Mo+ de .. R

2o T -e

We have combined the sbove u*u™ snd t¥r~ results and looked for finite
u, by deviations from a linear fit in the dependence of A, ouns. (See
Figure 7.) Results are, from the one-loop corrected fit
» - 73:12 GeV
or 63< m, < 101 Ge¥ (952 c1) {7)
in good agrsement with pp collider resules [27].

Using " - 93 2 2 GeV we can re-interpret the dats as s sessurement of
p and obtain
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p = 1,02% .05 wp, Tt 1-loop
¢ = 1.112 .07 uu 1-lo0p
1.03 ¢ .07 uy lowest order) [4]

or, setring p = 1 and assuming lepton universality, from e*e™; n*u~; t%r~

gz. = 0.26 ¢ 0,01

+0.07
and & = 0.083:9]

What is the significance of these results? We have seen in Section 3
that cross-section measurements in e¥e™ + p =, t %~ provide an unreliable
measure of gzv. The interference with y-exchange in e*e” + e*e™ is much more
senaitive, in the sngular distribution, to & than to g&.

The measurenments wade from the asysaetry alone give low values of m,,
or high valuves of p from p"u~. These are just two ways of expressing the
same experimental result. We should be cautious of over-interpreting the
value of p cbtained. As with a QED cut-off parameter, obtaining the
expected value provides some reassurance, but a value of p # 1 arises in
theory from a non—minimal Higgs etructure. In such a wodel the radiative
corrections would likely be different and so the precise value of p obtained
after subtraction of assumed corrections would be incorrect.

7. MEASUREMENT OF GLASHOW PARAMETERS

vith m,, 510’0, as parsmeters we find

8

A = - i unze wcos8, "2 -

The MARK J Collaboration were the first to analyse their data this way
[11,12]. Figure 9(a) shows at /a = 45 the sensitivity to normalisstion
changes. An accurate measurement of defines a locus in the (sinZO » Wy )
plane and ¢ 2% variation in normalisation allows a considerable range along
this locus. We hsve analysed data on » Reos Au and A, to obtain the
allowed regions shown in Figure 9(b). Here we have lllowed normsalisations
to move within the quoted systemstic error, but adding a term to the x2 when
this is done. Two solutions are clearly seen with g, of opposite sign.
Rowever, {f we impose a 2% normalisation change the other way the dashed
contour is obtained, with only one solution,

Bearing in mind the problens of normalisation addressed in Section 3,
we drav the tonservative conclusion that the u-pair and t-pair final states
do not allov an independent measure of m, and sin? 8, in the Glashow scheme.

If we set m, = 93 2 2, one obtains essentislly fron the strength of the
asymmetry

si8_ = 0.19 ¢ 0.016 W—gf from uu

0.20 ¥ 3:018 * 402 £ron yu, tr, ee

The analysis by Nsroska that gives these results is illustrated in
Figure 9(c) [4].
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8. SEARCH FOR PARITY VIOLATION

Parity violation 1s the best evidence for the presence of a weak- -
janteraction. To establish parity violaticn one needs to measure a non-zero
expectation value of a pseudoscalar. Lacking (to date) polarised beams, one
looks at the final state lepton helicity. In the case of t~leptons one can
use the T-decay as snalyser. The T helicity feeds into the laboratory
momentum spectrum (x = p/Ebeam) of the final state charged particle. The

decays T + TV, pv. eww, yvv have been used by the CELLO Collaboration [33]
(see Figure 12),

The final-state T helicity is given by

-G
PE) = pS%

e T T e __ 2cosh
Trvate—al) (SvEa * Ecfa

1 + cos?®

We expect g, = -0.06 and hence a very small effect.

The statistical precision 18 as yet poor and the errors span the
physical region. From the asymmetry of P(8) they obtain g‘v = 0,1 * 1.4 and
from the average and asymmetry, assuming universality, g. g, = 0.25 * 0.35.
(cf g8, = 0.07 £ 0,09 from uN DIS charge asymmetry |37|.) We conclude that
evidence for parity violatiom in ete™ + lepton pairs should await SLC
operation with polarised beams.

9. LIMITS ON THE DEPARTURE FROM ELECTROWEAK THEORY

¥ith modest (< 2 SD) discrepancies, all the above results show
‘experiments in agreement with electroweak theory. This limits the range of
nev phenomena that could contribute to £*2~ and 17y final states. We
reviev these briefly.

Lepton substructure (preons) [38] can be searched for st energies below
the preon threshold by locking for residual contact interactions. (Compare

the study of weak interactions at low energies.) The effective Lagrangian
is altered.

Legg = lewr? _"z‘znz* {npdesdy * prdptdn + Apudee i)

Ve set @2 /ix = | (by ansatz) and nyy ngp.fipy = 0, * 1 according to
one's preferred model. Limits on A, of otder Ol.% to 2 TeV in ete™ + ete™
have been presented by CELLO, HRS, JADE, MAC and TASSO. The reaction

e*e”™ >+ U~ 15 more sensitive (assuming e and 1 to have common components).

Results from TASSO are shown in Figure 11. Ome obtains 952 confidence level
lnits {3,14] as follows:

TASSO JADE

As A As A (TeV)
LL,RR 2.1 2.6 4.4 2.1
w 3.4 4.4 5.8 4.8
AA 3.1 3.4 7.5 2.3
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The JADE results are the firat to be published using data for
/& > 40 GeV. As can be seen from the figure, the VV curve is equivalent fo
a QED cutoff fit, and the remarks made in Section 3 apply again. The A
limits are, of course, proportional to the input value of g.

Excited leptons can be searched for via the coupling 2% + Ly, for which
oue seta a Lagrangian

L = Agtwogt P8 +he
(Beware of inconsistent conventions between and within experiments.)
There are three reactions of interest:
1. ete" » .l-‘l* + tRYY (e*,u* up to ’s/2)
11. ete~+ 1™ + 2Ny  (e*,u* up to /s)
111, ete” +» vy (e,e* exchange. wun(e*) > Vs)

Excited electrons and muons are excluded totally for masses below
22 GaV. For masses up to 44 GeV e+ {(and u*) are excluded for “"reasonable”
couplings A [7,19,40,41],

Rew results have been presented this year on t* searches by CELLO and
JADE [62 63] In Figure 12(a) we show the forward-back asymmetry
(cost (¥, e+)) for the reaction e*e” + t¥ry. This asymmetry arises from
the interference of initial and final state bremsstrahlung. The angular
distribution 1s compared to the predictions of a QED O(a3) Monte Carlo. A
new state would show up as an excess over this prediction at a fixed m(L7y).
The ey mass spectrum gf CELLO is shosm in Figure 12(b). The (absence of an)
excess at a fixed m(£"y) sets a 1limit on A, and results on p* and t% are
showm in Figure 12(c).

Supersymmetric leptons could contribute via reactions such as _
ete™ + B, each U decaying via i + 1¥. The photinos might be unseen or
decay ¥ * vG. The croass-section for scalar pair preduction is R(UH) = {33
The 87 factor depresses the aignal at high masses. The signatures are, for

a low mass u*, an excess of y 'y~ pairs, and for high mass p*, an excess of
acoplanar p*i~ pairs.

The most sensitive 1imits on | masses come from JADE and Mark J
[44,45). For My < 15-16 GeV, at 95T M- > 20.9 GeV. Similar limits exist
from MAC, TASSO' and CELLO [ 46-48). For Mg < 13 GeV, My > 18 GeV
[45,48,49,50] .

Fron the process ete™ » ‘e, JADE and CELLO obtain Mz > 25 GeV for
ri !f'eg {51 531 Similar 1imits are found by MAC and Mark 2 *
3 56] rom e e * "é e~ JADE and Mark J find [45,51)], for < 19 GeV and
Me, = HEL that 1 > 22-23 GeV. However, the most sensitive limits on
selectron production come from e'e™ + Yyv. 'l'hese are strongly dependent on
the assumed value of M;. For = 0 and M IEL the limits from MAC and
CELLO are Mg > 43.5 and 37.7 GeV [49,55], snd from ASP My > 51 GeV [56].

The conclusion 18 that over essentially all the available kinemstic

range, no significant deviations from electroweak theory are seen in
leptonic final states.
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10, HADROWIC TOTAL CROSS-SECTION

The total hadronic crogs-section iz sensitive to ud‘cb gsg?,Qq. For
sin?e

~ 0.25 therefore, no change is expected from pure QED (g, = 0) for
8 <<

, but the derivative with respect to sin?¢, of R (hadronic) 1s
non-zero, in contrast to the situation in e*e™ + pyH~ (see Figure 2). A
seasurement of R (hadronic) leads to two solutions for sim8,, one mear 0.25
and one far saway vhich is usually rejected. It may occur that the two
solutions merge within errors. Since the sim8, value comes from the energy
dependence (or lack of it) of R the messurement is somewhat insensitive to
energy-independent normalisation systematics. Results from individual
experiments and from a combined analysis by Marshall are given below.

This
fit i shown in Figure 13. The fitted value of a, = 0.188 £ 0.056.

Bxpt sie?o A, A_(GeV) Ref
JADE 0.23 + .03 - .04 > > 266 7
HARK J 0.28 + .08 - .05 > 200 > 325 7,17

(.18 < sin?8, < 0.60 at 20)
TASSO <30 + .23 - .07 > 288 > 372 3
Combined <272t 035 6

11, QUARK FLAVOUR TAGGING

For a known quark flavour we expect an asymmetry

“ﬂ
Aﬂ'-l - %_él-%-..—i

Z-.

At /s = 35 we expact A = -0.090 for pp, 11, A = -0.135 for uy, cc, and
A = 0.25 for dd, sa, bE, after QED corrections and mass correctionms [21].
Thus the hadronic asymmetries are larger than tie leptonic ones. The
experimental problem is to identify the flavour sod to distinguish q from J.
For u, d and s quark no relisble method has been found. For example, a
primary K* meson is more likely tocome from a u—quark jet than from an
§—quark jet [ 57]. For c- snd bquarks two methods had been used which take
sdvantege of the fact that c- and b-mesons come from primary quarks and not
from fragmentation. The methoda are for chara, direct observation of D or

D* mesons, and for charm and beauty, observation of direct leptons. We
discuas theae in turm.

Charn ssymmetries have been measured using D* meson tag by HRS [58] »
JADE [ 59] and TASSO [ 60] . One takes advantage of a method first used by
MARK 2 [ 61}, that although the mass resolution on the D° meson or the D*
meson may be low, the mase difference Am = w(D**) - u(D®) is only 145 MeV,
80 that the decay D** + D™+t has a very lov Q-value. As a result the
resolution on Am 1s wuch better. All these experiments have used the decays
P*+ Kot aeths™, K *(x*) unseen, snd TASSO have used Ks*x® (geen) in -
addition. The charm signal is predominantly at x > 0.4, whereas the
background 1s st lower x. Chara-tagging efficiencies are typically ~ ¥%,
and TASSO, for exammple, have a signal of 119 events including 26 background

(see Figure 15(a)). The HRS D* angular diatribution is gshown in
Figure 15(b),
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The HRS detector has sufficient resolution to observe D° + K~s* and
p*+ Kw¥w* directly with o = 13 MeV for x> 0.5 (see Figure 15(c)).

Direct leptons have been used by several experiments as heavy-quark
tags. The sources of e~ in hadronic events are as follows:

Lepton source e~ asymmetry (/s s 35)

b+ e”
c+ et
brce+ et
Misidentified hadron
Y conversion

+ 4+ )

[~ N =NeNoNe)

.2
.l
.2

w oo

The yields are low and the backgrounds to be distinguished high (one
track in 700 is b+ p direct), so that additional methods are needed to
enhance the heavy-quark fraction. All the experiments look at the py of the
lepton with respect to the jet axis, which peaks at 0.5 for muon candidates
from u, d, a jets, 0.6 for c-jets and 1.3 for b-jers. MARK J use the event
thrust as a heavy-quark selector [62]. TASSO have used a sphericity
product. The event ig cut fato two halves, each half boosted by y = 1.6 and
its sphericity calculated. To suppress light—quark and gluon-bremsstrahlung
events they demand that the product §;-§, > 0.1 [63]. JADE define the jet
tradeverse mass [ 64].

pTOUt

2E
- -

where the sum runs over charged and neutral tracks. They also uge p.r(v),
the event missing momentum perpendicular to the jet axis.

TASSO study direct electrons and make a 4-dimensional fit in the
variables (p, pp, co®, 5,°S,) to obtain A, and A,. For 1.0 < < 2.5
about SOZ of the electron signal is from b + evX (see Figure.l4).

The TPC Collaboration [ 65] 1dentify electrons by dB/dx and shower
countera, so that the misfdentified hadron contamination is much reduced.
The main contamination is from Y conversions. In their c-enriched aample
(p > 1.5, py < 1.0) they have 270 events, 57% charm and 24X background, and

in the b~enriched sampie (p > 1.5, py > 1.0) they have 80 events, 651 besuty
and 11X background.

The most accurate results come from JADE inclusive muons [ 64]. At
/s = 34.6 for w > 1.8 GeV/c they report on 1780 y-candidates. They make &
four dimensions]l msximus likelihood fit in the variables <M, pr(u), pp(v)
and cosd, The distribution in those variables and the reconstructed b—quark
anguler distribution are shown in Figure 19. They quote a b-quark
asyametry

Ay = -22.8% 6.0% 2.5%

The main gystematic errors are from uncertainties in fragmentation and
the b + uX branching ratio, set to (11.6 £ 0.5)%.



ARV

TASSO

« T 1 1 1 ) 219
EVENTS /7 (0.2} EVENTS 1(0.01 Gevre® )
w - o L § T 0
=N o -
»
§xt -
2
3
Edy -
v
® 2
k 1
3 TS I ST UE N B U AT N A 6 .8 2.0
=er oor 0 o7 o (Gevich)
cos G
©l o
5 -
Figure 15 (a) (D** - D°) mass
o . L 14 difference (TASSO). (b) D* production
o8 01 wn ol angulat distribution (ng). (e) D*
and D
Mass.Dif o Ge) mass spectra (K™ and

aht) x> .5 (HRS).
38821

JADE
2 100 #'e"+pehadrons
] 26, =346GeV
5
£
z

AN/Acos8® [Events/0.25bin]
Ns58 88

ok

075 -5-25 0 5 5 5 W0
cos 0

Number of events

Pigure 16 (a) Distributions in jet mass,
pr(u) and wissing py, together with the
fitted distributions and the contributions
to this of the various flavours.

(b) b—quark angular distribution resulting
from 3 maximum likelihood fit in each cosd
bin. ’

Number of events

MID0784




220

12. QUARK WEAK ISOSPINS

The weak axial coupling, g, = Tqp =~ Type The results of the above
measurements are summarised below.

.C‘Iltl

Espt /s - Az Expect 5 . Method Ref
MARK J 35.5 -~16% 92 -13.5 W59t 33 ey 62
JADE . Wbk -142t 9 ~12.9 .54t .35 D 59
PLUTO 34 .55 51 cop 4
TASSO 34,4 -10% 9 ~12.9 9% .35 Dres e 63
TPC 29 90t 46 c* e 65

’ 9 t .9 ]
HRS 29 -12+ 8 - 8.8 .68% 91 D* DD+ S8
MAC 29 8 18 ¢+ 66

Combining these, g: = .56 £ .17, where we expect %.

Besuty
Expt Ve Ayg Expect g." Method Raf
CELLO 34.0 -0 % 17 ~-24.6 -.81 t .69 b+ y,e 67
JADE 36.4 -22.8% 6.0 % 2.5 -25.2 -.45% .12t OS5 b+ 64
MARK J 34.6 -2) £ 19 -25.5 =-.,41 ¢ ,37 b+ 62

- PLUTO 34 -.65 t ,45 b+ &
TASSO 34.5 <30 £ 18 -25.4 ~,59 £ .35 b+ p,e 63,68
TPC 29 -.69 £ .42 b+ yu,e 65
MARK 2 29 -.75 *-33 b+u,e 69
MAC 29 -3 % .35 bey 66

Conbining these, g‘; = =49 £ ,10, where we expect %.

Hence AT:"_(b) = -,49 % ,10 and the b~quark is definitely a meaber of a
weak left-handed isodoublet. Many topless models were demolished previously
by b+ %X limits (< .29% at 90% from CLEO [70], < .7Z at 95 CL from JADE
[71] and MARK J [72], where topless models require > 1.3% [73]. A possible
ascape devised by Tye and Peskin demanded a very short b 1ifetime [74].
Thus, independent of any direct observation of t-quarks, we conclude thar

weak interactions require a third generation of the same structure as the
first two.

13. SUMMARY

In the leptonic sector the data are described well by GWS theory st the
one-loop level. The p-pair asymmetry is a lictle high st PETRA energies.
Asymmetries have been wes 'lud up to 46 GeV. In the Weinberg-Salam scheme
we need a finite m, = 73210 GeV, 63 < m, < 101 at 957 CL. p is consistent
with ! (0 = 1.02 ¢ .05)b n Ehe Glashow scheme, taking m, = 93 £ 2 GeV one
obtatas sig2s, = 020203670 " Combined fits to ee, un, "t yteld
& =~ 0810, and @& = 935 %1. one would like greater precision on
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normalisstion than is perhsps ressonsble to expect. Parity violation
effects are expected to bz very small and & first search has been made. The
success of electroweak theory 1n describing the data puts strong limits on
lepton substructure, excited leptons and SUSY leptons. .

In the hadronic sector the weak isospins of the c- and b-quarks have
been messured gnd agree well with the standard mondel. Both quarks are
mesbers of weak isodoublets so that s t—quark is required.
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ANALYSIS OF e'e” ANNIHOATION IN TERMS OF THE WEBBER MOCEL

Boaz Klima
CESY, Hamburg, FRG

ABSTRACT. ¢*e” annihilation data obtained at a c.m. energy of 34.6 GeV is compared with
a modified version 2.2 of Webber Monte Carlo that has been developed. The model is found to
reproduce well the gross features of ihe data, including the fraction of multijet events and the
*string” eflect in 3-jel events. The modified version’s best parameters are : dw .paer = 2007 00MeV
and M. = 4.270.5GeV where Ay pir 8 the QCD scale in this mode]l and M, is the maximum
cluster mass.

1. Introduction

The Webber mode] (%), the cluster mode] with interfering soft gluons, is one of the two
successful fragmentation models, the other being the Lund model (?). The Webber model
does very well with very few parameters which is a particular success. It reproduces the
"string" effect, the inclusive spectra and even a few higher order aspects which were studied
so far. Its main failure up to now was that it could not give the correct fraction of 3-jet
events. This in general has prevented a thorough overall comparison between mode] and
data since no good fit to the data was obtained. The studies published so fur concern the
3-jet analysis 34), but the model was used with the parameter set of the original version.
These parameters did not reproduce the data satisfactorily. therefore one should first of all
solve the 3-jet fraction problem, then find the model’s best parameters and only then proceed
with detailed comparisons.

A modified version 2.2 of the model has been developed which corrects this problem.
This note describes briefly the features of the modified model in comparison with data from
- annihilations taken with the TASSO detector at PETRA.!

2. Modified Version 2.2 of Webber Model

In order to improve the model (1) two changes were made. The first one deals with the
value of the boust. As it was explained in detail previously (1) the lack of manifest covari-
ance means that it is incorrect to simulate multijet production by combining single cascades
generated in different frames. This difficulty is avoided by requiring that all branching will
take place in a single hemisphere, i.e. in e*e~ annihilation the entire final state must be
generated first of all as a "photon jet® and subsequently be transformed to its rest frame
afier computing the exact Q? of the virtual photon. The minimal boast, 5 , required in
order to have the initial quark - antiquark at 90 degrees is /2, but any larger value is also
acceptable. Even though the calculations are performed in a non-infinite momentum frame
it makes little effect both on most of the event distributions and on the fraction of multijet
events. In the original version a value of 1.5 was chosen assuming that the physics results
will not depend on this value. Unfortunately this is not the case and one better look for that
value for which the Q? distribution is peaked exactly at E2,, the square of the c.m. energy.
The value which gives that requirement was found to be 4 = 1.465.
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The second improvement deals with the energy distribution of the initial quark and
antiquark. The energy of the quark in the boosted frame is

Eqg=mg+ z(1Ecm — 2my)

where m,, is the mass of the quark, Em is the c.m. energy, v is the boost and z is a randoin
number between 0 and 1. The energy of the antiquark in this frame is’

Ei'—' YEem - Eq

In the original version it was assumed that the z distribution does not affect the physics
results and a flat distribution was taken. However, since one deals with the virtual photon
which is a vector-rather than a scalar source one better uses the Altarelli - Parisi type
distribution function 22+ (1 - z)? instead of a flat one . Using the Altarelli - Parisi distribution
function however results in harder gluons and consequently in a larger 3-jet rate.

. 8. Tuning of the Parameters

3.1 Assumptions
Using the modified version of Webber Monte Carlo described above there are few Pa-

rameters which either should be tuned or should be chosen according to certain physics
assumptions. )

Assuming that the hadronizaion of the clusters is due to phase space and spin factors
only, there are the following parameters : Aw chier, the QCD scale in this model, which is not
.identical to the commonly used Az, M., the maximum cluster mass above which fission
oceurs, my, the gluon virtual mass cut-off and the quark masses, m,’s. These parameters
have been explained in detail previously (),

One has to remember that there are some constraints on these parameters which are
built into the model which affect our choice. The constraints are : (1) my, > 2m, 4. (2)

myd > L1Aweter- (3) my > Mp where P is the lightest pseudoscalar which contains the
quark ¢, e.q. my g4 > My, m, > My, m. > Mp, m;, > Mp etc.

Since the masses of the guarks were pushed up by the third constraint, at least for the
heavy ones, the minimal values for the &,c and b quark mass were chosen.

A reasonable value for the light quark mass was taken and the virtual gluon mass which
is the cut-off where the perturbative part is being stopped was chosen to have exactly twice
the previously mentioned value, m, = 2m, 4. The value for the gluon virtual mass is the
minimal available according to the first constraint. However the physiés results turned out
to be almost insensitive to reasonable changes in this value.

3.2 Event Selection ‘

The experiment was perforn:ed with the TASSO detector at PETRA. The data used
ior this analysis were taken at c.m. energies in the range 32 < E.,, < 36GeV. Details
of the detector are described elsewhere (*). Hadronic final states from e+e— annihilation
were selected using the information ‘on charged particle momenta measured in the central
detector. The selection criteria for charged particles and for multihadron events were identical
to thowe described previously (5). A total of 21567 events were accepted. The experimental
distributions were corrected for the effect of acceptance and for QED radiative effects (7).
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3.3 Fit Procedure

Following the procedure of a previous analysis (*) the determination of the two remaining
parameters, namely Aw cbber and M., was done using a simulteneous fit to the following wet of
three distributions :1/0¢tdo dz,, 1/010rdo [dPF" and 1/04,do [dPF™ where z, is the acaled
momentum of the charged particles £, = 2{p|/ Ecm and P§*, P§** are the transverse momenta
in and out of the event plane which is determined by dugmdumgthemomtummd
second rank.

A lattice of 4x4 points in the Aw iher and M, space was considered. For each lattice
point about 3700 Monte Carlo events were generated and the distributions were calculated
according to our definition {Sect. 3.1). The content of each bin of each distribution was
parametrized by a 2nd order polynomial in Aw caber and M, which gave a good description
of the Monte Carlo data. The best values for Aw ciser and M, were obtained by a combined
fit of these parametrizations 1o the corrected data using the computer code MINUIT ©®).

3.4 The Best Parameters of the Model

Using the following values for the untuned parameters :
m, = 2m, 4 = 0.70GeV

m, = 0.50GeV
m. = 1.87GeV
mp = 5.30GeV

the modified Webber Mante Carlo best parameters are
’ AW ebber = 200700 MeV
M. = 4.270.5GeV
The relatively big errors, especially in Aw caper, reflect two facts : (1) Awcpser always
appears logarithmically in physics expressions so that they are not very sensitive to slight

changes in this parameter. {2) The Monte Carlo distributions are not in a good agreement
with the data. For very high momenta the model deviates from the data.

3.5 The Interpretation of Awciper in the Webber model

It is very important to emphasize that Aw ppr in this model is not the commonly used
one, namely Ajy;z-In order to compare our result with other experiments using different
models one needs to know what is the connection between these two A's.

A recent theoretical publication (1) which might define and prove the connection between
these parameters deals only with moments of multiplicity distributions so it cannot be applied

to the present study. A more general theoretical proof is required in order to be able 10
interpret our result.

4. Comparison with the Data and with the Original Version
4.1 Results of Distributions

The x?/Npor of the fit, bearing in mind that it was done using the statistical errors
only, is reasonably good. For the three different distributions x2/Npor values of 4.3 for z,,
distribution, 4.5 for the P"' one, 3.2 for the P""' and 4.0 for all these three distributions
were obtained. The qua.hty of the fit is companble to that of 2nd order Lund model (&),
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Figs. 1a-c: Webber model fit. The normalized distributions 1/0to¢do/dY where Y is
the quantity indicated on the horizontal scale, for the corrected data {+) and for the best
fit predictions of Webber model (—). a) The scaled momentum distribution
zp = 2p/ Ecm. b,c) The single particle inclusive P{and Pg* distributions.

In figares la-c one can see that up to certain values of P§* and P*' the fit results
describe well the data. For relatively high values the fit is worse, even though one has to
semember that the systematical errors which are much larger in this region were not included.
Since these distributions were plotted using a logarithmic scale one should realize that the fit
is good up to two orders of magnitude, i.e. the integrated deviation from the data is much
less than one percent. In the z, distribution it seems as if from a value of 0.5 on the model’s
curve deviates from the data points. This might reflect an intrinsic problem in the model
(1) Once again since one is dealing with a logarithmic plot it should be emphasized that
the integrated deviation from the data in the z, distribution is less than 0.1 percent.

4.2 The Fraction of Multijet Events

Since the fraction of multi (> 3) jet events was the main problem in the original version,
the modified version’s results are compared both with the original ones and with the data.

In table 1 the percentage of multi (> 3) jet events was summarized using two different
methods. The first method, the angular cluster algorithm {*'), was used in order to find
the number of jets of charged particles while in the second one the generalized sphericity
method{*?) was used. In the first method any other cuts besides those which exist in that
algorithm were not applied . The parameters (a,8,¢;,¢2) as defined previously (') were
chosen to be (30°,45°,0.1,0.11). In the second method exactly the same cuts as was done in
the previous analysis (}3) were applied.

The two methods might give a hint about possible systematic errors. Nevertheless, in
both cases it is very clear that the modified version reproduces the data well.

4.3 The "String” effect in Webber mode)

Using the method of generalized sphericity (!3) and applying exactly the same cuts as
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Method 1 | Method 2

Data 238106 11.1%0.4
Original Version 18.970.4 10.0%0.3

- Modified Version 22.910.4 11.7%03

Table 1: Percentage of multi (> 3) jet events in the Original and
Modified versions of Webber Monte Carlo in comparison with the Data

was done previously (3) a multi (> 3) jet event sample was obtained. This sample was
studied with and without removing the 4 and 5 jet events. In table 2 the ratios of particle
flow into the gap regions between jets for data and for the modified version 2.2 of Webber

mode] were summarized.
N(2)/N(3) N(1)/N(3)
> 3jets 3 jets >3 jets 3 jets
Data 1.1970.03 1.2670.04 1.5170.04 1.6470.05
Webber model | 1.1670.02 1207002 | 1.4670.02 1.5670.03 |

Table 2: The ratios of particle flow into the gap regions between

Jets for data and for the Webber modified version 2.2

In both cases, with and without removing the 4 and 5 jet events, it seems as if the string”™
effect is reproduced in the Webber model even though its strength, the above mentioned ratios
of particle flow into the gap regions between jets, might be a bit too small. Nevertheless
our results are still compatible with previous studies (34} done using the original version’s

parameters.

Another investigation which was done using this sample concerned the momentum de-
pendence of the density ratios. Figs. 2a and b show N(1)/N{3) and N(2)/N(3) in intervals



22¢

of Zin = Pin/Ebcam Where p,n is the particle momenium projected into the event plane. We
liznit the analysis to Zin < 0.1 for reasons of siatistics. In both ratios the Webber mode!

reproduces the data reasonably well.

& r— -
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Xin* Pin/ Epeam Xin = Pin/Ebm

Figs. 2a,b: Ratios of particle densities in angular gaps between jet axes as a function of z,n.
Superimposed on the data ( } ) are the Webber model ( i) calculations.
The Lund and Independent Jet models predictions are taken from reference (13).

5. Conclusious

A modified version 2.2 of Webber Monte Carlo which well reproduces the gross features
of the data, including th« fraction of multijet events and the "string” effect in 3-jet events,
was developed. The two improvements included in this version gave a better description for
the initial quark-antigiark energy distribution.

Using this model the best fit to e*e~ data yields the values :

Awebter = 200790MeV
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M. = 4.270.5GeV

The interpretation of Aw .ster in this mode) or the connection between this parameter and
the commonly used Az needs some more theoretical understanding.
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In the past few years hadronic energy correlations
/EEC/ in high-energy e'e  annihilation [1] have been
studied by many groups. While EEC could be calculhted in
perturbative QCD, it has been recognized soon that the
fragmentation corrections to EEC a.re large at present
energies. Since fragmentation corrections are expected
to decrease as H'l with increasing center of mass energy
W /the perturbative part is proportional to 1nW =1, in
order to = more sensitive to the QCD part, we recalculated
EEC in the 2° resonance region [2] where a copious hadron
product'}on will appear. In 7 +2° exchange the normalized
EEC is independent of initial state polarizations and
weak interaction parameters [2] .

Another possibility is to introduce such an énergy
weighted cross section whose fragmentation correction
decreases faster than that of EEC. Such a quantity is the
triple hadronic-energy correlation /TBC/ [3] for which the
fragmentation correction is expected to decrease as W 2,
at least at asymptotic energies. TEC is defined as a
threefold differential quantity

Z AE"\ AE‘L AE-,

- “L“&W}”ﬂ 2,402,825
(4%

Presented by G.Pbcsik
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where in a hadronic event the ith hadronic calorimeter
collects an energy AE; in a solid angle L4, (i=1,2,3)
during a time T, L is the luminosity. TEC has many
interesting properties. Here, we note only that normalizing
TEC to the total hadronic cross section and integrating
over at least one azimuthal angle, initial-state
polarizations and 2° parameters are cancelled.

TEC has remarkable properties: l. it is a symmetric
way of treating three jets /in EEC only double correlations
are measured/, 2. it does not require an event by event
analysis /simllar tv EEC/, 3. in a large enough phase
space it is completely independent of EEC and from all
previously used methods in jet physics.

1f we are interested in describing three—=jet events,
TEC must be defined in a plane [3] , this leads to the
planar triple energy correlation /PTC/

i -
PTe = A ) Eae. E44Eye
T T Ar AN & 5 W '
Aza plona,
. twmplobs
. N is the number of hadronic events, in the event A E;‘a, EAb’
EAc are the individual particle energies, and the momenta
of particles a,b,c have relative angles ¢4 to Ly +d2%a,
Aqto A434%,,%, to -,{;,;.J),}with the planarity reguirement
‘2)7--},,,-,(_2_;.('}}' 4 0.{rad. Each distinct triplet
contributes only cnce, but a particle may contribute in
several triplets. PTC is symmetric under the exchange
Pe«> 7‘9‘ . For PTC an 0(4,5) QCD result is written
down in [3] .
it is advantageous to sum up the various PTC values
belonging to different 14, 12’5, therefore, define [4'_'1’

L2 = (PTC di,dz,
r 275
e £
141‘7!12 )74{5
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;"-o cannot be taken for the presence of collinear
singularities.

Recently, we have carried out a Monte Carlo simulation
of ](%) and shown that a statistically reasonable
determination of I("!') is feasible from the existing data
and it provides an independent o, determination [4] .
2~-,3-,4-jet cross sections were computed in c (a': ) GCD
using the Sterman-Weinberg €,2 -prescriptionr_as well
as the scaled invariant mess squared cut, and .} =100 MeV.
Fragmentation corrections were computed in the Lund string
model and in independent fragmentation models [IF/. We
verified that for |¥2 30° It%) 1is infrared insensitive in
both prescriptions for the pure QCD and also for the
complete Monte Carlo in both models. Furthermore, for
5240° the qg fragmentation gives a contribution of £ 8%
for & =0.1, W=44 GeV in both models. For measuring the
fragmentation let us introduce the guantities

PTC 40,
AWy 24 I‘"“'A BDIER
550"
ERWANE DI,
AA“’ L'W): I_; - A’;;J.. )
S ax Az,
4¢° -

where QCD+FR refers to the complete Monte Carlo and A(A)

is the normalized asymmetry of EEC. Table 1 shows the
fragmentation corrections.

A PTC A PTC A Asym. A Asym.
" string IF string IF
W/Gev/ .
- 34 0.4040.05 0.2340.05 0.44+0.07 0.31+0.06
44 0.30+0.015 0.16+0.03 0.3240.08 0.18+0.08
90  0.2240.07 0.08+0.04 0.22+0.10  0.08B+0.05

Table 1
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It follows that fragmentation corrections to the
integrated PTC and A (1) are about the same, for IF
they follow a w ! type law, but for the string model
they show a slower decrease up to 90 GeV.

Recently MARK d has carried out an d, determination
[5] based on the idea of PTC outlined above. From their
data they found that for (>240° I (%) is infrared
insensitive and two-jets contribute negligibly. Furthermore,
Ali and Lund models give good descriptions of PTC data in
the range 22-46 GeV. Table 2 shows their results for

from PTC.
W/Gev/ ‘("AJ.:L a‘Lund
el
22 0.07140.015 0.1140.018
k1 0.11240.005 © 0.14740.005
a1 0.097+0.008 0.116+0.010
44 0.10540.007 0.125+0.007
46 0.13040.011 0.138#0.007
Table 2

Errone are statistical ones in Table 2. There is a systematic
error of 0.004 from data analysis and the same value

from changing the planarity cut and (3> . The combined data
on PTC and A(A) provide the fit [5]

A =105 2550 rev
or A, =30-124 £ 0.004 + 0.012 at 35 Gev :
) 3 Zo.lz 4+ 0.007 + 0.01 at 44 GeV .

This is to be compared to the results from EEC [6]:

d, =§0+13 £ 0.01 + 0.02 at 35 Gev
0.12 g 0.02 at 44 GeV .

Yoo

T
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A virtue of [5] is that uncertainties were minimized
in the -, determination.

In summary,TEC offers a more detailed picture on
jets, PTC probes 3-jet final states in a natural way,
it is infrared insensitive. Fragmentation corrections to
PTC are still large, the asymptotic w2 law can be reached
at best beyond the z° region extending the validity of
current models to about 50 GeV. PIC leads to an‘,dgteminauon
independent of EEC. It would be worthwhile to reconsider -

the o, determinations of varions experimental groups in the
light of PTC.
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AN ANALYTIC RESULT ON BREMSSTRAHIUNG
IN ¢'¢ - ANNIHILATION
0.M. Pedorenko* and T. Riemann
Joint Institute for Nuclear Research, Dubna

We have determined the electiromagnetic one-loop ra-
diative corrections to the differential cross section
d€/ dcos 8 (@ being the scattering engle) of the reac—

tions
ete” - ,.4 r"" | 1)
ere” = N (2)
The ¥ -boson of the GWS-theory we took into account in
Born approximstion. The following diagrams are contribut-

< X P g
=<

N
Yl e =<
o~

From the differential cross section, one usually derives

s
GH c_{dc !l-c- , c = 0O, (3)

and the forward-backward (or charge) asymmetry,
a [4
a8
A= d [[« £ -« £ (8)
% Dt of Mgsics awl Methamadics, Side Universily of Rbsecdi #5R.
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We obtain analytic expressions for the bremsstrahlung
contribution after integration over the complete photon
phase spaece. We rely on techniques developed inEI o Our
results are an uppver limit on the radiative corrections
in real experiments where due to cl.}ts only part of the
bard bremsstrahlung has to be included. In fact, one can
use our result to simiflate realistic experimental condi-
tions iff one subtracts with a Monte-Carlo program the ob-
served photon events from the analytic cross section. In
this way, one gets an alternativé to the usual approach
to realistic hard bremsstrahlung calculations [2]. In
the ultra-relativistic epproximation, the cross-section
for (1,2) is: ‘

CE e i pnar ) S 5]

+ 20IRI- [RV (4 + 2a,2-C] 5)

F - e (vaa®) (1) + B VAT 'CJ} .
b, S=NES, amd, ve 4 e M, BG), s§-4 Ky,
P q.-ﬂ'-s((ﬁ-lﬂ-é-n‘)) , Mo B3Rk
We got the following remmlts:
foz ® for (9 + f-.z ('C),
| 'f1 @ - ‘f4 ),
fo = 3[40 -2y -2t 48c L]
+ LS~ L +Pe2(4- L)L +)- L]
+ A[-Qefn+ iy e 3 420 ] ()
+ &[G + $L2- F ()]

(6)
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{4= -é Ly - ‘2_1'31.4.1-42 S
se L6+ Bar sl - 2LL]
= (8)
fou - 1CF

with the following abbreviations:

)

L‘. & ;s% \ L; - Ou -:‘_F‘ ’
C*- “zg : c. = ‘.-x:
Le™ &@") ' L= '5‘(3"’&): L;= A(“.‘;),

I(., - fii_' &(l"*t)

y o ¢t

PPTT L Tl SR £ L3 RS
+20X R VeV + M‘(&‘M.‘)C\Nﬂ],

A

A =& irs [&’ ERM At IR e vae] (1)
by "-f"’- az,

Mo} [ F - g%

Y
.H_%-_}L.,,_L.Lf_p_"_l‘.' (12)
E¥e2-Yazsiaz-E
ARCE TR X LR X L g A N e

(13)
i .
R4

()
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(14)

»t
Wheareas one may find Fo.z in the literature[z],

the f;_ and F:‘ have been derived here for the firsti
time. Our formulae partly correct corresponding results
published ea.rlie:rB] .

Ve ;lould like to thank D.Yu. Bardin for discussions
and cooperation in bthe firgt stage of this work and the
organizers of this Symposium at Kezinierg 1986 for the
opportunity to present our results. An extended version

will be submitted to Acta Physica Polonica.
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4 SLOBAL ATAIYTIC 20Dpl OF Toz Z20L TIECTECLLAGITTIC STRUCTURE

AD ITS UTILIZATIGE TOK OTHER PEYSICAL FROBIZNS

S.Dubnidka and l.kertinovid

Institute of Phyaics EFRC, Slovak Academy of Sclences
Eratisleve, Czechoslovskia

It is well known that the pion=pion-virtual photon vertex in
Feymnmen diagrems of different electiramagnetic processes can not
be considered as a point-like and the quark - gluon structure of
the pion has to be taken into account. The letter is phenomenolo~
gically simulated in terme of a gingle struciure function or form
fector (£f) F (%) where ¢t « -g% 18 the photon four-momentum tren-
sfer gquared,

In this contribution we would like to present & globel analytic
model of F (%) with en erbitrary number of radislly excited rho-
-ctates end its application to other physical problems like a de-
termination of f,(1250) and ?‘( 160C) from date on e'e" > X%,
the prediction of ithe P-wave isovector %X phese shift d:(t)
end the inelesticity 7:(’:) ir the whole experimentally measura-
ble rezion end finally, the evaluation of the two-pion cantribution

to the muon encmalous megnetic mom=nt.

I. A GLOBAL ARALYTIC PIJN ff MODEL

The idee wes [1] to incorporate &1l well established properties
of TFy(t), respecting the anelyticity as precisely as possible,

The enalytlc properties consist of the elactic branch point at

- . i " .

t . 4m;. » the eSfective irelastic tranch point et t = t,; ., the

¥) Its position will be left es e free perameter in the fit of date
end the dete themcelves will teke &s muck inelesticity es they
need.
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pole tp- «15.36 u:i. end the zero t,= -8,96 mi, on the second ERie~
mann sheet by means of which the so-called left~hand cut 1z appro-
ximated [2,3] and the poles t?. tg's g oee O the unphysicel
gheets, which correspond to the @(770), €(1250), €(1600) ...
rea;:nancon regpectively.

The cut structure used generates the four-sheeted Riemenn surfe-
ce, on which our model of Fy(t) is defined. By using the inverse
Zhukovsky transformation

W) = 1 [(ag+ V2= (a;- @3/ [(qy+ 24 (q- V] (1)

12, 4= 1208 0- V2, a = 1720t - V2, g 1

witk 1 = (=1)
we map all four sheets in + -« varieble onto the W - plane and all
cuts disappear.

The ve.r'iable W(t) possess the assumed pion ff dominant cut

gtructure in ¢ - variable and the same holds for the expansion

L
r(uee)] (W W - W, )Z A W° -
x T (W -w>TT<w-w>(w-W)

VoA
with arbitrary L and reel coeificients A . The factor (v2- )R

is present to ensure the asymptotic beheviour of the form ~t"m‘/2
with m being a positive integer,

In order to find explicit dependence of our model on the retio
fv“/rv. wtfich is the measure of a strength of residua et the cor-

respbnding poles, we employ the vector: meson dominance (VMD) pole
diagrem contributions

2
(f
FOPD) (1) « 2 E F{V (4) (3)

transformed into the W - variasble
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n2 (L /ty) [(1 = ¥ 01 - w2 ]2

(v)
PLUO(E) = =
x 165 (1 - W W) (Wom W2,)

(4)

for ve=e¢, go‘. 9'... .
Here W, = -w;o =Un g, W 1/, = lim ¥, if v e
since @(770) is placed on the second sheet and  §(1250),

?‘(1600) eve £re placed on the third sheet as we expect [1]
tipey < Toy Moy eee o

In expreesion (2), for every resonance only the complex conju=

gate peir of poles neerest to the physical region is considered.
Therefore, we extract only the term with denominetor of the form
(W =%_ )W - %)) from (4) and demand 1%s equality to the equive~
lert term from (2) in the 1imit ~ L= 0.

v
Ap &8 congsequence we obtaln the equations
v

Z 5.1 > oo n

< (cqov’eo - cyoWQo) Ap = 2’90 (53
§L (C BB, + Cy¥es > 6)
2 (C?'o do + c?-owéo) An - r?'o + r‘,-o (
L wn > ln » )
zn.o (_Celo é‘o + Celo 9‘0) An = r'lo + re-o (7)

where

c (wgo' ”In“ifo" v‘,:;) .

o Tw = > ; o T e
£ (Bgqom ip) (Fpo Veo) (Vo™ W) (Hpgm ) (Foo= 1) (Fgg Tg?) oo
(wf,.o- D (Wg,m W)
C€°= o —

. 5 ) - 1 .y *yrm oy - *‘ \ e » - .
fo- vlp)(“?o W?)(w?o we)\weo We.o)(w?o Wf)(?:?'b )4 ) scee

(wg‘.o- 1)‘“(7:9-0- W)

F‘oz - ;¥ e ] LR UL ™ 3 - * e T .
(Vo Vp) (Fggm W) (B~ B Y (W= We) (Wgyw Wig) (Vg Her) ose

LA AR RN R R A AR AR AR A R A R R R R R L A R N N R N R R NN Y Y PN Y NP NN YY)

and Teor 1‘9'0. Tgos +»- are the residue of F(t')(t) at the poles
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w?o. W?'o, wé’o' eea Tespectively.

Another two equations

Ao + R(w) A.‘ =0 (e)
with ’ 2 e W

R(v) = [(w"- w") + E ]

Voot I

and L

E AWy = (W) : (9)
where °°

g =) T oy - 9D

Cplv) = o Vg= W(t)l"’=°

(w 1)"‘(wK - W)

are obtained from the threshold behaviour requirements
Im E, () d ImF (%) -fzmr(n =0
: %% |q=0 = &g x "/ |qe0 " dq %' %/ gm0 *

and the normalizetion condition F_[W(0)] = 1  respectively.

The summation persmeter 1L tekes the velue K + 1, where KX 1is
the number of resanances under consideration,

The quark structure of hadrons leads to a general belief that
with increassed energy of ete” always a new excitation of vector
meson is produced., Then the number of resonances K taken in (2)
depends on .the range aend preciseness of existing experimental dete
an Ep(t) and is alweys chosen empirically according to an abso-
lute minimum of ‘xz and the values of rarameters of the model,
which ere controlled by other experiments, as they heve & clear
physical meaning.

The dependence of the coefficients An in (2) on the perameters
m, tinel' My, r‘v' fvsm'/fv {v = €3 @‘, 9'. ess ) with cleer phy-
sicael meaning is found by & soluiion of the linear algebraic eque-
tions (5),e04(9),



245

] L]
Prior to the determinetion of @(1250) ené  €(160C) from
ete” > %'%" we present results ca & competibility check of space-

~like region pion f£f date with time-like ane.

II, A COLPATIEILITY CHECK OF SPACE-LIEKE REGION PICK £f DATA
WITH TIMNE=-ZZKE ONE

The electropreoduction of pions from nucleons \e'! — e T X is the
only aveilable source of the space-like region piorn ff dete &t ler~
ge momentum iransfers [4] . However these are sirongly model depen~
dent [5]

On the other hard the ennihiletion process e'e™»x'% provides
through the ore photon exchange epproximetion very relieble time-
~like region dete.

By usiné the muelytic properiies of F,[(t). expressed throug

the following integrel representetion

TE Tk
In™ Fglt) Im™ Fe(t)
RGP =L | —— at + L | —E— as (10)
* t+Q x t+Q
& trow

we have carried out a competibility check of the spece~like regior
electroproduction model depencent pion ff dete (4] with time=like
one,

The idee was to treansfer the relisble experimenial informetion
+

- + -
on e e —»N N by means of (10) into the spece~iike regior erd
then to compere it (celculeting the veliues of pertiel b & "s) witk

electroproduction detsa.

The date or Im® F (%) in tne first integrel of (i0) ere obtei=-
ned by equating the experimentel crocs section of .Te"—>x'W

with theoreticel one as foliows
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ol B _ - e P .-

Y o cm—— | T + TooEnL & (..)
Cexp(t? = 7 l"f e ez ez ol

wnere

me Lo

2 2
B,=- I,

s

Now, if we teke into eccount tzg icerniiiy tetween the pion ff

ol= 1/137 4is the fine structure couxnicatv sné d: erc tg

: 5 . L 4
phese ané the P=weve isovector MM ruece cnifd é:(t) for

| )
o
m

4 L t(tm(i.e. et the €

tic re

the quadretic eguation [3]

2
2Rm -

-2 w e e L PR 3
Zc + IFul(me s 227 {(:ﬂ.f,,- 6, coe{d -git)) - [Lein(P -

> wlw

2 4 Z

+[ R o _ _[ i e__“(t'] }= c (12)
- 5 Senp
(mw- £)%+ e [, T3

the physicel solution of which Iis

=°"—6—3’{'r(w—> e’e”) . F\ W TR )}"/2, [1 - -i] “
m

cior) +rne relstion (171) gives

u>>}+

3+ 2 2ém~ 1/:
3 .
| E (8)] = ~2(%) +{_Z“(t) +[‘:—r-a,— G'M-n(t)] -—
Fatpr &S (m°~ )%+ moRo
(13}
wnere
R mg, FLE . A, , I IR
2(t) = {\r“ s eosid = G)) - =, T siai¢ - (£7]

z 2 Zmc
(m - t)°+ mw[‘w

Teking the experimentel Irfcr-s<irn oo
e:rp(t) one cen Ceternine the decse on o Ex(t) for 4£tL%

frar (13) and Fx(t) = I,,,_,\u)l exni d" (%) wnich through the

intecrel of (10) ere givins rore t:=n CSC% contritutior to

For %ke Im‘[’ Fx(t) ir tze seconi izte-rzl of {iC) using the

!¢! mw.ll.cg:(t) enc

perturbetive {CD result we tave provel [2] %x2z2% it nee et lesst one
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zero enc is veniehing from necetive values e t—» +00

Therefore we nove percmet:ized it ec follows

t-t)

(t - p)2

Ih F (1) = & (1)

where the peremeters &, to' * ené¢ X are determined from the

reguirements -
P Fp(4) |4y = € (ti.—-i%)h (15)
l = Y (t.'-l'.‘w- b)
(t = t)
& - E é o
= I~ I (%) = a : (16)
at X |tety, S At T E h___tru
2 2 (+ -%))
L2 w® 5 () ot " Lo —95 (17)
s (+ = )" |t=tga,
tray oo
E
In® Fe(t) (t -1
1= lf -3t = 4L /—————“—a ) at (18)
X % x

(4 = p)¥
kﬁ,—”‘iigg,} taoen

and the resulte ere as follows
& = =u4155T, %= 165.5762 mE, b = 27.69067 ené U = 1.3193¢ (19)

There ere 2C experimenial pointe on |§‘(t)| et different
velues of t in the spece-like region [4] . Celculeting the corres-
pondicg intecrels with In® F (1) ensc In™ F (1) of (1C) et these
vaelues of 1t one gets the results presenteé in Teble 1,

Compering the corresponéing pertiel 7[2 values we ceme to tae
conclusiorn taai despiie the embiguities in extracting the pior ff
dete from the pion electroproduction crogs seciior meesurenents of
Zebek et g1 [4] the reported vzlues ere except for 4 points el
t = =1.15, =1,20, =2.07, =5,77 ccasistent with relisble e'e” pion

ff meesuremente,
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1 »w

III, DECIOLINATION O @ (125C) &D ©(16C0) IO TaTa O eteTww

Ir the first section of this talk we heve costructed tns picc f£
model with an arbitrary number of racielly exclted rio-stetes wzlch
jg suitable for & description of all existing pion fI dete. A8 8
result 811 perameters of the model are determined ir this wey.

All together 278 experimentel points from e N —> e %K,
Te"—> X e~ for t<0 and Xp-»e'en, ete ax'x , J/y-)ﬂ"!'
for t >0 were anelysed ircluding also the newest ORSLY [7] end
LOVOSIBIRSK [8] data., The best description of the data was echieved
by means of the pion ff model with three resonances ?' @', ?"
and the results are as follows (for date and our fit sez fig.1)

‘lendf = 1,85, m= 3, i.e, F’[w( t)] —~ t-3/2
. V2 t->too
t’-nel = 1 -46 - 0.01 Ge

Be= 760411 1,9 HeV, 1'(:- 15204 2.4 LieV, ZLoo/fe = 1.24%0,01 (20)
M= 1217.4% 2.4 KeV, [gw 323.8%14.3 UeV, /L) = -.10% 0,01
m"- 1531.6 1 54,5 llev, [‘ec 454,0% 64,8 MeV, %“/ff‘ = =,07% 0,03

Since the values of g Fv can be determined reliably only in
the case there are sufficiently precise experimentel daete around
the points t = ms one can sey thet the parameters of Q'(‘IZSO)
end P‘(‘IGOO) in (20) are determined from the data an e*eT»%x .
The errors in (20) correspond to the ‘12 chenge of 11,54 [9] .

Here we would like to note that the velues of (3(1250) and

€(1600) parameters published in [10] were obtained with & compu~
ter program faults and they have to be disregarded, On the other
handé the errors of parametfers in [1 1] correspond %o the XE change
of 1.0 . So, only those errors of persmeter velues presented in .

(20) have to be considered as right cne,

In order to carry out a further test of velidity of our model
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of the pion electromsgnetic structure we use it for e prediction of
the benaviour of the P-wave isovector XX phese shift gf(t) ang
the inelecticity q:(t) et the experimentelly meassurasble region,

IV, PREDICTION OF X PHASE SHIFT J.(t) AED INELASTICITY 77(+)
FROK ete™ %X

The model of F,[W(t)] presented in section I. has one elastic
and one effective inelastic cut. Only the inclusion of the latter
into our model epebles us to predict the phase and the inelasticity
in egreement with existing experimental date,

The elestic unitarity condition, wvalid for 4 L t £ tinel
. " . ‘
Im Fx(t) = F (1) A.,(t) (27)

car be uzed for the analytic comtinuetion of the pion £ff on the

second Riemann sheet (generated by the elestic brench point) es

follows FI( )
] t
N x
F A (t) = — (22
i 1428 A3(%) )
or I II
(t) = Fx (%)
AJ(%) = U -& (23)

21 Eri(%)

The letter expresgion is wvelid ir the whole complex +t - plene.
Further we restrict ourselves only tou the physical region which is
deTined on the upper boundery of the cut in the ¢ ~ plene,

Tee standard peremeirizetlon of the P-weve isovector Srx scatte-

ring amplitude et the physicsl region

W oMt 4 2E) expla1d(t + 1€)) - 1
n1\5 H -

: 120 (24)
21

leeds in (23] to
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S 15) {(t + %) .
m 2 t + o= V22
12‘(1;+16)exp( id, Tt + 1)

E P

(31}

i

from where it is streaightforwerd io find [12]

Im [FR(t + 1€ )/Fii(t + 1¢))

4 % i = 1/2 t 26)
S+ 1€) " Re [EI(t + 18 )/FN(¢ + 1]

e et |F.I,(t +1€) (27)
N e+ FEI(t +1¢)

.If we insert on the right-hand sides of (26) end (27) the expli-
cit expression of our pion electromegnetic structure model with the
values of the parameters (20) ocne gets the behaviour of éf(t) and
N,(t) presented in fig.2a,b, The corresponding experimentel date
are reproduced quite well, This nontriviel result is beyond all ex-
pectations end 1t is rising & confidence to our model constructec
in section I. The latter will be further used for the eveluetizz =7

the fwo-pian contrivution to the anomalous megnetic moment of ihe

maon.

V. IWO~PIOE COKTRIRUTION TO THE ANOMALOUS MAGKETIC MOLENT OF LGCh

The anomalous magnetic moment Cyu’ 1/2(g = 2) is ope of the
hasle properties of the muon which 1s measureble with great preci-
sion and also celculable theoretically. So, it is e sensitive tool
for testing the wvelidity of our present theoretical idess ebout
the microvorld., Its most eccurate messurements are those ovteined

et the CERY muon svorege ring [13]

ex )
a,_,;"= (116 591 0oc * 1200)x10~"! (z82)
= (116 593 60C * 1200)x16™"" (26b)

or, If combining both
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exp -11
C%.- (116 552 300 2500)x10 (29)

The largeset uncertzsinties ir the existing theecreticel celculetions
come Tror the order -oiz hadronic coniributions (see fig. 3a) to the
ercmalous megpetic moment of the muon, perticulerly the low~energy
two-pion contribution (see fig. 3bl,

Qur globel enalytic model of the pion electromegnetic structure
could contribute to diminishing of these uncerteinties and vthie pro=
blem will be discussed in more detail elsewhere. Here we are inte-
rested only ir the comparison oftwo-pion contribution with ell other

hacéronic contributions given anelyticelly [14] by
1 x°(1 - x)
¢ L g x4 (1=x)(t/m%)
. e 0 &

where GH(t) is G,;Ot(e"'e-) hedrons) meesured in the form of
6(ete"= hadrons)

& *6(e+e—${uf(u: )
The most recent evalustions of a/‘(ﬂ) ere: using only experimentel
dete on R [15]
Q(B) = (7070 %60 £170)x10~ "} (31)

or more refined procedure {16]

ar(n) = (7100 £105+ 49)x10~"" (32)

where the first error is stetistical and the second is systematic.
By using our pion ff model (2) with the values of peremeters (20)
«nd evalusting the contribution of the diagram (3b) one gets the
following result
(2%) = (6073t 8)x10™"" (33)
Camparing (32) end (31) with our reault (33) we ceme to the conclu-
sion that two pion contribution to the anomslous magnetic moment

of the muon is more then 85% of the total hedronic contribution re-
presented by <he diagram (3a),
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t (Cevd)

exp
ES¥Pe

G.0700
0.0590
0.,0040
0.0860
0.1020
0.1540
0.1790
0.1930
0.2380
0.2420
062900
0.2693
0.2380
042560
043090
0.3840
0.4450
0.,5700
0.6340
0.6500
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AFSXPe

0.0190
0.0300
0.6780
0.0330
0.0230
0.0140
0.,0210
0,0250
0,0200
0.0150
0,0300
0.0082
0.0170
0.0260
0.0190
0.0140
0.0160
0.0160
0.0290
0.0440

predic.
E:

0.,0191
0.0477
0.0921
0.1146
0.1158
0.1941
0,1959
0.2007
02247
0.2805
0.,2964
0.3002
0.3021
0.3040
0.3267
04007
0.4621
0.5731
0.6497
0.7490

2
7‘part1a1

Te20
0.15
0.01
0.74
0.35
7.9
0.61
0.08
0.47
6436
0.04
13.54
13,90
3.1
0,79
1,27
1,02
0.01
0.24
584
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THE FEUTRAL KAON MASS MEASUREMENT

L.M.Barkov, 1.B.Vassermsn, P.V.Vorob'ev, P.M,Ivanov,
G.Ya.Kezerashvili, I.A.Koop, A.P.lysenko, A.A.Mikhailichenko,
¥.S.0khapkin, E.A.Perevedentsev, A,A.Polunin, S,I.Redin,
N.M,Ryskulov, A.N,Skrinsky, V,.P.Smakhtin, E,P,Solodov,
B.I.fhazin, Yu.M.Shatunov, A,I.Shekhtman

Institute of Wuclear Physics, Siberian Branch, Academy of
Sciences of the USSR

Abstract

The mcmenta end the emission angles of the pioms in the

ction e'e™skl K -
reaction Kffi’ﬂ:,’t

the cryogenic magnetic detector at the VEFR-2M storage ring.

have been measured with the help of

The energy of the particles in the storage ring was determi-
ned by the resonance depolerigation method. The preliminary
value of the meutral kaon mass was found to be 497.624%0.037

MeV by the anslyasis of 5197 events.
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The experiment was carried out with the cryogenic magnetic
detector [1] at the VEPP-2M electron~poeitron storage ring [2] .
The cryogenic magnetic detector consisted of a superconducting
solenoid and a cylindrical six gap cpticel spark chamber inside.
The epark chamber had 26 cm diameter and 22 cm length. The spark
chember operated at 180°K and 2 atmosphere zas mixture pressure.
The magnetic field was parallel to the beam axis. The amount of
matter crossed by a charged particle inside the detector was about
0.014 radiation length. The Z-coordinste along the beam axis was
measured by the spark displacement in the optical prismes.

Because of the magnetic field, the low temperature, and the
increased presaure of the gas mixture :I.n the spark chamber, the
gpatial resolution about 55 micrometers was achieved in the XY pla-
ne, which is perpendicular to the axisg of the beams., The spatial
resolution along the 2 axis was 1.6 mm. The contribution of the
pionq multiple scattering into the momentum resolution was compa-
rable with the contribution of the detector spatial resolution.

The neutral kaon mass megsurement was performed in the reac-
tion e*e‘-—Kng_. o at the total emergy of the beams 2E =1018.64
% 0.03 MeV on the left-hand slope of the Y-resonance curve. At
this point the kinetic energy of the ksons is 11.7 MeV and both
the kaon momentum and the minimum angle between decay pions which
is about 150 degrees are sensitive to the relativeiy small varia-
tions of the neutral kaon mass.

The' experiment was performed at ﬁo values of the magnetic

field in the detector volume. The luminosity integrals L = 28.3nb™"
for the magnetic field H = 14.92 kGs end L = 35.3 mb~! for

H = 24.69 XGs were collected. The momentum resolution for kaons
was squal to 8 MeV/c for H = 14,92 kGs and 5.6 MeV/c for H=24.69 kGs.

The measurement accurascy of the angle between the decay pions was
about 1.2 degrese,
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The optical featuree of the detector, the displscements of
the sparks in the crossed magnetic and electric fields and the
nonuniformity of the magnetic field were taken into account for
the tracks reconstruction.

The trigger conditions allowed the detection of the two-par-~
ticle events with the angular noncollinearity in the XY plane
between 0° and 90°, The detection efficiency for ;he reaction
e*e’-x:;f;_’ - was about 20%. About 97000 events pictures were
recorded in this experiment.

The primary selection of the useful events was connected with
the fact that the sum of the pion momenta, (P1+P2), concentrated
in the narrow interval mear 416 EeV_/c for this reaction.

Taking into account the wsi.>tion corrections and the momen-
tum resolution of the detector the selection conditions 380 MeV/c <

<(P14P2) << 472 KeV/c for H = 14.92 kGs and 400 MeV/c < (P1+P2)<
<448 MeV/c for H = 24.69 kGs were used.

To redu::e the contribution from the electroproduction reaction
etesetee’e” the two-track events with the angmlar noncollineari-
ty in the IY plane less than 1C° were rejected. The events with
three and less sparks on the track and with the spatial resolution
three times more than average resolution were also rejected. Only
kaon decays inside the vacuum tube of the accelerator were taken
into account. Lpplying these conditioms 5197 events were selected,

Using the resonance depolarization method D,Aﬂ together
with the feedback system [5] the average beam energy was keeping
constant throughout the experiment within 15 keV for each beam.

The absolute value of the magnetic fiéld was determined by compa-
ring the total energy of the pions measured in the detector and

the known beam energy. Since the emergy of the kaons after the
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radiatior corrections was known, one could obtain the neutral kzcen
mass from the kaon momentum distribution. The 0.1% uncertainty in
the magnetic field contributed 23 keV into the mass determination
error hy this method. Note that the same uncertainty in the magne-
tic field caused a 320 keV change in the invarisnt mass of the
plong if one did mot take into account the known emergy of the
pions.

The kaon ‘mass can be determined also by measuring the minimum
angle between the decay pions. .

For each value of the magnetic field the selected events vere
divided in two groups. One group .contained events, in which the
momenta of the piong differed more than 10%. It was used for neu-
tral kaon mass measurement by the first method. It included 1781
events, collected with magnetic field H = 14.92 kGs, and 2448 events,
collected with H = 24.69 kGs., From the kaon momentum distributionms,
shown in fig. 1,2, for these events, cne can obtain the kaon mass.
The 100 keV displacement in the kaon mags corresponds to 460 keV
shift{ in the average kaon momentum. Applying the maximum-~likelihood
method ovef these events, the neutral kaon msss was found to be
M = 497.605  0.068 MeV at H = 14;92 ks and M = 497.610 I 0.046
MeV at H = 24.69 kGs. The errors here consist of the statistical
errors and the errors which came from the optical distortions, the
displacemerft of the sparks in the eleciric and magnetic fields,
the imperfect calibration of the magnetic field in the detector,
the uncertainty of the beam energy calibration and the momentum
distribution generated by Monte-Carlo method.

The second group contained events, in which momenta of the
pione differed less than 10%. This grour included 406 events, col-
lected with megnetic field H = 14,92 kGs, and 562 events, collected
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with magnetic field H = 24.69 kGs. The engles between the decay
pions in these events should concentrate in a narrow inierval of
0.6 degree near the minimum angle, which was about 150 degrees.
However, processes with emission of soft photons and the finite
angular resolution of the detector broaden this distribution. PFrom
the angular distributions, shown in fig, 3,4, for tpese events one
can obtain the kaon mass. The 100 keV displacement in the kaon mess
corresponds to 0.12 degree shift of the distribution. Applying the
maximum-likelihood method over these events the neutral kson mass
was found to be M = 497,754 & 0.063 YeV at H « 14,92 kGs and

¥ = 497.636 ¥ 0.056 MeV at H « 24.69 kGs. The errors here consist
of the statisticel errors and the errors which ceme from the opti-
cal distortions, the displacement of the sparks in the electric
and magnetic fields, the uncertainty of the beam energy calibration
and the uncerteinty in the expected distribution in the angle bet-
ween the pions which was generated by the Monte-Carlo method.

The correlations between ez.'rors in these four values were taken
into account and the neutral kaon mass was found to be M = 497.644
2 0.037 MeV.

This value is in agreement with the result, M = 497.742 ¥ 0,085
MeV obtained in our previous work [6], end with the everage value
K = 497.67 ¥ 0.13 eV [#] based on the results of the other authors.
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FIGURE CAPTIONS

Pig. 1. The kaon mamentum distribution for the events from the
firet group. H = 14,92 XGs, Solid line - calculated with
M = 497.605 MeV, |

PFig. 2. The kaon momentum distridution for the events from the
rirst group. H = 24,69 kGs. So0lid line - calenlated with
¥ = 497.610 MeV,

Pig. 3. T™wo pion relative angle distribution of the events from
the second group. H = 14.92 kGa., So0lid line -~ calculated
with ¥ = 497.754 MeV,

Pig. 4. Two pion relative angle distribution of the events from
the second group. H = 24.69 kGs. Solid line - calculsted
with ¥ = 497.636 MeV,
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0(1690) AS & GLUEBALL

Michal Majewski and WacXaw Tybor

Institute of Physics, University of Lddz
Nowotki 149, 90-236 1.6dZ, Poland

1. The nonst of 2% mesons: A2(1320). K**(1430), £(1270),
£°(1525) is almost ideally mixed. The mixing angle is 28°, and
deviations from ideal structures:

e o qw) , o) o (s)

e !H) -=l7l}r(ui+ d;)) . [S) = lsE) v (1)

and ideal mass relations

id jd
m =m mp=2m -m (2)
T A2 ’ = A2

are small. These deviations were ignored for a long time, but in
1981 J. Rosner have made an attempt to treat them as a signal
from an additional state, which could be a glueball [1] « The
extra state ie required mainly by the mass difference

mA2 -mg)» O and by the decay rate of f£—> W . However, it is

probably not recuired by the present data, if only decay properties
are considered {2] (but it is still allowed).
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2, Phe meson & (JEC = 2**) was discovered in 1962 by Cristal
Ball Collaboration [3] in the gluon rich process
/o —¥6 —=¥mm.

Its present values of mass and width are [4] :
m= (1710 + S)Mev/c2 , [ = (153 + 10)mev/c?

It is regarded as a glueball candidate, but its decay pattern
indicates that it can not be a pure glueball state. Its decay
rates arr:

rie — iKK) )3
(6 — i) 3
Therefore it is necessary to investigate the mixings in the 3

multiplet for testing the glueball assignment of & ; these
mixings are mecre needed for & tham for the nonet.

6 (expected for pure glueball)

0,8 (observed).

3. The mixings of £, £°,8 were investigated [5,6) with the
-assumption of their flavour independence. The appropriate mass
operator has been taken in the form given by Fuchs [7] . Diagonali-
zing this operator Rosner and Tuan construct the mixing matrix V:

ey 5. B
(%) = ¥V [Is) (3)
16) \6 >

where |G is a glueball state, [N and {S) are defined in (1).
The main feature of this matrix is that f is almost pure ¥ state,
but £° and ‘@ are strongly mixed S and G states. For this matrix V:

2) The decay f > W I/ is suppressed as a result of interference
between states N and G, but not only as a result of 0ZI rule.

b) The decay £°— Y'T" is almost totally suppressed in direct
contradiction with data.

The fallure of the flavour independent mixing is sometimes
regarded as an argument against the gluonmic pature of @ meson.
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4. Rosner and Tuan construct also the phenomenological mixing
matrix (desired one) describing all known experimental data on
nonet and €, but they do not justify it. It is completely
different from the previous matrix.-

We propose another mixing, which is based on exotic commu-~
tator method, and obtain the mixing matrix essentially identical
with the phenomenological one. Hence there is no trouble with
the decays of £ into MW W and T Y .

5. Exotic Commutator Method rests on vanishing of the
following commutators [8-) :

(6, [n?6,]] = 0 (42)
(6. [mz,[mz,Gbn] =0 (av)
{Ga,[mz,(mz,[mz,Gb—H]] =0 (4c)

where m~ is operator of the mass squared, {Gal are generators
of flavour ; 7(3) group and (a,b) is the exotic combination of
indices, i.e. Buch a combination for which the commutators (4)
do not belong to an octet. These relations produce the mass
formulae depend:ng on mass squared.

We use below the particle symbols for its mass squared and
the symbols of tensor mesons for any mmltiplet.

6. let us consider a nonet. If |£f) anmd |£°) are states
of real particies then the isosinglet state from octet is expressible

lfs> = }1lf> + 3\2 tf'>

vhere the mixing parameters }\1 are real mumbers and Z }.i = 1.

If we impose the conditions (4a) and (4b) on the nonet states,
thgn we obtain the Schwinger mass formula for monmet and calculate.

1 3%, which are expressed by the masses of the particles from
nonet.
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If ‘lLree constraints (42),(4b) and (4c) are imnosed, =ne ideal
rixing is obtained:

1 . xx 2 _1 2 _2
IIAZ. f =2K —Azg ')1—'31 ()2—3'

Inclusion of the subsequent conditions from (4) does not
disturd the ideality.

7. The ideality is broken if we include an exira state [9] .
Then we have a decouplet and three isosinglets do mix. In this

f£g) = A 1EY + 2 le”) « X5 18) . (5)

Restricting the decouplet states with the conditions (4a), (4b)
and (4c) (the ideality conditions for a nonet) we obtain one mass
formula and find NZ°s, which are expressed by the masses of all
particles belonging to decouplet. The mass calculated from the
formula, say € , and \2’s should be positive. We must require it
additionaly, and this restricts. the possible masses f and f°.

One can deduce very simple necessary condition: if three states
1£9,1£°) ,]®) belong to 2 decouplet, then the masses of these
states comply with the conditions:

£<a, ¢t ¢ 28y, <0 (6)

The necessary and sufficient conditions can be formulated as well.
These corditions are satisfied by multiplets 2%, o**, 3~-

and probably by 1%, 1*~, 4**. The multiplets o™ amd 1™~

do not satisfy them and consequently can not be extended to

decouplets..Obviously other mechanisms are responsible for their
deviations from ideality.

8. The decouplet mixing matrix U defined as

e >) B .
(£ = Ol4f,5] = v|is> ,
197 ey lte)

wnere |f % is qJ singlet state (V is defined in (3)),
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can be parametrized by three angles 171, «,2. 93 :

ey (=2.) =84¢2 548,
U = | 505 (=0p) cqepc; = 8p85  =€48C3 = Cofa
5153 (= ')‘3) 010253 + 3203 -C18283 +* c2c3

where c:j = cof 1) 5 Bj’ = sin Jj (j=1,2,3). The elements of th:
first column are equal ')\1. Ko N 5 respectively. Consequently,
the angles \91, 19 3 can be expressed by the masscs, but 172

remains free. It reflects the unknown mixing between two 50(3)
singléts and can be determined only from decay rates.

9. The mixings occuring in the decouplet slightly change the
masses of the two physical isosinglets attributed to the nonmet.
Sut the structures of these isosinglets can be drastically
disturbed. It is possible to accomplish the displacement of the
flavour from one particle to another, as is seen in the case of
scalar mesons: we can easily get almost pure s8 state for

5*{370) meson (9] .

10. The mass formula for 2** mesoms is satisfied, if we accept

the mass values presented in Table [10] . The PDG values are given
for comparison {11] .

Pable. The masses of 2" mesoms belonging to decouplet Sin r-ieVZczz
Ay = T o )

Decouplet 135114 1432 1281 1522 1725

PDG 131855 142545 127445 152545 1690430
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The mixing matrix V is (in brackets the nurters from phero-
menological mixing matrix [6] ):

0,9532 0,0633 0,2957
(o:gs) (0,07) (0:3) 1
-0,0711 0,9973 0,0157
Vo= (-0.09) (0,98) (©;1)
«0,2940 ~0,0360 0,9551
| (-0,3) (<0,13) (0,95) |

Obviously the decay f"» 7T is suppressed by 0ZI rule.

de are dispenced from a duty to quote all decay rates calcu-
lable from this matrix since they are dessribed by phenomenclogi=~
cal matrix. As an example we cite the radiative width £ — YV :

r"({'—-, 7')')
F(A,— YY)

This is in agreement with the measured value of [12]

= 0,124 x phase space correction.

. T(e"=¥T) B(£"— EX) = (0,1140,06)ke¥ /o2 .
The decay rate (& — KE) : (- nT) = 4 is taken as an input.

We conclwde, that according to available experimental data
meson (3(1690) can be understood as a particle containing
about 90% of glueball state.
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g1 e'e” COLLIDERS

A, Leike, Sektion Physik, Karl-Marx-Universittt, DODR

lhe chargino production at e’e” colliders with polarized and
unpolarized electrons is considered for_ ot least ona
sncutrino mass smaller than the chargino musses. The forward-
backward asyametries and the angular distributions arec
studicd for charged leptons coming rrom the churgino decoy.

A left handed electron beam wnhances the part of Jeptons

detected in the buckward region ond vice versa.

Supersymmetric theories predict new particles with wpins,
differing from those of the known particles by hailf a wumit,
in detail they predict purtners of the B bosons and the
higgsy which are called wino aund higysino, r-upectuvz}y.
These charged spin 172 particlzs aay "six. Their ®muss
cigenstotes are called charginos.

fhe total cross section of chargino production (Fiy.la,
Fig.1b) in e‘a- collisions moy exceed that of standard lcpton
production by a factor 10 /1/. 8o a riving crous uection at
c.m. uenargies M, < ZIH (I“ is thc H-boton wmass) moy te o
signal of chargino pair production.

As was shown in /1,2,3/, the polarization of the electrons -
may help in finding the origin of this increase.

He were interested in the leptons coming from the charuino
decay. There are 3 leptonic and 5 hadronic decuy uviagrams of
a chargino 747. T(he branching ratio of the decuys depends cn

the masses and mixings of SUSY particles. If at least one



274

speutr ino mass 1% smoller than the chargino musses, the
leptonic two particle decay (Fig.2) is kinematically ailowud
and the leptonic branching ratio is almost 1004. in this case
we have nu background problems for c.m. cnurgies ” < 2n“. At
c-m. energias ) m, the W'W™ pair production will give an
importand background,i.«. auch charged leptonsy with miuvsing

energy.

Results

The forward-backkard avymmetries of the charged leptons
:n;lng from the chorgino decay (Fig.3) depend on the
polarization of the nlcc;ron beam and fo o lower extend on
the mining model ond the sparticle maosses.

The wungular distributions of leptons coming from chargino

decay depand on the sparticle masscs. Alaost no dependence

.on the wmixing mode) was seen for c.m. energies

91 !inz.

A left hondyd wlectron beam enhunces tha excange (Fig.1b) of
thea snau:;no and gives aore leptons in the backward region
(Fig.4).

The exchonge is forbidden for o right honded clectron beam.
S0 leusy leptons from chargino decay wili be da#ectcd in the
backward rfnion. A depsndencs of tha angular distributions on
ithe axial ond vector couplings in the annibhilation profess

(Fig.1u) may bo seen only far dctcctcd'lcptons very closed to

the beam.

Finully we may conclude that o polarized electron becam auy
help in daetecting of new physics. Left hunded electrons
cenhance the buckword region of the detected leptons due to

the axchange dsagram (Fig.1ib). The angulur distributions ot
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the detected leptons show a  strong dcopendence  on

polarisation of the electron beom

closed to the beam (icos8l > 0.8).
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ABSTRACT

This is an abbreviated summary of work performed in collaboration with E.
Farhi and M. Claudson.! We analyze an alternative formulation of the standard
model in which the SU(2) gauge interaction becomes confining at energies
of order G5'/? ~ 300 GeV. We show that, making reasonable dynamical
assumptions. this model accounts for all electroweak phenomena up to and
including the W and Z mass scale. At yet higher energies the model predicts
a wealth of new phenomena.

1. INTRODUCTION

The standard electroweak theory has been completely successful in its description
of physics up to 100 GeV. This success includes the predictions of the masses and
couplings of the observed W and 2. The precision of the agreement between the
low energy predictions of the theory and experiment indirectly tests the theory at
even higher energy scales. Higher energy scales are also probed through radiative
corrections and effects such as the K Kg mass difference. To date. there is no
convincing experimental data to evoke any doubt about the validity of the standard
electroweak theory up to several hundred GeV.

In this paper, we explore the possibility that the success of the standard model
may be shared by another theory. We will investigate the predictions of this specific
theory and see how they differ from those of the standard model. Making certain
reasonable dynamical assumptions. we find. that the experimental predictions of this
theory are also consistent with present data. However, deviations from the standard
model predictions are expected and at energies well above the W mass a rich spectrum
of new particles should emerge.

The theory we investigate here is the strong coupling or confining version of the
standard model {SCSM).! This theory is based on the same lagrangian as the standard
model with the parameters adjusted so that infrared growth of the gauge coupling is
not cut off by symmetry breaking in the Higgs' sector. The SU(2). gauge coupling
becomes large at the weak interaction scale ~ G;‘/ 3(= 203 GeV) which is taken to
be much larger than the mass parameter in the Higgs' sector. Physical particles which
participate in the weak interactions. such as left-handed fermions and intermediate
vector bosons. are composite particles bound by the strong ST (2), force into SU(2),
singlets. The observed “weak interactions™ are then residual interactions Setween these
composites, analogous to the “strong interactirns™ between cclor singlets in QCD. It
has already been demonstrated that this theory rcproduces much of the experimental
datz of the weak interactions well below the W mass.? In this paper, we examine
the dynamical assumptions requirec for the SCSM to produce the correct W and 2
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phenomenology as well as all low energy results. We also describe some of the new
physics above the W and Z mass which clearly distinguishes the SCSM from the
standard model. .

The SCSM is based on a renormalizable gauge field theory which cannct be an-
alyzed perturbatively since it is strongly interacting at the energy scales of interest.
Instead, we use methods of analysis familiar from hadronic physics such as symme-
tries, dispersion theory and effective lagrangians. Remarkably. these methods allow us
to show that the long distance behavior of the theory corresponds to the observed weak
interactions if we make three crucial assumptions about the dynamics of the strongly
interacting theory. We must assume (i) chiral symmetry breaking is prevented by the
presence of scalar fields, (i) the effective fermion-anti-fermion-W coupling is small.
and (jii) the W and Z are much lighter than the typical mass scale of the theory. We
know of no compelling arguments against any of these assumptions. however, we are
also unable to offer any firm justifications for them.

If the weak interactions are in fact described by this strongly interacting theory.
then how has the standard mode! managed to masquerade as the truth for so long?
Why does the impostor theory work so well? We will show. given our assumptions,
that the low snergy effective theory. consisting cf operators of dimension four or lower
which describes the interactions of the lightest bound states in the SCSM. is in fact
the standard model in the unitary gauge. [Actually, certain “Higgs scalar™ couplings
may differ in the two theories and could. in principle. distinguish betwzen them.] The
standard mode! is then a very good approximation of the long distance behavior of
the SCSM. The phenomenological successes of the standard model might in fact be
successes of the SCSM. Ultimately, of course. the only reason to depcse the standard
model is if it fails to agree with experiment. Should this occur. then the SCSM may
be the truth behind the charade of the standard model.

In the next section we summarize the SCSM and explain how it can account for the
broad features of weak phenomenology. We describe its spectrum and its symmetries.
We examine the light composite fermions and the composite bosons which arise in
the mode! and find that under reasonable conditions they coincide with the observed
quarks. leptons and weak bosons. We explore the implications for the mode! of the
small observed value (§ = 0.66) of the W-fermion antifermion coupling. We study
electromagnetic effects in the SCSM and establish an equivalence between the 5CSM
at low energies and the standard model in unitary gauge.

Section Il gives a brief summary of the SCSM interactions at energies up to
of order mw. For a move complete analysis. see Ref. [1]. We show that reasonable
dynamical assumptions can render the SCSM indistinguishable from the standard mode!
in all experiments to date. More accurate tests of certain standard model predictions
(e.9. m}y = xa/V2Grsin?fw) as well as searches for new phenomena at high
energies can distinguish the SCSM from the perturbative version of the standard model.

In Section IV we examine the exotic particles expected at energies above mw in the
SCSM. We briefly discuss the phenomenology of excited quarks and leptons. excited
weak bosons, dileptons. diquarks and leptoquarks. The lower limits on the masses of
exotic particles in the SCSM which come from low energy tests of the standard model
suggest that we shall have to wait for the next generation of accelerators to see these
particles. if they do exist.
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The possibility that neutral current phenomenology could be understood
through a mixing between the photon and a neutral member of a global SU(2) triplet.
was first discussed by Bjorken® and Hung and Sakurai.® The fact that in strong cou-
pling the standard model can have a low energy spectrum with quantum numbers that
match those of the perturbative spectrum was shown by several groups.®%7:® That
the SCSM could reproduce weak interaction phenomena in detail (at energies below the
W mass) and might be an alternative to the standard theory was first demonstrated by
Abbott and Farhi.? Many other compasite models have been introduced.® As far as we
are aware, the SCSM! is the only one among ti:ese without serious phenomenological
flaws (e.g.. too many or too few unbroken chiral symmetries. trouble with anoma-
lies. flavor changing neutral currents). Kogerler and Schildknecht!® and Schrempp and
Schrempp?? have studied weak interactions in generic composite models aided by the
assumption of “strong vector dominance™.'? Our work focuses on a single model, the
SCSM. which is the only one we believe is viable and we show that it can account for all
weak phenomena. Although we do not invoke vector dominance per se, the constraints
on masses and couplings in the SCSM which enable it to reproduce experiment can be
interpreted as limits on the corrections to strong vector dominance.

1. THE SCSM: SYMMETRIES, INTERACTIONS AND
COMPOSITE PARTICLES

.1 SYMMETRIES AND MASSLESS COMPOSITES

In this section, we review some of the basic featusres of the strongly coupled
standard model. We begin with the standard electroweak lagrangian with the usual
charge assignments. The gauge group is SU(2)L x U(1) with N left-handed fermion
doublets ¥ (a =1,...,N). For now. we neglect QCD strong interactions so that the
index ¢ labels colors as well as flavors. Thus. N = 4ny for ny families of quarks and
leptons. Each doublet has U(1) charge y, with y, = 1/6 for quarks and y, = —1/2
for leptons. For each left-handed quark doublet. there are two right-handed SU(2),
singlets ur and dg with U(1) charges 2/3 and -1/3, respectively. Also, for each lepton
doublet, there is a right-handed SU(2). singlet e with U(1) charge -1. [Right handed
neutrinos can be included; they have y = 0.] We collectively denote these right-handed
singlets by ¢}, for b = 1,...,7n, and their U(1) charges by y;. There is also one

scalar field ¢ which is an SU(2), doublet with-T(1) charge -1/2, The lagrangian is
then

L =i PO} +ibm POl + % tr [(Du0)! (D“ﬂ)]
(2.1)
a - ':‘y”y”v - ";‘ tr G'“’G“y bt % [‘r ﬂ'ﬂ - 2"’]’

where the covariant derivatives are given by
Duft = 3,0 ~ igaw, 0l + -:-ig;ﬂraa,,

Dy¥i = du¥g ~ igawudf ~ ig 1WaBu¥f (2:2)
Dutbh = 8,4} — igumaul
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with w, = Lwir® for i = 1,2, 3. Also, we have written the scalar fields as 22 x 2

matrix ¢ 4 10
n=(% B) an-wiasae (g ) (23)

and
7,,, =0uty — a,a,. ) (2'4)
Gy = By ~ Aw, —igswuwi} .
Later we will consider the effects of Yukawa couplings between the scalar field ¢ and
the left- and right-handed fermions as well as QCD. However, it is first convenient to
discuss the theory in the limit in which these effects are neglected.

There are two important dimensionful parameters which characterize this theory.
The first, v2, appears in the scalar field potential. Positive v? corresponds to ordinary
spontaneous symmetry breaking, while, for v? negative. the gauge symmetries are
unbroken and the scalar fields develop masses of order v/—Av?. The other dimensionful
parameter is A;. the scale parameter of the SU(2), gauge group. If v2 is much less
than A, the running coupling constant g; becomes large at energies of order Ay just
as the running coupling constant of QCD becomes large at Aqcp. For v¥ >> A2,
the vacuum expectation value of the Higgs field cuts off the growth of the coupling
and this coupling never gets much larger than g2(v). This is the case in the standard
model where g2(v = 246 GeV) = 0.66. When g2(v) is small. A; can be defined as
the scale where the coupling would get large if v2 where zero. We will characterize the
theory as strongly coupled or confining for A2 >> v? and we will use the language of
spontaneous symmetry breaking for v? >> A2,

There are two other couplings to consider. The first is the coefficient of the ¢*
term. A. which we assume to be fixed and of order one or smaller. We will not attempt
to study how the dynamics changes as ) is varied. The other coupling is g;. which
determines the strength of the ordinary electric charge in both the confining and the
spontaneously broken modes. This coupling is always chosen to give the correct value
of the fine structure constant. In all cases. g, is small.

For ¢y = 0. the lagrangian (2.1) possess the exact global symmetry group
SU(N) x SU(2)w where the SU(N) is associated with the N fermions ¢¥$. We
are not concerned here with symmetries which act only on the right-handed fermions
since these are neutral with respect to the SU(2)y force. The SU(2)w symmetry
arises from the invariance of the lagrangian (2.1} under the transformation ) — fNh
with k € SU(2). If g, # O or if color forces or the Yukawa couplings are included in
the full theory, SU(N) x SU(2)w is only an approximate symmetry. Because these
symmetry breaking effects_are small at the scale G;'/ ? we can sensibly discuss the
exact symmetry limit.

We now consider the strong coupling version of the theory, that is A2 >> v2. The
scale, A, characterizes the interactions of the SCSM and is of order G’_;!" 2 ~ 300
GeV. The spectrum of physical particles consists of SU(2), gauge singlets. including
fundamental particles which are neutra! with respect to the SU{2)r force such as the
right-handed fermions and the U(1) gauge boson a,. In addition. we must consider
bound state gauge singlets much like the mesons and baryons of QCD. We can classify
the composite particles by writing down {low dimension) SU(2)g-singlet composite
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operators which create the states of interest from the vacuum. However, SU(2) is
strongly interacting so any attempt to attribute a simple particle content to a bound
state should be done with caution. We can combine each fermion 1, with the scalar
field ¢ in two different ways to make a gauge singlet fermion. With a, 8 =1, 2 being

SU(2)L indices, we let
¢-c¢ic ) '
Fe = =1 Y,b‘ [} 2.5)
L (¢'¢¢ﬂ‘bip L (

be an interpolating field which connects two spin 1/2 gauge singlet fermions for each ¢/¢
to the vacuum. F¢ transforms as an (N, 2) under the global group SU(N) x SU(2)w .

For the SCSM to be a viable model. these csmposite fermions must be massless
in the exact symmetry limit. A necessary condition for the existence of massless
composite fermions is that they satisfy "t Hooft's anomaly matching conditions. It is
easy to see that the composite fermions Ff match the anomalies of the fundamental
fermions ¢¢. The only diagram to consider is the SU (N)3 triangle. The fermions
2 are doublets under the SU(2), gauge group and transform as two N's of SU(N).
while the hound states F§ are doublets under the global S7/(2)w and also transform
as two N's. Thus. these bound states produce the same anomaly as the fundamental
fermions and may, in fact. be massless composite fermions. However, it may be
energetically favorable for condensates such as (1/:21/;{) to form, in which case chiral
symmetry is spontaneousiy broken. If so, all fermions would acquire mass and the
anomalies would be saturated by Goldstone bosons. If —v? >> AZ. no SU(2)L gauge
symmetry breaking is induced by the Higgs potential, and the scalar field ¢ has 2
mass of order v/--v2? which is much larger than the composite binding energy ~ As.
In this case. we expect the bound states F§ to be massive because they contain a
heavy constituent ¢ and chiral symmetry breaking occurs. [Another way to see this
is to note that in the limit of very heavy scalar constituents the SCSM becomes a
theory of N left-handed fermion doubiets strongly interacting at the scale 4. N/2
of the fermions may be replaced by their onjugate fields, which destroy right-handed
anti-doublets. Since SU(2) representations are real, these are equivalent to right-
handed doublets. The resulting theory is N/2 flavor, two color QCD which certainly
breaks its chiral symmetries.?3] On the other hand, if v >> A3, the theory is in
its familiar perturbative mode and the standard wisdom is that no spontaneous chiral
symmetry breaking occurs. There must be a chiral symmetry breaking phase transition
controlled by the parameter A3/v?. In the SCSM, we take A2 >> v? and. in order to
avoid spontaneous chiral symmetry breaking, we will also assume that. if v3 is negative,
its magnitude is not greater than of order A2. Thus, our first assumption is that in
the SCSM with a binding scale Az and scalar fields whose masses do not exceed A,,
chiral symmetry breaking does not occur and the fermions F§ are massless. There is
no reason to expect any states other than the fermions Fg to be massless.

H.2 SCALAR-SCALAR BOUND STATES

The SCSM also contains gauge singlet bound states whose interpolating fields
contain two fundamental scalars. These are interesting because their properties repro-
duce much of the phenomenology of the fundamental W+ and Z of the standard model.
The simplest interpolating field for such bound states is the SU(2)y invariant. spin-0
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operator H = ¢5¢° = 1/2 tr [1102]. We identify the lowest mass state connected by
this operator to the vicuum with the Higgs particle of the standard model. Its mass
is determined by the mass of its constituents and the strong interaction dynamics and
should be of order G;l/ 2 altkough we have no way to compute its value reliably.

in the absence of fermion masses, this particle, like the usual Higgs particle, does
r.ot couple to fermion anti-fermion pairs. Dimension four operators of the form HF, F;,
vanish because of the left-handed nature of Fy,. Couplings of the form HFp ¢z de aot
occur because the right handed fermions do not feel the SU(2)y, force. The addition of a
Yukawa coupling. gas¥3 k. to the underlying lagrangian (2.1) would induce H Fy,vr
couplings in the effective theory and would generate masses for the lightest composite
fermions with m®® ~ A3g%®. Therefore, g°® ~ m*®/A; are typically very small. In
the standard model. the Higgs-Yukawa couplings are ~ G’;.”m ¢ which are roughly as
small. Thus. the observation of a scalar particle which couples to fermion anti-fermion
pairs with an amplitude proportional to the fermion mass would not distinguish the
SCSM from the usual form of the standard model.

Spin one bound states can be made using the interpolating fields Wi =
tr{' D,07°]. These particles form a triplet under the global SU(2)w and are de-
generate in the absence of electromagnetism. The two charged states are identified
with the W= while the neutral component W? mixes with the photon and produces a
state heavier than the W2 which is identified as the Z. Therse is no analogous SU(2)w
singlet operator so there is no reason to expect an SU(2)w singlet vactor particle near
in mass to the W. The SU(2)w singlet operatcr Tr1! D,0] is proportional to 3, H
which does not create a spin one particle from the vacuum.

In the absence of electromagnetism. we can write down an effective lagrangian
consistent with the global symmetries which incorporates the self-interactions of the
spin-one bound states and their interactions with the bound state fermions Fg. The

most general SU{2)w invariant effective lagrangian including afl terms of dimension—+4
or less is

X ) B BT
£2,=1FL.pF}:——;W"-W,,+Em§,W"-W,+§W"-J“

= 3™ W x W)+ 20aF" - W) + 207" )7, W)

{(2.6)
where W,., = BFW, - a.,W,, and ;: = {-F—‘f?'y“F,‘:. Here. G, g3, g4 and g are
dimensionless couplings which characterize the interaction between on-shell. physical
composite particles much like the p-nucleon, p° and p* couplings. in the SCSM they
are determined by the underlying gauge theory. However. their values are not equal to
that of the gauge coupling and cannot be calculated in any known manner from the
SU(2), strong interaction dynamics.

The reason we include only operators of dimension four or lower is that higher
dimension operators have coefficients which are proportional to the scale factor. A;. to
a negative power. As we will show. the model can account for W and Z phenomenology
only if the scale A3 is much Jarger than my . perhaps by a factor of five. In this case.
higher dimension operators are suppressed at energies up to my. We do not include
a four fermion operator at this stage because it has dimension six. However, a four
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fermion operator will be induced through the exchanre of W* s Its coefficient will be
of order mwI which is much larger. by assumption. than A7 “. so it is consistent to
keep in the eifective four fermion theory only operaiors mduced by exchanges. [The
act that a compositeness scale much greater than my, might be a desirable featuie in
composite madels of the weak interactions has been suggested in other contexts.]!* !5

Of the many couplings in eq. (2.6) only 7 can so far be inferred from axperiment.
Notice that the exchange of W's between fermions via the lagrangian (2.6) leads to an
effective four fermion theory at energies well below my, of

. &, §’ -
Lea =iFp PFL - 5 511 “Jur - (2.7)
. W
For this to match the usual four-fermion interaction we require

22 4Gr
g __2ZF 2.8
My V2 @8)

[We are neglecting electromagnetism. but our results are still strictly true for the
charged current interactions.] We are assuming here that the dominant contribution
to the effective four-fermion operator comes from W exchange. Clearly. there will
be contributions from other states. e.g. excited W's. The reasonableness of this
assumption will be examined later. Using measured values of the W mass {81 GeV)
and Gp. eq. (2.8) implies that § takes the same value § = 0.66 as the gauge coupling
of the standard model in the pertubative mode.

1.3 THE RISE AND FALL OF THE COUPLING

There is a remarkable similarity between the low energy spectrum of the SCSM
and the usual spontaneously broken standard model. Assuming no chiral symmetry
breaking in the SCSM. both theories have massless fermions transforming as an (N, 2)
under the unbroken global symmetry group SU{N) x SU(2)w. [in the standard model,
the unbroken global SU(2)w is the diagonal sum of the SU(2) discussed previously
and global SU(2), gauge transformations.] Both theories have a spin zero particle
transforming as a (1,1} and three spin one W's transforming as a (1.3). This is an
example of “complementarity™ 58 7:8 which states that in a gauge theory with a Higgs
field transforming in the fundamental representation, there is no phase transition be-
tween the confining and spontaneously broken regions of parameter space. This should
not be taken to mean that all Green's functions are independent of the parameters.
Rather, it says that the Green's functions change smoothly as underlying parameters
are va-izd. In fact. complementarity cannot hold for all values of A2/v? in this model
since. as we have argued, when —v? is much greater than A2 spontaneous breakdown
of the SU(N) chisal symmetry must occur.

_ Let us consider the interaction between the lightest spin one triplet of particles.
W,. and the massless fermions Fg. The on-shell WFLF'L coupling is given by eq.
{2.6) regardless of the relative size of the parameters v? and A3. The dimensionless
coefficient § is a function of the ratio A2/v2. It is measured, for example in the decay
W — FLFy, or by independent measurements of G and mw. To see how g(A3/v?)

¥
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the anomaly-free condition is
D-D'-10=0. (6)

Since we want to consider X® as a component of a Majorana spinor, it follows that in our
approach the relevant space-times are those for which the Majorana-Weyl [11] condiiion can be
imposed, we see that D'=2% (2mod8) ¢4 pr = 2, 16 ... . However, only for two- and
sixteen-component spinors we can have consistent supergravity theories in dimensions 2 and
10 and we see that D may be 12 or 26. This last dimension is of great interest since it
corresponds to the heterotic strings construction {2], in which the number of bosonic anc
fermionic dimensions is respectively 26 and 16.

From what was said above it seems that the last, so-called doubly graded o-model, has bright
prospects. There are however many problems that must be solved including finding the
correspondence with D=10, N=1 supergravity and/or Yang-Mills-supergravity system, anomaly-
free and finiteness conditions. Work in this direction is in progress.

war - g,
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linearity and ordering, we amive at ordered lmear resoiution. Due 10 its extended set of eguabty
axioms, the eguality predicate introduces an additional complexty into respiution which, 1 a large
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1. INTRODUCTION

The prospect of having a computer sysiem that can draw logically correct conclusions is doubtless
2 reason for cxcitement. Theorem Proving’ in the framework of first —order predicate logic {1} offers
such a possibilily with a range of applications poing far beyond mathematics. Theorem Proving is in
the titiz of this paper although perhaps ‘Automated Reasoning’ [2] would have been more appropnate.

This paper grew out of the interest to understand the notions and concepts which permitted the
rzalizztion of ‘Automated Reasoning Programs’ or computer systems. It is the sccond part of a sst of
izl lectures and focuses on the refinements of Robinson's resolution principie. We sofar considerad
the rescivtion principle as an inference rule that can be used 10 generate new clauses from old ones.
We alsc have seen that unlimited appiications of the resolution may generate many irrelevant clauses
besides of uscful ones. Although the deletion strategy can be used to delete some of the irrelevant ané
redundant ciauses afier they are generaied, time has already been wasted by generating them. Further-
more, if useless clauses are generated, many rescurces such as computer time and memory are required
to detzrmine whether they are indeed irrelevant and redundant. Therefore in order to have efficient
thecrem proving procedures, we must prevent large numbers of useless clauses from being generated.
This izads us to the discussion of the refinsments of resolution.

There ar2 ba<deally three different types of refinements: semantic resolution [3], Linear resclution
{4} and paramodeletion [5]. Semantic resclution introduces the predicate ordering and uses semantic
criteriz o sphit the sat of input clauses into two groups; resoiution is then blocked between the mem-
bers of the same group. In bnear resolution, cne of the two parent clauses must be the preceding re-
solvent. I the second parent clause is an input or unit clauss, the number of possible resolutions ia
further reduced at the price that the completeness property in full generality is not valid any longer.
Compoining the concepis of linearity and ordering, we arrive at the ordered linear resolution. Dus to its
zxtended set of equality axioms, the equality predicate introduces an additional complexity into resolu-
von which 1s reduced, to 2 large extent, by paramodulation. In addition, paramodulation has the agd-
vantage of bring compatible with several of the earlier touched resolution: refinements.

These note: are intenided as a rapid introduction into the main resoluticn refinements and the
necded temmunolepgy. We consequently leave aside all proofs and focus on the presentation of results
and their practical usz, refering for a deeper understanding of the subject to the specialized literature
[2.6].

This paper is organized as follows: in section 2 we summarize some of the carlier insights from
paper | concerning resolution, soundness and completeness. Section 3 focuses on the semantic resolu-
tion refinements such as: P1— Resolution {7], Hyper — Resolution (8], UR — Resolution [17], Set—of —
Support Resolution [5], O— Resoiution [10], O — Kesolution [11], Lock— Resolution [12). The linear
resolution refinements are discussed in section 4 wheare we consider in particular: Linear— Resolution
{4], lnput—Resolution {13], Unit— Resolution {12], and OL— Resclution [14). Section S explains
Pzramodulation {5] and its combination with some of the earlier mentioned resolution refinements
such as: Hyper~, Inpui —, Unit—, and Linsar— Paramodulation [15]. In section 6 we give a few hints
at the best applicability of the above resolution refinements, and section 7 is reserved for the conchu-
sions.

2. RESOLUTION, SOUNDNESS, COMPLETENESS

This section summarizes the cariier insights from paper I conceming:  — Resolution, Soundness
and Completeness.

2.1 Resolution Principle [ 16]

The general inference technique to derive new clauses from kmown ones and their succe sive use
to derive the empty clavse O, is called the ‘Resolution Principle’ (denoted by R ). This principle
makes usc of "Factorization’ and ‘Binary Resohrtion’ on any (unsatisfiable) clause set without giving

any preference to particular clauses or selecting a specific proof strategy. For completeness we repeate
here the essential notions.

Factor:
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if two (or more) literals with the same sipn of a clause G have a most general mnifier 8=MGU, then
GO is called a ‘unit factor’ of G:

P
Factor ¥: D G(.L,.L,.) : same—sign L'
2 36 = MGU(L, L,) :
NG =G8 : inciudes G
By Resoot:

Let G and H be two clauses with no variables in common. Let L, and L, be two Eterals in G and H,

jvely, f L, and ~L, have a most prneral unifier 8=MGU, then the clause:
BRGH) = (GO — L) U(HO ~ L) is calied a ‘binary resolvent”. The fiterals L, and L, are called
Titerals sesolved upon’, andGHmthc ‘parent clauses’ of BR:

Binary levunn

- ’
Iy G(-L;.), H(.L,.) : diff —sign L'
2) 36 = MGU(L,,~L,) :

3) BGH) = {Ge-1,8) U {H8-1,6)

Resolvent:
A ‘resolvent’ of the (parent) clauses G and H is one of the following binary resolvents: (i) a R of G

and H, (i) aBR of clause G and a factor of H, @ii) a BRof a factor of G and the clause H, (v) a
‘mlofafamnrafcandacumnfﬂ.

Resolvent R : 12_(G.H) ~IRFAG.FH)

Clause or Factor

2.2 Soundness

The resulting process of deriving new- clauses from old ones will eventually derive the empty
dclause, if and only i, the original clanse set is vnsatisfiable. The ‘only if part of this is the soundess
theorem:

If a formula S, in conjunctive nonmal form, is satisfiable

and if C is derived from two clauses in S by K —resolution,

then SAC is satisfiable.

It thus states that we cannot produce an unsatisfable conjunction of clauses, and in particular, one
containing the empty clause, from a satisfable one.

Soundness °; * >orem: H there exists sn R —refotation of a general
clane set S, then S is unsatisfighle:
S unmatishable <= Sl-i o
Since the basic resolution step is common to all successive resolution refinements, the ‘soundness
propesty’ is almost never endangered.

.

2.3 Completeness

That the inference of new clanses via R —resolution will always lead to the empty clause O,
provided the original clause —sct S is unsatisfiable, is guaranteed by * R—completenessy’.

Completeness Theorem: H a clause act S is unsatisfiahle, then there
i —deduction of the empty clapse:
S unmtisfable => Slr‘ a
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The completeness property is by no meana a resolution —inherent property and it has to be ensured
explicity for each of the resolution refinements. Choosing a particular proof swategy by deleting spe-
cific types of clausss, or preventing sets of clauses from resolving amongst themselves, or other possible
restrictions, can lead to the loss of refutation completeness, meaning that the empty clause might or
might not be found. It therefore is necessary that the completeness property is explicity ensured for
each resolution refinement.

3. SEMANTIC RESOLUTIONS

In this section we present those resolution refinement which use sernantic criteria to split the set
of initial clauses into subsets. It is divided into several sub— sections each one considering a particular
method.

3.1 Introduction

In order to illustrate the essentials of semantic resolution let us consider the following simple
example. A set of clauses be given by

§S=(~PV~QVR ,PVQ,QVR, ~R)
m @ » @

To prove the unsatisfiability of the set € we will apply binary resolution by resolving first the original
clauses against ecach other, and then the original clauses against the deduced resolvents. We thus arrive
at the set of clauses

S= ()=~PV~QVR from §
= PvQ from S S
3= QVR from S
@ =~R from S

R= (9=~QVR from (1)+(2)
(6 =~PVR from (1)+(3) Sxs
M=~PV~Q from (1) + (4) x
®=P from (2)+ (4)
®=Qq from (3)+(4)
(1) = ~QVR from (1)+(8)
(1) = ~PVR from (1)+(9)
(1= R from (2) +(6) SR
(13 = ~Q from (4) +(5)
(14) = ~p from (#)+ (6)
9= 0o from (4)+(12) -

Amyngaﬂthmgmunadchu,on!y(ﬂmd(ﬂ)mnﬂuaﬂyuwdhmemf.mmdmm
are irrelevant. Is it possible to have some mechanisms that can reduce the number of useless clauses
being generated ? Indeed, there are such mechanisms and we shall now discuss them in detail.

Let us imagine that we can, in some way, divide tbe set of S clanses into two groups, S, and S,.
Let us further imagine that we do not allow cliuses within the same group to be resolved with each
other. This will obviously cut down the number of clauses being generated. Let us assume that in the
above example the two clause sets are:

$;={PVQ,QVR} §,«(~PV~QVR,~R})
@ O m «
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Since clause (1) and clause (4) are both in S;, (1) and (4) will not be resolved. Thus we have succeeded
in blocking the resolution: (1) + (4). As we shall sce, this blocking will not afiect our ability to deduce
the empty clause 0.
The question is: how do we divide the clauses into two groups ? In semantic resolution, we use
i jon to dividz clanses. This i3 why this kind of resolution is called SEMANTIC
RF_SOLUTION Note that in the above cxample, the clauses (2) and (3) are falsificd by the 1 —inter-
pretation 1= { ~P, ~Q, ~R }, while the clanses (1) and (4) are satisfied by L. Therefore, this inter-
pretation can be used to divide S into S, and §,, where S, contains the clauses falsified by I and S,
contains those satished by 1. The reader should remember that we are dealing with an unsatisGable set
of clauses. No interpretation can satisfy or falsify all clauses. Therefore, every interpretation divides S
into two non —empty szts of clanses. We shall see in the following that any interpretation can be used.
Another means 10 block unnecessary resolutions is offered by the P—ordering of the predicate
symbols. Suppose we order all predicate symbols appearing i the clanses of S by the relation

P>Q>R
and we consider the binary resolution of clauses (one from S, and one from S;). We now require that
the reeolved Jiteral L in the §; —clanse G shall be of higher or equal priority than (or contain) all
predicate symbols in that clanse
ll 2 Predicates{ G)

In this way we have blocked the resolvants: (2) + (4) and (3)+(4) because R is not the larpest hiteral in
(2) and (3).

The foregoing ideas: the use of an 1 —imterpretation to divide clauses into two groups and of a
P —ordering of the predicate symbols to reduce the number of possible resolvents, are important con-
ccpts in semantic resolution which shail be further explained in the following.

3.2 PI— Resolution

This resolution allows the deduction of a resolvant with several (aot only two) clauses being in-
volved. This has the advamtage of jumping over a whole set of binary resolution step. We first will in-
troduce some ncw notions.

P1—Resolvent. Pl —Clash-
Let 1 be an mterpretation and P be an ondering of all predicate symbols A finite set of clausss, com-
poadof'Sa!:ﬂha'Eiwhi:hmmbefnlzinlmda'Nudms'N(:R,)z
[ E .E, E , N}
R\&h—l
“Satellites” filse in I  “Nucleus” ( =R, )
is called 2 PI— Chﬂn.ﬁﬂuymelﬁteanbemhedmhth:pxudingmlwmk 1= (&

R.}
whereby the Kiteral resolved upon L mﬁimbeofh@uotequalpnomytban(ormnmn)a‘]
wediatesmlii and furthermore if the last resolvent R +1(-l’l Resolvent) is false in I:

MU ineang, e

3 Pi-Resolvent : Ry, ) filein]
e Ey Hucleus ( Tru!)

£y ‘ Satellites ({ False )

- E
v
.gq PI-Resolvent { ?llle b
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Note, the ordering the “Satellites® { E, E;,...E } is immaterial; we always get the same PI—resol-
vents of this clash. Ao interesting thing about sgna.nuc n:soluuon is that we can use any P—ordering

and any 1—interpretation.

Example 1:
' . l-Interpretation = [Bl."'zy,"-h l =d7T

. P-Ordering - fLa»k>s 3]

. Satellites @ E 2 ~Gav~ba - F
E‘_l QLVSG - ¥

. Nucleus : N = GlVQAV"'uy"“RLch. =T

. Resolvents : R‘ ] “; ?) 'Ry RS
Ry =R(E, ~RyveRbY ‘-} largest in E
‘QJ a?.(:-',m)= Sc l1 i

. Pl1-Resolvent : S,_ = T

P] — Dzduction:

SupposcaclausesctS:sgwml.:t 1 be an interpretation, andletheanordermgofallpmdume
symbols in the clauses of §. A deduction from 8§ is called a PI—deduction if and only if each clause in
the deduction is either a clause in S or a PI-resolvent:

Pl-Deduction => S—Clauses, PI—Resolvents

Example 2 : 8 = {4m6vR, 22 @v-R 35 ~AVR br~avRY
I-Interpretation® C G,N2] L4 5+ L ‘ 450'“'156'.‘1"’5“4"2} =T
P-Ordering =[R>Q] §"={ 3w ~av® aad ¥
Clash-1 Eu ~QvR R, 2 ~AV~R
S~ —_
Clash-2 = E;z~@Q o arr
~

Clash-3 : E;= ~a EFR 'n,! Qv~R

\

Completeness of PI - Resolution:
If P is an ordering of predicate symbols in a finite st S of clauses, and if I is an interpretation of S,
then there is a PI—-deduction of O from S:

PlI—Resclution => complete

Pl — Resolytion and Deletion — Strategy:
The Pl —resolution can be used together with the Deletion — Strategy without loosing the completeness
propesty:

PI—Resolution + Deletion—Strategy => complcte

3.3 Pos.[Neg. Hyperresolution

We now consider an inference rule which emphasizes the role of the positive/negative clauses.
We first introduce some definitions. Fo
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Positive, Negative, Mixed Clauses:
A positive (negative) clause is composed of positive (ncgative) Literals cniy. A mixed clause is com-
posed of positive and negative litcrals.

Example 3 :
ple 3 pos.clause = QvRvSv... (pos.Ls only}

neg.clause =~QvoR¥eS¥e.  (neg.Ls orly!}
mxd.clause » ~RYRv=S¥Tv.. (pos.+neg.Ls)

Positive Hyperresolution:

The inference rule “positive hyperresolution” consideres simultaneously a set of clauses {E, E,,...E}
(“Satellites”) where cach contains only positive literais, and a clause N ("Nucleus®) that contains &t
least one negative literal. The resulting hyperresolvant R H+ 1 requires te consist of pesitive Brerals
only:

Pos. Hyperresolution R H+:
{ Satellites + Nucieus} => {‘l—l__yp::;m_;igt}
pos.Ls 1< negLs pos. Ls only
Positive hyperresolution is 2 special case of PI—resclution in which the interpretation I consisis of

negative literals only: 1 = [~L,, ~L,, ..]. The predicate ordering P is ematesia’ but &t can further
constraint the resolution possiblities.

Example 4 : S'e { QavRe,~QuvRe,~Ta¥~Se, Sx §
I-Interpretation = [-Q.,-l:,":r] B st= ;"Q.IV'R-,"E\" ~fa}
P-Ordering = [8»a>R ] S = i GavRx,Sx }
Clash-1 : E2GavR Rz ~QuviRx
> 2. =

Clash-2 : E=Sk ESRxvRa R,B ~Rav~Sa
l__—

Negative Hyperresolution:

The inference rule ‘negative hyperresolution’ consders simultaneously a set of dauszs (E,,...E_}
(“Satellites”) where each contains only negative Eiterals and a clause N ("Nuclens®) that contains at Jealt
one positive literal. The resulting hyperresolvent ‘R ¢4 is required to consist of negative Eierls cnly:

Negative Hypeﬂuoluﬁon'mn_:
{ Satellites + Nucleus } = > { Hyperresolvent }
neg [s 1< pos.Ls neg. Ls only
Negative Hyperresolution #s a special case of PI—resolution id which the interpretation 1 consists of

positive literals only: I = [ L,,L,,..). The predicate ordering is immaterial, but it can funther con-
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Example § : S = {6uvRe,~Gn v R, ~RavnSe, Sx )
I-Interpretation © [8x,Rx,S5x ] S*={.@“VR"~"Q¥VR":SK} =all T
P-Ordering = [S»@>R] = s-z 1~12av ~Sa } = all ¥
Clash-1 : E,= ~Rave Sa, R= Sx
—

Clash-2 : E,2~Ra E&vm

S~
Clash-3 : E'-=-~‘EL Es ~Ga R, = QaVvRy
P-Drdering = [r>a»s]
Clash-l : Edg ~RavaSa ‘215 ~Qu v Rx

\ /
Clash-2 : g3 ~Ravefa  EE &SaveBa Bz davRe
Clasn-3 : EIEfS\a ‘&SX

Completeness of Hyperresolution:

I P is an ordenny of predicate symbols in a finite set S of clauses and if 1 is an interpretation of §,
then there is a pos./meg. hyp-rresolution deduction of O from S. If the ordering P is dropped the
statergent s sull valid:

Pos./Neg. Hypemresolution = > complete

Note, it is often the case that the axioms of a theorem are represented by some positive and mixed
clausss, and the negation of the conclusion is represented by a negative clause ~C. In this case the
positive hyperresolution roughly corresponds to “thinking forward®, which means that the deduction
«zrts with the axioms and derives a clause C which 15 contradictory to the negation of the conclusion
~C. The negative hyperresolution corresponds to “thinking backwards® which means that the deduc-
tion starts from the negaiion of the conclusion. Assuming that the conclusion is false, we derive a
centradiction from this assumption in one of the other clauses.

5.4 UR — Resolution

Another special case of PI— Resolution is UR = resolution (“Unit Resulting”). The satellites are
required to be Unit — clauses, the nucleus is constrained 10 have one more literal than the number of
satellites and the result is required to be a unit clause. Thus UR ~resolution requires that a set of unit
clauses is used to yicld a unit clause. Remember, a unit clause is a clause that contains exactly one lit-
eral, while a non—unit clausc contains more than one litcral. The inference rule “UR — Resolution’
(TRUR) thus considers simultancously a set of n umit clauses (“Satellites”) and a non—unit clause
(“Nucicus”) with n+ 1 literals. The resulting UR —resolvent is required to be a unit clause whereby the
sign of the litcrals is immatcrial. For UR —resolution 1o succeed, a simultaneous replacement of all
variables in the set under consideration must exist that, when applied to each pair, makes the pair
identical except for the sign:

UR-ResoluLionlUR :
Unit ~Clauses + 1 Non— Unit-Cla x> { Unit—
{n on — Unif use } { Clause }

1 Literal n+ 1 Literals 1 Literal
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The UR - resolution removes the restriction that the derived clauses must have only positive literals
(as is the casc for pos. hyperresolution) but imposes the restriction that the derived clauses must be
unit— clauses: { E,=P, E;=~R, N=~PV~QVR } => R,;=~Q. UR —msclution would denve ~Q
whereas pos. hyperresolution would be unable to derive anything. One thus might say that UR —reso-
fution emphasizes unit — clauses in exactly the same way that hyperresolution  emphasizes the positive
clauses,

Exampl- 6 : EzGQu E=w Rbe Rz PoyveoGavRxz
f—
'R,_E 2‘»,

Completeness of UR — Resolution:

Given an unsatisfiable set S of n unit clauses and 2 non — unit clause with n+ 1 literals, then therz is a2
UR —resolution deduction of O from §:

UR —Resolution = > complete

Example 7: sec example 5.

3.5 Set—of— Support (S5S) Resolution

The set—of — support stratepy forbids an Autom=zted Reasoning Program (ARP) from applying
an mference rule unless at least one of the potential parents to which it it being applied has been de-
duced from some specified subset of the input clauses. A theorem, for instance, consists of a s=t of
axioms {A,,...A_} and a conclusion C. To prove this theorem, we are essentially proving that:
AL AAMALA AeC is unsatisfiable. Since the conjunction of the axioms: A, AA, ALAA is
usually saﬁsﬁa%le. it might be wise to avoid resolving clapses in A; A A, 'A"“AAn‘ Tris is what the
set—of — suppont strategy tries to accomplish. Again we first give some definitions.

SS — Resolution:
Asubset T of a st S of clauses is called a set—of ~support of § if S—T is satisfiable. A ser—oi—
support resolution { ss) is a resolution of two clauses that are not both from (S — T3:

SS -~ Resohnion‘Rss:
{(S) + (5-T)} => {SS—Resclvent }
—
satisfiable

The sct T is chosen best to consist of the axiom expressing the negated conjecture {or guery), or cf the
“special” axioms together with the negated conjectre.

SS — Deduction:
An 8S — Deduction is a deduction in which every resolvent 15 a SS — resolvent:

SS —Deduction = > §-—Clauses, SS— Resolvent
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Example 8 : G= { 15,22 Dy vlay A==Bonlyveley, b= b, F=ab ]
T={4=Db,520b} ,5T={4=Pa 25~ DyvLay,3= ~Buvm@yvolyy |

Deduction : 442 =6 L;L
543 =7 : ~Relxb
{43 =1 : ~Fa
g1 =9 n}

Cormpleteness of the 8§ — Strategy:
If S is a fimite, unsatisfiable sst of clauses and T is a subset of § such that § —T is satisfiable, then there
is an 8S — deduction of O from S with T as the set —of —support:

Set—of — Support Strategy = > complete
SS - Stratezv + other Refinements:

The §S —strategy is not compatible with most other resohr >:. ~ © « =i . .1 particular, the combi-
nation of hyperresolution with the SS — strategy leads to the loss of -

zau completeness:

SS —Strategy + most Refinemenmts =/= > complete -
8§ —Strategy + Hypemresolution =/=> complete

3.6 O— Resolution

The ordering of predicate symbols may not be a sufficiently stringent condition to single out
uniquely a literal. In a clavse there may be more than one literal which is of higher or equal priority as
the Jargest predicate symbol of the clause. Anyone of thesc can be a candidate to be resolved upon. We
thus may be forzed 1o generate from a clash more than one resolvent. In order to remedy this situ-
ation, we consider O(rdered) — Clauses and devclop the O(rdered) — Resolution.

O — Clauses:
An O(rdered) —clause is a sequence of distinet literals. We introduce the ordering of literals in a clause
by agreeing that a literal L, is greater than a literal L, in a clause if L, follows L, in the sequence

specified by the clause. Thus, the last literal in an ordered clause will always be considered the largest
Iiteral in the clause:

Clause = [L, V~L, V..V ~Lal. O-Clausc =[L, < ~L,<,__<~Ln]
D Ve S
ordering of literals
Merpging Left (ML):

In an O —clause, if there is more than one occurence of the same literal with identical arguments, we
always keep only the leftmost orie and delete the other identical literals:

O-Clause = [L, VL, v...v% v.])

Example 10:
ML
C-Clause P‘anvasz = PavQxvRz
ML
ObvnuvPVVRu = ObvRuvwpy
P , e m‘
v -
TERK - mew
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O — Factor:

If two (or more) literals with the same sign of an O —clause G have a most general unifier 8=MGU,
then the O —clause obtained from GO by deleting a literal that is identical to a smaller literal in the
sequence is called an "0 —factor’ of G:

O-Factor ¥y :
na 1‘:‘[, ] : same—sipn Ls
2 36 = MGU(L,L) :
3) Ge : includes G
9 Fp0) = L Y] : merging lefl
Example 11 :

G=PxvOxvPa = To(ci) =G, or Pav(a
G!- Pav Pxv Py - TD(GS) - Gi or PavPx or PavPy or Pa

G= PxvPEXV Ox % ‘G‘omi) = G, or Pfyvofy

O — Binary Resolvent:

Let G and H be two clanses with no variables in common. L, and L, be two Bterals in G and H, re-
spectively. If L, and ~L, have a most general unifier 8=MGU, then by concatenaticon: Ty (GH) =
[ (Ge—L1,8), (H8 —L,8) ], whereby the higher ones of possibly identical Incrals are dmppcd.mo
is called an ‘O —Binary Resolvent’ of G against H. Note that the ordering of the concatenated se-
quences is hnponant:ﬂo(G.H) #‘mo(H.G).

O-Binary Resolvemt BR; .

o s .
1) G(.1,.),H(L,) : diff-sign Ls
2) 36 = MGU(L,.~L,) :
3) [{G8 - L,9), (H8 — 1,8)] : concatenate
9 BrRo = L3441 : merging Icft
Example 12: . G.‘—PXVQXVR'#—:-RVQL
Lo 0-{%ler,d n
R, (60 = {(Go-L v (-1)) = GavRavi) = fauva)
o GeRvixvRy, fu Zyr~QlvS,
*/L, » 0=ilfle LS
snn(an) = ,(co'lxo)' ("9' 19)) = ’BV'RLV&VS";
T, (8 » 6<{ %) - « {2avRbvSa ]
0 —Resolvent:
An "0 - Resolvent” of the clauses G and H is one of the folloding O—binary respjvents: @) BR of
G against H, (if) a BR, of the O clause G against the O— factor of H, {iii) of the O —factor

of G against the O —clause of H, (iv) 2 R, of 2n O~ factor of G against an O ~factor of H:
0-Resoivemt Ry, : R (6.0 TR yTye) i}
e
0O—Clause or O —~ Factor
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Example 12 :
ple GaBVaxvRevIa , His nBavéa

T(6)* 2av@avRa , Hu ~vBvQa
Liw 0=l%bel, <
Rlom= {aavRv ) 2 1 auvka)

Comgl:tmess of O— Resolution:
K S is an unsatishiable set of O —clauses and O —resolution is the inference rule to generate new claus-
es, the O —resolvents, then there is an O —deduction of O from S.

O—Resolution = > complete

3.7 OI - Resolution

We now consider semantic resolution for O —clauses. We still use the concepts of imerpretation
and clash. However we shall use the concept of ordered clauses rather than that of the ordering [ of
predicate symbols. We first give some definitions.

Ol - Resolvent. OI—Clash:

Tt T be an interpretation of a finite set of O —clauses in S. A finite sequence of O — clauses which is
composed of the “Satellites” E;, assumed to be false in I, and an "O— Nucleus® N (=R, ):

[El vEJ lE,l"'tE ’ N ]
— 19

Lt

‘O~ Satellites” false in1  “O— Nuclews” (=R, )

is called an O1 — Clash if:
1) Rcsolvenls . 3R =KRyER) (=19
R,—Literal : Bt ast o), RR‘(L =largest true in 1)
Rcsolvmt : R false in 1.
q+1
R)= ¥ E, 0-Nucleus (True)
.2 E:
nJ E O-Satellites (ﬂue)

OI-Resolvent { Tal.se)

+

Note, the order of the O — Satellites is deternined by the order of the Literals in the O — Nucleus.



Example 14 :
. O-Clauses : 'lli (IVG)' 1= (IV.R), 3E (‘RV-'GV.P) 5
. I-Interpret. : ['\'.E.“‘o."'al = all True
. Satellites :. E= Pva = F
E= R = ¥
- Rucleus H Nz wRVwAVP - T
. Resolvents H ﬂlg N
Ty RELR) = PR LR: last, lastT
- Ol-Resolvent : PyzR(E,R)=P = F B
O] — Deduction:

Lzt I be an interpretation for a set of O—clauses. A deduction from § is called an OI—deduction if
and only if each O —clausc in the deduction is either an O —clause in S or an Ol — resolvent

OI-Deduction = > S-—Clauses, Ol —Resolvents

Example 15 : S = {4=GavRy, 2500 Re 3=~ RaVuil, b= $x}
I= i~0x,~2x,~5x‘] = ysi-'ﬂxvzx,"?a"‘dd
J =1 aav xS Y

o1-Clash-l : EeSx Ez@avRx Riz~Raveh

ox-cx.th-z : gs&\?}ﬂmvnx .
01-Clash-3 : =5 E=Ra ‘21.—_.-%\,...
Eu \é‘/

Completeness of O — Resolution:
OI —resolutian is not compliete: Ol -Resolution # > complete

Example 161 (' o { {= @, 22 0vR 3= oW, b nRvw2 Sz whivmll f2 mo-R )

Unrestricted 2iL=3: Qv~R | Q8= : ~R
Resolution : Fe=2: @ , 3=q : R’
fac=q: =l , b -

OI-Resolution: 1% ["'.B,“’a ,“'2,“' Wl
S‘: ={ b mvap 6= whlewld b= uaw-'&,
5‘;5{45 peg, 2R3N, ] -
or-clasn-l : E =@, E= Dol Rz wllrvll
E: bu”(:'ﬁ-) '2‘=2vf‘:?)' 7; 2'2
01-Clash-2 : E= OvR,E=v@, R=nlvaR
T= Qv CT), R=(Bva)(=¥), 2= 2vQ
ol-clash-3  : EsRvE, B=QVR, el
2= BvoR (=T), Ry OVQ('?), =R
Ho new clauses possible =>D not possible.
% OI-Resolution not complete :
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3.8 Lock ~ Resolution

The idea of Lock — Resolution is similar to that of ordered clauses since indices are used to or-
der the Lterals in the clauses of S. Each occurence of a literal in S is arbitrarily indexed by an integer
and therefore different occurences of the same literal may be indexed differently. Resolution is then
permitted only on litcrals of lowest index in eath clause. If a literal in a resolvent has more than one
possible index, the lowest index is assigned to this model. We introduce a few definitions.

Indexing
Clhaupse: (PVQ) =====> (,PV,Q)
Literal Indexes -

Merging Low (MLo):
In a clause, if there is mt : than one of the same literal with identical arguments, we always keep only

the literal with the lowest index and delete the other identical Literals. This operation is called ‘merging
low for 1dentical fiterals’.

Example 17:
MLo
q' ‘40";.?" = ‘QV’.I
ML,
G' = rh"‘ay ";.E_ = SPLV‘G,

Lock Factor:

Let G be an indexed clause, meaning that each of its literals is given an integer index. If two (or more)
bierals with the same sign have a most general unifier 8=MGU, formation of G8 and dropping any
literal that is identical to a literal of lowest index (‘merging low) is called a ‘Lock Factor’ of G:

Lock Factor 1F'L:
G(..I‘:.:L ) : same—sign Ls
216" MEU(L, Ly :
3) GB :
4) "FL(G) = GB(..L‘!.}Q.\.) : merging low
Example 18 :

G = vy Ox v, Bave@x = TL{G) =G or 1.&";&..

G = Bey0xvea = T =G or ypuv,Ia

G = PV, Oxvgha = W) =G or yPav,Ga

Binary Lock Resolvent:
Let G and H be two indexed (parent) clauses with no variables in common. Let L, and L, be two Iit-
erals of “lowest” index in G and H, respectively. If L, and ~L, have a most gencral unifier 8aMGU,

then the clavse: (GH) = {(G9—-L,8) U (H8~L,8 e Tow) 1
Lock Resolvent” of G'and H: t L&) v H”Hmergmg ) is called a ‘Binary

Binary Lock Resolvemt BR; :

T
) G(.I1,.), H(.L,.) : diff—sign Ls
2) 36 = MGU(L,,~L,) :
3) {(GO—L,8) U (H8-L,8)) :
4) = (L .5 : merging low
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Exzample 19 : G = v Re, = ~Bav G | 16:74)
BR (G W= { (Qa-Lo) (Ho-L,0)}
= {101"3“"%} . l,_an"zna*
Lock Resolvent:

A "Lock Resolvent’ of the indexed (parent) clauses G and H is one of the following binary lock resol-
vents: (i) 2R, of the indexed clauses G and H, (@) 2 of the indexed clause G and a Lock factor
of H, (i) aB of a Lock factor of G and the indexed H, () aPR; of a Lock factor of G
and a Lack factor of H:

Lock Resolvent R | : R, (G.H) BB, (Fy (&) . F (1)

—_——

indexed dause or Lock factor

Example 20 : = {4;,2\:‘&2!32',"'&,3: D T 7'00 ',-fs
3+b =l :‘-'.E , H=%: "*'a
el .0, ga3sp: O

Lock Deduction:
1et S be a set of indexed clauses. A deduction from S 1s called a ‘Lock Deduction” if wnd only if every
clause in the deduction is either a clanse in S or a Lock resoivent:

Lock Deduction = > imndexed S —clause, Lock Resolvents

Example 21 : N PR
P o= { LH] 'I[S,ﬂ % P\‘m ,Zizlfylh]"yyn,353.ﬁha]","':-l,- .
Y 2Ty h1v~Bry, 5= o Baysby )
445 =6 = ‘.Enn"“-I[-,f-.] , Misg ‘IM
357 BavBGR]l |, geecnc B
IR ET BRIl (e 5 ]v“uh',‘ 3,90l 7 0O

Completeness of Lock Resolution:
Let S be a set of clauses with their terals indexed by integers. If S is unsatisfiable, then there is a Lock
deduction of O from S.

Lock Resolution = > complete ’

Lock Resolution and other Strategies:

Lock Resohition + Deletion Strategy - #> complets
Lock Resolution + SS—Strategy #> compicte
Lock Risolution + most other Strategies #> complete

Note, Lock ~ Resolution is a very efficient it ference rule and refinement of the unresirici=d resolution.
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e 22: ,
Example 5={4=1~5(v;\n3 Sfxé.'.] , 535"'5‘["“27
1= wah st. V‘ 1'.! , ‘ s ‘Nh Vu”v‘
3= ?PA ?E’UN& vﬂ'qu }
bz gFa

=7 -,'quJan,f.] , 101f=12 -SEa,F‘J
2= Moy O 1049 =43 :2 Ch
wezdo o \a R LN %
I EY IR A s =47 ynCha
aHr=4 - O

4. LINEAR RESOLUTIONS

This is the summary name of a set of resolution procedures which all have in common that one
of ths two parent clauses in a resolution is the preceding resolvent.

4.1 Introduction

Wkhen applying an identity we ofier: start with the lefR — hand sid= of the identity, apply an in-
frrenes ruis 10 1t 10 obtain some other expression, then apply some inference rule again 1o the expres-
<ion we have just obtzined unti] the lef! —side expression is identical to the right —side expression of
the identtty. The idea of linzar resolution is similar to a kind of chain reasoning. It starts with a clause,
resobves 1t with another clause to obtain a resolvent, and resolves this result with some clause, until the
empty clause O is obtained. The special appzal of hinear deduction is its simple structure allowing also
for heunstic search methods.

4.2 Linear Resolution

We now consider the proper linear resolution’.

Lincar Resolution:

Given « set S of clauses, a linear msolution‘mL is mm-mluﬁon in which one of the two parent
clauses is the preceding resolvent and the other pavent clause is cither from the set S of input clauses or

it is an earber resolvent

Giyy =Ri(G;. B

Center— Clause Side — Clause
(preceding resolvent) (from S or any earlier resolvent)
Example 23 ; S={1zRa,22 @ ,32 Bt bz ~Pvn@}
A+2=5 : Q 4 IS
23=¢ : B 5 3
6vb=3F : ~@ ¢ ]
#E=0 0 3 D/. d

o AD¥ el man

et

| gets
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Linear Dzduction:

Given a szt S of clauses and a clause G in S. A lincar deduction of G_ from § stants with the top—
clause G_ which is resolved with the clausc B The r=sulting resolvent &] {center —clause) is resoived
against side — clause Bl,a.ndsoon.AIlsndc—dausxsauuﬁx:rﬁ'omSoramearLu resolvents.

Example 24 :
=1 4= Ronfo iy 22 wSuvnyvalre fy2v S2
38fa, ks~ S, .
hizes o wlhxvefenROofy bl R
Se2=6 - "'B‘:‘:f‘l"] [ 4
¢+ - 0 u/
Completeness of Linear Resolution:

Given a finite sct S of clauses, then there is 2 linear deduction of O from S.

Linear Deduction == > complete

4.3 Input Resolution

When we consider a refinement of resolution, we would like it to be complete, that is, to guar-
antee that the empty clause can always be derived from the unsatisfiabls ==t of clzuses. However, effi-
ciency is also important. Sometimes, we may like 10 trade completeness for =ficizncy. That is, there
may be some refinements of resolution that are efficient, but incomplete. If a refinement of nesolutica
is efficient and powerful enough to prove a larpe class of theorems, even though it is not complete, it
may still be useful. Input resolution (and also unit resolution) is in this situation.

Input Resolution:
An input resolution is an”R —resolution in which one of the two parent clauses is an input clause
(from the input set S).
Gi+l =nl(Gl B;)
Center—Clause —Qlause
(earhier resolvent) {from S)

Emﬁ 25: S = { 4{= "![l’-,.“] "'P[y,!,\l] VHE[x,r,u] V.E[u.l,l-l]

2@ Plgup,xul 3 = PUx,bicy),y], b ~Blkins levd }

asa=% :mPrye, v]v-f[s't 0] v Rla 2,0 1 2
5i1zt :wRlvz0lv Pivaum) 4 :
6225} - P, hww,ul . gy

L2 : 0O o
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Input Deducticn: ) )
Ar mput deduction is a deduction in which every resolution is an input resolution. Note, an input .de-
duction is actually a iinear deduction in which every side —clause is an input— clause, and hence it is a
subcase of lincar deduciion.

:ple 26 : S= '{ 1= B VQYRVNRXE )2i~f,,van'35 ~Rax ,ba Rrb S
A4h=6 - va@yl 1 /‘i
5e2z 6 ¢ Oxx"dl')l 2
Bi1=F : Oxx

5
[
?
3439 « 0O n/‘

Jub j |

Completeness of Input Resolution:

The input resolution is not complete. However, given an unsatisfiable set S of Horn — Clauses (with at
most cne positive literal) there is a input deduction of O from S (Input Refutation).

Input Resolution  (General) =/=> complete
Input Resolution (Horn— Clauses) == > complete

4.4 Unit Resolution:

Unit resolution is essentially an extension of the one~literal rule by Davis— Putnam to the first —or-
der predicate logic. This rule is especially important, for in order to deduce the empty clause, one must

obtain successively shorter clauses, and unit resolution provides a means for progressing rapidly to-
wards shorter clauses.

Unit Resolution:
A unit resolution is an TR —resolution in which a resolvent is obtained by restricting at least one parent
clause to a unit clause or a unit factor of a clause:
R, =RyG.H)
s
1 € unit - clause/factor

None of the two parent clauses is required to be a preceding resolvent.
Unit Deduction:
A unit deduction is a deduction in which every resolution is a unit resolution.

Eample27: ¢ .|4e Tiov QyuvaRea 22 =R Vlox 32 wlan, b = Bol }

féb=s : Pyvdyx 1 4
S+1=¢ : ~Ea rll/;
bis=7: Qpa ¢ 5

Te8=¢ - QO ?/’
a

Cot'r."’md' g ]
Umtmluﬁon_is?oteomplet:. However, given an unsatisfiable s set S of Hom — Clavses (with at
most one ncgative literal), there is a unit deduction of O from S (Unit Refutation).

Unit Resolution (General)

- fam D> mpm
Unit Resolution (Hom — Clauses) -/-> complete
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Equivalence of Unit and Input Resolution:
There s 2 unn refutation from a set of S clauses if and ouly if there is an input refutation from S.

Input Refutation < ==> Unit Refutation

4.5 Pl = Resolution

Far completeness we also mention here the Pl —gesolution although it logically is close to the hyper-
resolution. -

P} — Resolution :

A P1—resoluton is an' R —resolution in which at least one of the twp parent clauses is a positive
clause (which consists of positive hterals only) :

G; =R(G.H
L ad
| pos clause / factor

None of the parent clauses is required to be a preceding resolvent. Note thet P1 —resolution is a spe-
cial case of hyperresolution.

P1 — Deduction:
A Pl —dcducnon 1s a deduction in which every resolution is a P1 —resolution.

Completeniess of P1 — Resolution:
The P1—resolution is complete: Pl —resolution == > compicte

Examnple 28 :  see example 27.

4.6 OL — Resolution

We can strengthen linzar resolution by introducing two additional concepts into it: ordered clauses
and information on the literals resolved upon. The conecept of ordersd clzuses in Lincar sesolution will
not destroy its compieteness. kn resolution, when a resolvent is obtained, the iiterals resoived upor are
deleted. Actually, the information provided by these bterals is very useful since it can be used 1o im-
prove further its efficiency without loosing the completeness property.

”~
0 —Clauses:

Let us consider the mechanism of reconding information on the resolved literals. Seppose two O—
clauses are resolved:

G=pPvQaR GH)=PVR ==> R G = PV[QIVR
He oV o oGH) vigl

from first clause

whereby Q and ~Q are the literals resolved upon. Since they ‘are complementary to each other, we
need only record one of them, namely Q in the first clause G (keep the ordzr!). The ordered resolvent
can be represented by‘ka as indicated, whereby the framed lijeral is the literal resclved upon. That
is, literaly resolved upon arc indicated by framed Iterals in an O —clause which we dsnote from now
on by: O-clause. The framed Iiterals are merely for recording those hterals that have boen resoived
upon; they do not participate in resolution.

Example 29 :
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S = {45 Ivc,lE_Pv-'Q,BEr-.D“U,4‘5"'2"‘0}
m-s-zv@'\»z 1¢ 2
5u3 a2l @v Q @ 3
e =g - . @V ~P ¢ &
Y _~0
2522 :Elv [@ =0 o

A
Deletion Convention: In the above scheme, if a framed literal is the last literal in an O —clause, it
shall be deleted.

0-Clause = L, VLV ~L, v Moy v - vﬁe—_‘—]
Titerals mlved‘up\on = lasi, delete if framed

Example 30 :

é—'ﬂxv@q V@ - Px VQXY

Reducible 0 — Clause:

—clause G is called a ‘reducible O — clause’ if and only if the last literal of G is unifiable with the
ncgauon of a framed literal of G.

Example 31 :
Q‘Vax\"'@v” ¢Q=VG"7

reducible O-clause rediced 8-clause

Reduczd 6 Clause:

Let G be a reducible O —clause. Let the last Literal L be unifiable with the ncgation of some framed
fiteral using the most general unifier ©. The ‘reduced O—clause’ is obtained from GO by deleting LS
and every subscqucm framed literal not followed by any unframed literal:

G = .[Ov. v-LvE/l]...

Q ~ Factor:
If two or mere framed literals (with the same ng:) of an 0 clause G have a most general unifier 9,

the ordered clause obtained from GO by merging left for identical (unframed) literals and by deleting

every framed Iiteral not followed by an unframed literal in the remaining clause, is called an ‘O Fac-
tor’ of G:

6-Fact;n’T6:
1) d. L : same sign
2) 30w \th(Li.l,) :
3) G

4 Gl. Lﬁd merging left .
5) TO = .-V : delete convention
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Example 32 :
Q'fx\'ayl v "a’u- s G=1L/y,c/:‘

Gg =_.VG¢C\L =3 1;.(@):2, v@be

6—% Resolvent:
Let be two O —clauses with no variables in common, and let L, and L, be two unframed
literals in G and H, respectively. Let L, and L, have a most general unifier 8 = MGU, then by con-
carenation- R §(G.H) = ( GB(),(HS-L,S)] whereby ‘merging Ieft’ far zny identical un-
framed literals is applicd and any framed Mnmfonnwdbymunﬁmdlhaﬂ.kmmﬂa
hthmaﬂedm'O-hinnymhun’nfGaphmH.Noumnthcmdcﬁng_dth:mmmMm-
quences is important.
0~ Binary Resolvent BR4 :
- L
) G(-L;.), H(-L,.) : diff—sign Ls
2) 38 = MGU(L,.~L,) :

3) GB( |16} ), (He ~ L,0)
4L X

£ R ) e comenin
Example 33 : 4
G=hvlzvRi, f=%v Wa anﬁ_ , 0=1%3
BE: 6B =[[R vo,;vm,v)gvl
= v G,z v R

Pl

Q —Resolvent:

Kno;mlmdma—dmcandHisonéom:mowinga- iary resolvents: i) an BRA
oftheO—chnnGagzinstH,ii)pEGdﬁu —clause G against gp O —facior of H. &) anEX 5

ofana—fmorof(‘:againstthzo—dansel-l,andiv)an'ﬂaofan O —factor of G agzinst an O ~
factor of H.

G- Resolvent Ry : By (6. =B (F5@, Fan)

- Qans ma—Fas'.m'

6L—Deducﬁun: A
Givey a set S of O—clauses whereby G, shall be a particular element of S. An "GL - deduciion” of
(the O—clause) G_ from § is similar to a Tlinear ion’: G is the top — clause and there are center

O—damGiwln%hmmivedaga'msuheside —dmssﬁl'l'hewndhionsmstal:dasfoilaw:
1 very B. is either in S or it is an instance of an earfier
%—n:snivunﬁ P
2 Ifthe ceqper O—'clanse G; is reducible, then G; ,  is the
reduced O —djause of G, : Gi+l = G;(reduced).
lfth:cmtuo-dmbiisnmmducﬂ:lc,lhm
R 5(G;B) with B, in S, whereby the hieral
Ly resolved upan {in G.) is the last Fteral
3)  No tautology is admitted in the deduction.

G, (reduced) : f G, pdugible
( Bi=Gi<i-mslamx)
RAG.B) : if G, not reducible
oy (with B,in )"
center—clause side —clause
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%mﬁﬁaﬂcde O —clauses, and if S— (Go)usahsﬁablc, then
there'is an OL— — deductior, of O from § with G, at its top:
BL - Resolution + (S — {G, } ) satisfiable ==> complete
Example 34:  Sa{4a@,25~avR 3= Rund, bz nu@ueuR, Iz mBvaR]
42 =6 : Pv[@vR

gav =2+ Bv @RI vad : :
? Iv@v[ﬂ - P 2 :
p43 =9 :« EvR ’ 3
4y =a0 : [Z] v[R]V ~p 9 s
n :vmz)ﬂ 4o ’

Example 35: S - {{a “&L,ZE "l""'M‘]lh-" uL“va\’ viG,

3=~Maya vdxz , bz Mafefe, rs\H.:f.,lsh}
iz .
7 . [Rdal)v mBavaMibu v ~diu {
1=t - [ZabveBave Mib vided ve Mg
Pt =q - [lablvmEav ~ Mibfi
G5 zm: [SBllv ~2a
Py @v = O

5. PARAMODULATIONS

This is the summary name of a sct of resolution techniques involving the equality —sign (predi-
cate) such that its set of axioms can be left aside.

5.1 Introduction

We are in this section concerned with the equality relation. If only resolution is used there is no
possibility to prove a theorem which invelves the equelity relation. There are additional axioms needed
describing the propertics of the equality relation. The extra axioms describe the reflexive, symmetsic,
transitive and substituitive properties of equality. Such an approach is however very clumsy. It not
only requires more clauses for the generation of numerous useless resolvents. In order to curtail this
problem and to disperse with the troublesome axioms of equality many remedies have been proposed
among which ‘Paramodulation” is simple and natural. We shall see that paramodulation can replace
those axioms concemning the symmetric, transitive, and substituitive properties of equality. We shall

also see that in conjunction with resolution, paramodulation can be used to prove theorems in a very
natural and efficient way.

5.2 Equality Axioms

Let S be a set of clauses with function and predicate symbols. Then the set of ‘equality axioms’
for S consists of the following clauses:

ﬂ P
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1) EQ(x.x)

2) EQ(xy) = > EQ(y.x)

3) EQ(xy) A EQ(y.z) — > EQ(x2)

4) Eo(xh“x)/\ A EQ( ) = > EQ\ f(xh- ﬁ f(“)- -sU, ))
5 EQ(eymi) A - A EQUESD) - > EQ PGrords) s Ploreeih)

where the predicate EQ(x.y) stands for the vruality — sign ( x=y ). Note that the axioms 4) and 5) zp-
ply for every o—place function symbol: ﬂx,....xn), and every m—place predicate symbol: P(x, ,..,xm),
occuring in S.

EQ— Interpretation:

An ‘EQ~ lnterpretation” is ar: interpretation that satsfies afl equality axnoms.

EQ - (Un)Satisfiable:

Suppose we consider an interpretation that satisfies all equa]m anoms (EQ —interrreration). A set of
clauses S is called ‘EQ — satisfiable’ if and only if 2l ¢l in € are sztishablz in the EQ —mien

TCta-
tion. Otherwise, S is called ‘EQ — unsatisfiable”.
EQ — Theorem:

Let S be a set of clauses and let K be the set of equality axioms for 8. Then S s EC—

unsausizhic
and only if (§ U K) is unsatisiabie.

S(EQ-~unsatisf) <===> § U K (EQ— unsansf)

Equality Substitution Rule:
If a ciause Gft,..] contains a teym 1 and if there is 2 unit—clause EQ!t,s] {mearng: t=¢) thes infer 2
new clause by substituting s for one sngle occurence of t i Git,.], giving Gis,-].

Example 36 : Gk &, di= EGla L] = C—

3.3 Pararmoduiation

The “proper’ paramedulation consists of binary paremodulation with a specific type of parem cizvees
(or their factors).

Binary Paramoduiation:
Let two (parent) clzuses be defined as

G=ULt.J)VA and H=EQrsjvVB
L- Uniﬁ:mion<——!

whereby no variables shali be in common. t.r,s are terms (constants, varables, funcisns o
the equality predicate and Lit,.] stands for any Lteral depepding on the teom 1. A and B

clanses. If t and r have a most general unifier € = MGU soch that 1€ ang 1S becoms
instantiated equality Ltsral reads: EQ[r8,s8). The ‘Binary Paramodulant’ thez: rwads

ER paraGH) = LB[B.] UAS U BS -

where LB[s6,.) denotes the result obtained by replacing onz ...ngxe occurznce. of t(-) (
6. The clause H is called the “from —clanse” and the clause G is calied the :n'e
Lit,.] and EQIr.s} are called “literals paramodulated upon”. Note, instezd of unifvin,
could have unified t with s and appliee the above procedure in an anziogons way.
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Example 37 : Lity A B
* GEETvEJJ, H= Rkl v R
= BIPM(G,#) = ZLvaebviRb

L]
E )
n

Pralf)ivEx, #=EaL{igh,al v Rae

Term &

Literal L{:]

¢ E(x,fatf(gl,), Sza = 8= \‘9%{&

Lo [te1= 2rg({igh))1 = Lelsel= Rlgal

= BRum & = zfgalvafskl vR [5‘]

Parzmodulation:
A Turemoautznt of the two (parent) clause G and H is one of the following binary paramodulants: i,
ar‘:T‘\_“_ of the clause G and the clausz H, i) an 3 of the clause G and a factor of H, iii) an
T‘;\ wagn of a fctor G and the clzuse H, and iv) an’g% 2% a factor of G and a factor of H.
Paramodulant "Rpm Rl FO T
—_———

Clause or Factor

of Resolution + Paramodulation:
unsatsfable set of ciausss then there is a deduction of O from S using resolution and

[

pa_ aroduistion:

Resoluton + Paramodulation = = > complete

5.4 Demodulation

The process called ‘Demodulation” enables an ARP to simplifv and canonicalize information. A

demedulator is a positive unit —clause with an cquality predicate that has been designated to rewrite
cxpressions. A demodulator of the form

EQir.s]
eguality predicate , 1 T

terms

zpplics to & term 1, if and only if 1 is an instance of either 1 or 5. Suppose DI1] is a clause with its term
£ an inttance of say r, such that the demodulator: EQr,s) can be applied. Unifying r with t such
1, we denote the instantiated modulator by: EQ{s8,50]. Thus, the result of applying the de-

modulster LQirs] 1o the clause Dft] changes it 1o the demodulator D[s8]. The procedure is graphi-
caily representcd by

1t

EQirs] <============ D[]
(Demodulator) (Clause)
UniScation: Jr 0 =1
EQiSsf) s===========> [[s0)
{instantated Demodulator) (Demuodulator)

DU T



PR P

407

Sofar t was considered an instance of r with so calied “left —to —right applications® of the demodulator.
Instead we could have chosen that ¢ is an instance of s leading m this case 10 a “right —t0 —lefi appli-
cation® of the demodulator. Ordinarily, a term is weated to as many demodulators as possible. Only
the final demodulator is retained.

Example 38 : G = g1, 4= EQ[Tx,x] = &= [ glha)]

instance

t — rs

Urification ° 9= {{‘/X i ; rG = ‘({\L)’{. ; SG=£a.
Back Demodulator;

When newly adjoined clauses are designated as demodulators and these arc applied o abready retained
clauses, the process is termed: Back Demodulation.

Comments:

1) Employment of demodulation results in the loss of refutation
completeness. Nevertheless, demodulation is heavily used for
many vroblem domains by the ARP.

2)  Unification in the framework of demodulation is constrained
tc making non —trivial variable replacements only in the analogue
of the “from —clanse* (demodulator) and not in the clause nnder
consideration.

3)  Demodulation requires that the EQ— literal resides in a (positive)
unit — clause.

4)  Demodulation discards the original clause into which the
substitution takes place, while paramodulation retains the
clauses before and afier the substitution.

5.5 Hyper— Paramodulation

As in resolution, the purpose of refining paramodulation is to increase the efficiency; these re-
finements however are somewhat weaker than those of resolution. It now arisss the question whether
the paxamoduhtmn'R ara G0 be combined with some earlier discussed resolution sch=mes. Thore s
no complete cof 10 PI—resolation and OL —resolution in paramodulztion. The combinatien
of paramodulation with hyperresolution, and of paramodulation with Enear resolution, however, is
possible. We therefore define first paramodulation _x under the constraints of the additional
resolution X, and in a second step we investigate the possible consequencss if both rescivtion schemes
ars applied. In_this sub— section we analyze in particular the combination of paramodulation + hy-
perresolution: 'gm_ﬂ + 'l v

Paramodulant:

Hyper Paramodulant:
lntheanotdmngdpxedm:ymbohmdudhgmosofﬁledausszsuﬂvA and

H = EQ[rs] V B. A paramodulant of these two clauses is called a ‘Hyper Paremodutant’ |
if and only if G and H are positive clauses and the literals paramodulated upon ( Lt} and Bl
are of higher or equal pritaity (or contain) the largest predicate symbols in G and H, respectively.
Hypchanmodnhum_H: :
1) P predicate ordering
2) G Lt} VA, He EQizs)VB
3) G,H positive clanses
4) LIy 2 Predicates(G), EQir,s] > Predicates(H)
Combinarion: Hyperresolution + Hyper Paramodulation

lanemordmgo[ﬂnepredxcausymbolsmamSofchuses.Adaducuonlhausobtamcdb)
using both: hypemresolution Gﬂ)mdhyperpanmoduhhon@,m R, is called a “hyper deduction
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by resolution and paramodulation’, or short "Hyper— Paramodulaﬁon’:RH +R

para—H- Every
clause is either in S, or a hyper resolvent, or a hyper paramodulant:

Hyperresolution + Hyper Paramodulation = = > Clause in §
R R - Hyperresolvent
H para—H Hyper Paramodulant

Completeness of Hyper — Paramodulation:

T P is an ordening of the predicate symbols in a finite EQ ~ unsatisfiable set § of clauses, then there is
a Hyper— Paramodulation deduction of O from the set: { S U EQ(xx) U F}. F represents the sct
of functionally refiexive axioms for S.

Hyperresolution + Paramodulation == > complete
(S"=8 UV EQ(xx) UF)

Note the above theorem says that for hyperresolution we necd only consider clashes whose “satellites”
are positive, and for paramodulation we need consider only positive clauses.

Corollary — Theorem:
I P is an ordering of the predicate symbols in a finite EQ —unsatisfiable set S of clauses such that the
equality predicate EQ(..) is the smallest in P, and if F is the set of functionaily reflexive axioms for S,
then 2 can be dzduced from : { S L EQ(xx) U F )} by hyperresohrtion and paramodulation where-
by: i) zll resolvents are hyperresolvents, and ii) paramodulation is applied only from clauses consisting
entirely of positive EQ ~ literals into positive clauses.
Example 39 : [ Hyper— Paramodulation }

8= {15 ~Qav~RavEQLe ), 2= QuVETa b, 32 R ba~EaTh fi] 52 £aLfo ] §

P - Ordering = [Q)'Q)Ea]

Clash-1 : @QaVv Eﬂ[dlbj 'DA_ ~a4.v~224v m[‘,‘;]

Pars-B E}EA,L] 7 Ea[/)r, {x]
Clash-2 : BDEL [ ] Nmfﬁ{

i ik ! s
D/

5.6 Input — Paramodulatior:,, Unit — Paramodulation

The input und unit resoluzions discussed carlier can be extended to include also paramodulation.
In the following we go through the definitions and formulate the theorem.
Input Paramodulation:

A paramodulation in which one of the two parent clauses is an input clause is called an “Input Para-
modulation’

Giyy = R 1(R;.B)

S —clause or Input Clause
Input Paramodulant (S — Clause)

Combination: Input Resolution + Input Paramodulation

A dcducﬁon‘l.hal 15 obtancd by employing both: input resolution (!l) and input paramodulation
{ agaTl)' is called an ‘input d=duction by resolution and paramodulaticn’, or short ‘Input ~ Para-
modulauon’ :?l +R -1 Every clause is either in S, or is an input resolvent, or is an input par-
amodulany: para
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Input Resolution + lnput Paramodulation = = > Clanse in S
Input Resolvent
12l -ann—l Input Paramodulant

Examplc40: (2 {45 I[;,{.‘jv Qc 2= RIe}1VEc 35 uf[q'ﬂ] vie
b= FQfac), &= ~ac S

Para-1 : Iﬁl{!]"ac 17 E[ﬂ,‘]"&
toput ¢ Plaflavee 9 ~P00fl1vea
Pars-1 : Qavdc V Eatﬂll;_]

‘ Ioput ¢ Qc [ ~Qc -

Theorem:

G is a clanse in an EQ —unsatisfiable st §' m (S U EQ(x;3) U F } of unit clauses, and if §'— (G)
is EQ - satisfiable, then §° has an Input — Paramodulation ( =

para—1):
§'={S U EQ(zx) U F}) (EQ~unsatif) ==> §' 0
§ - (G} (EQ — satisf) T, +tpan—l

Unit Paramodulation:

A paramioguidiion in which a paramodulant is obtained by using at least one unit —clause or a unit—
factor of a parent clause is called 2 “Unit Paramodulant”

Giyy = R pan—U(Gi'Gj)
S —Clanse or Unit — Clause
Unit Paramodulant (S —clause or Unit Paramodulant)

Combination: Unit Resolution + Unit Paramodulation
A deduction r.hm is obtained by using both: unit resolution (-R ) and unit paramodulatior:

R ara— is called a unndedu:unnbymmlmnandpmodulmon or short “Unit — Paramo-
am.-& % +Rpm—U Every clause is either i S, or is a unft resolvent, or is a unit paramo-

Unit Resolution + Unit Paramodulation = = > Clans= in §
Unit Resolvent
'RU 1]’“"” Unit Parzmodulant

Example 41: = { 42 Bdlob] 2= B0La,c, 3% Belx,x], b= PavRul
Sa~BvnEQLall 6= ~Rit)Y

Blel] Zaviel ~F voBal] EQGE Biec) E‘EAGJ

Theomn.

lfas:\ofdms::hasanmpu\dedumnnby(ﬂ +

Jof O, then { S U F )} has a deduc-
tionof Dby (R + R para—U > meonheﬁu&’émﬂ

y reflexive axioms of S.
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====> {SUF) |— o
'Rl*"ima— Ru *Ran-vu
There is not yet a proof of the inverse of the above theorem.
Exumple 42:  Gu |{zuh, 22 M, 32 ERLf}] b= BALLC],
ﬁEﬁ[aq,f‘J,CIEU[gl,JJ }

-2 Bal,fb1 Ealbe] P Bolgef] 2alge,dl

- ————

5.7 Linear — Paramodulation

As in the case of unit and input resolution there exists similarly an 2« :nsion of linear resolution
to include paramodulation. This is what we will consider in this section.
Combination: Linear Resolution + Paramodulation
Gwmasctofc.ausesmththesehﬂ:dmunbﬂG . A deduction chat is obtained by using both, lin-

ear resolution (RL) and paramodulation (R )_21: called a Tinear deduction by resolution and
paramodulation’ or short ‘Lincar — Paramodulation: ﬁ'D"' S of the clanse G, with:

Gy =R (G B) + R (G

Cenier— Clause L--Sirle - Clause
(preceding linear (from S or any previous resolvent)
resolvent or paramodulant)

Every clause is either in S, or is a linear resolvent, or is a paramodulant:

Linear Resolution + Paramodulation == > Clause in S
Linear Resolvent
R L Rm Paramodulant

Complcteness of Linear— Paramodulation:

U G is a clause m an EQ —unsatishable set of clauses: $’'m (S U EQ(xx) U F ), and if $'— (G} is
50 satisfiablé, then S has a ‘Lincar — Paramodulation’ ( = Lt pan)°“3 top— clause
§'={S U EQ(xx) U F) (EQ-unsatisf) == > S p— 0O
[ (¢} (EQ— satisf) Ry, + lz,,,,

Example 43 : [ Lincar— Paramodulation }
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S={1zutvEalcd], 23 ~Rev~ EGLL 4]
3= Gev E0Lab), ke Qv mEGlfa i1, 5= Bl LT |
42=¢  wBcvmErCH fd)

Gt o
Fi3=¢ : Ealat) Linear : 7 3
PHe=9 : QeveEalfLfi] g 20,0 4
95=4o: G Livesr © 9 s

B Linear : 4 /07
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6. HELPFUL RULES

hth:ptewdmgmnw:hawmnodu:u!muﬂdﬁmmlmmnmﬁnmmymgany
hints at their practical applicability and their use. In this section we aim to fill this gap by transmitting

a few general rules which, althongh not universally applicable, can be quite helpful. We first introduce
a few notions.

6.1 Strategies

Strategy is 2 means for puiding the refutation scarch process of an ARP. One Qistinguithes
among others the ondering—, restricting—, pruning =, canonicalizing—,... strategies. Wrthout a strat-
cgy 2 ARP would eventually, even for the most simple problem, generate too many conclesions to be
effective. Two particular strategies have proven of quite some help:

Set —of — Suppon Strategy:

The sct—of —suppor strategy prohibits the application of an inferense rule to a st of clauses unless at
least one of the two clauses has support. A clause ‘has support’ if # is an input clause and hat been
designated as having support, or if it is obtain=d by application of an inference rule 10 a s=t of clauses
one of which has support. Inolh::wmds,havingsupponisml::dmdmth:mtha!iumchs.cpm
the derivation of the clausc, at least one of the clanses participating in the step has supront. The =-
commended choices for the set—of —support are cither the set of clauses thar comprse the sp:aa.l -
pothesis and also those that comprise the denial, or simply those that compriss the deniat Notice that

either of these choices has the property that the complement of this set is expect=d 1o be a satisfable
clause set.

Unit Preference Strategy;

The “unit preference strategy” is the stratepy which causss an ARP 1o prefer for the appiication of an
inference rule at sct of clauses, one of which is a unit clause. Further, if a uait clause is found. the
ARP employing this strategy seeks a clanse with the fewest possible terals and contsining a Titera! that
unifies with the unit clause but is of opposite sign. I no such sct exists, then th= unn preference strai-
egy causes an ARP to prefer a set in which one of the clauses has a number of iterals as few 25 poss-
ble. The motivation for the unit preference strategy is the secking of unit clauses, and especially of unit
m‘h‘n -

Weighting: -

Onz of the mast powerful ordering stratepics is that of weighting. With this strategy, prionitics for vari-
ables, function symbols, and predicate symbols are assigned by the ussr. Thus the user informs the
ARP about which concepts are thought to be keys to solving the problem at hand. These prioritizs or
weights are relied upon to direct the ARP in its choice of the next clauss on which to forus. The
weighting strategy can be imposed regardless of the combination of inference rules being employed.
Using weighting in this manner imposes an ordering strategy on the program's processing of clauses. In -
contrast, wnghnngllsopummlthxnholdmbeassxgnadthmmmmmu:slh.d:l.-uono!'daum
whose weight exceeds that threshold. Used in this manner weighting Imposes 2 restriction stralegy.

Whether used as an ordeting strategy or as 3 restriction strategy, weighting can interfere with refutation
completeness.
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6.2 Guidelines

The application of the earlier discussed resolution refinements on many pm:u'cal‘ pmblcm_: has
Jead to a set of guidelines for the representation problem in clausal ~form, for the optimal choice of
the inference rule and for the best strategy to choose. We summarize in the following the essential,but
rarely available information:

Problem Representation: .

1) Use unit clauses in preference to non — unit clauses.

2) Employ equality predicates.

3) Rely on shorter clauses in preference to longer.

4) Depend on implicit argument — typing in preference
1o Iteral —typing.

5) Inchude dependent information.

Inference Rules:

1) Use Paramodulation if equality units are present.

2) Use UR —resolution when unit = clauses are present or
when unit —clayses are being sought.

3) Use Hyperresohmion when positive clauses are being
sought.

4) Avoid binary resolution.

Stratemies:

1) Rcly on the set—of ~ support strategy, with the choice
for the sct —of ~ support of the clauses that comprisc the
special hypothesis and the clauses that comprise the denial.

2) Woeight functions and predicates to reflect your knowledge
and intuition about how the prablem being studied might be

soived.

3) Includs in the input demodulators that simplify and
canonicalize.

4) Employ the unit preference strategy, if you need to
employ binary resolution.

7. CONCLUSION

This paper is the second part of an intoductory tutorial on “Theorem Proving/Automated 1.=a-
soning”. It focuses on the basic resolution refinments which can be grouped into: semantic resolution,
bnear resolution, and paramodulation. Each of these techniques comprises a set of particular resolution
refinements. Sezmantic resolution introduces the predicate ordering and uses semantic criteria to split
the ser of input clauses into two groups; resolution is then blocked between the members of the same
group. In lincar resolution, one of the two parent clavses must be the preceding resolvent. If the sec-
ond parent clause is an input or unit clause, the number of possible resolutions is further reduced at
the price that the completeness property in full generality is not valid any longer. Combining the con-
cepts of lincarity and ordering, we arrive at the ordered Lincar resolution. Due to its extended set of
equality axioms, the equality predicate introduces an additional complexity into resolution which is re-
duced, to a large extent, by paramodulation. In addition, paramodulation has the advantage of belng
compatible with several of the carlier touched resolution refinements.

Having in mind the realization of a theorem proving/automated reasoning program and hs:

practical zpplications, these notes are intended to give the reader a rapid introduction into the em-
ploycd basic concepts, a kind of overview about the notions and theorems, without going into the
technical details of the proofs.

Past 1 of this tutorial introduced the basic notions of propositional and predicate logic. The
present part 11 concentrates on the resolution refinements, and part 11 will focus on the applications of
theorem proving/automated reasoning in science, technology and every — day life.
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GLUONS AND QUARKS INSIDE HADRONS
AND RISTNG HADRON CROSS SECTIONS

A.V.Kiaelev')

Institute for High Fnergy Physics, Serpukhov, USSR

| Multiple production processes have always been regarded as
a mapifestation of a complex particle structure. These proces-
ses prove to be especially significant for strongly interec-
i ting particles (hadroms). Over the last few decades the concept
: of the hadron structure has evolved from the pion cloud of the
nucleon to the quark-gluon structure of baryons and mesons.
As is now clear, the badron struciure is closely related to
that of vacuum., loderr ideas of this problem are accumul=zted
in the theory of two vacua, physical (hedroric) and periturbetive
. (partonic). Or small space-time scales, boith vacuum and rezl

hadrons are thought to be parton vacuum bubhles containing valence

‘ guarks. Inside the bubbles, parions are normal excitztions.
‘E Various bag models thai take into account this picture succes-
o

o sfully describe static characteristics of hadrons,

As known the bulk of hadron interaction occurs at Jeag dis-
tances (comparing with the scale of eTe -armnihilaticnm,
tance). Therefare, hadron periphery plays the majer role ir had-
ron-hadron collisions. In the piciure agbove it is determined
by the transition layer beiwcen two vacua, In the bag models
there is nc reliable gquantum field descripiror of the bhag walls,

It is not 2 surprise thenm that no noiicesble advance has bean
*)

)

Report is based cn the team-werk with V.heTeirave
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achieved in studying hadron interactions at high energies within
the framework of bag models.

In our opinion, the "physical contents”™ of the transition
layer should naturally be referred to the gluon field. Relative
independence of gluon matter in forming the transition layer
(wall) of the hadron is ensured by the gluon self-interaction.

At moderate energies, when hadrons ha&e tinie to stick together,
they interact via their internsl constituents, valence quarks
and hadron-hadron scattering processes are well described by
additive quark model.,

For high energies, the mechanisms associated with the inte-
raction of gluon walls become dominant. The idea of gluon domi-
nance in high-energy collisions goes back to refs./1’2/ in
which it was endeavoured to estimate possible experimental mani-
festations of the gluon mechanism. As was pointed out in ref./1/,
Ehe presence of lezading hadrons carrying about half the momenta
of iritial particles testifies to & relatively paessive role of
valence quarks. Additional arguments in favour of the gluon do-
minance model were given in ref./a/.

In ref./1/ the gluon interaction was allowed for "as a whole",
by using distributions in the sum of momenta of all the gluons

in tne hadron., This approach obviously contradicts quantum field

ey

ormalism..ln this connection, the approach from ref./2/ is pre-~
ferable since in it the interaction is mainly determined by the
interaction of two gluons, As an argument favouring this mecl.a-
nisa it is pointed out that in the interaction of more than one
giuon from each hadromn, they will form (due to intense self-inte-

racvion) a virtual glueball. The interaction radius will be then

m

reatly diminished. Another argument consists in the estimate
of the relative density of gluons (in impact parameter) in col-

liding hadrons, which is of the order of 10-20%.
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One should also mention ref./4/ in which the "bare"™ Pomeron
is thought of as a simple exchange by a minimal number of gluons.
This mechanism brings about & constant cross sectione.

Kising cross sections result from the gluon interaction mec-
hanism’a’s'el. It was first realized in ref./S/ where the model
for the glueball resonance production in hadron collision was pro-
posed, b

In the following we shall proceed from the model which takes
into account the main features of the above picture. For defini-
tenesé, it will be referred to as the "giluon dominance model"
(GDNM).

In the GDM the hadron multiple production amplitude is set by
the graph in Fig. 1. After inelastic (in a general case) scat-
tering of gluons from hadrons A and B, final hadronic states may
be subdivided into three groups. There are fragments of hadron A4,
produced after the absorption of "return® gluon; "vacuum hadrons"
as a result of the energy transfer from hadroms & and 3 to vacuur
via active gluons; and fragments of hadrom B.

The basic GDM ingradients are: gA(x;g) - the gluon distributicn
in the momentum fraction x and the impact parameter b in hadror A:
and ¢gg(s;3) ~ the scattering amplitude for two gluons with the
invariant mass s and the impact parameter b. Consider first the
total cross section. Por large invariant masses of final hairon
groups, we replace in Fig, 1 summation over hadronic states by
that over partonic (totally colorless) staztes. Note, that the
parton-hadron duality hypothesis 1s extensively used in analysing
hard processes, say e'e -annihilation into hadrons.

With the help of parton-~hadron duality one can easlly verify -
that in the GDM the unitarity condition is fulfilled., The total
cross section for scatiering of hadrons A and B is described

in its main rising part by the following expression/2'6/
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&= / &, oz, j,@/j;ﬁz})o:;g (5z,2,) S
where
S =/ Y424,
&) = _lh'qr (s 0/, (2)
glfs.?/-/,l%e,y/tdb (s8)
In formula (1) there are restrictions on gluon momentum fractions
showing the field of application of the parton description
m/,{s‘«é Zy< 1 (3)
m being a typical hadron mass.

'In the composite quark model, the role of gluons reduces to
formation of dressed quark-valons, One of the agruments favou-
ring this model is approximete proportionality of cross sections
to the numbers of valons in hadron collisions. In particular,
hereout one obtains the known relation

O /gy = 25 4)
established in ref./7/.

What happens in our model? It has been estimated experimentally
that in the proton (and in the pion, but not so difinitely) half
the mcmentum is carried by gluons. We assume this to hold for
all hadrons containing light quarks. Next, in different situa-

tions one can apply the constiturnt counting rules which for the

gluon distribution read

i 27,

zg, )| = o2 "H £ (5)
2~ 1

n, being the number of valons in hadrom A

It follows from above that
L',- R” (6)
This in its turn, leads to the following asymptotics for the

total cross section

61 05) = My Py G 0S) <P
where '

1t
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is a universal function for 211 sorts of colliiéing hzdrous,
Taus, the GDX mimicrizes the result of the additive quark

model, but its nature here is guite different/a/. It should e

underlined that in our model acfive gluoms are collectivised

and cannot be referred unambiguously to cuerk constituents.

As for valence guarks, their interaction leads to 2 congtant

contribution to qagfé) (which ie alsc propertional :

e IRAR!
Note that the rise of q;§¢k39 is associates with the sin-

L,, %igl.

gular behaviour of the gluon distribution, i.e. with the infi-
nite numver of gluons in the hadron. Demanding eisc that the
Froissart bouné on q;fisy be fulfilied, one comes %o
strong limitations on the singular behaviour of function g.(x}
at x=0, Up to the degrees of 1n 1/x they are of the form
() < 2, (tate) ¥ (®)

Remember that these conclusions hold for any behzviour of the
gluon-gluon scatiering amplitude.

Now we turn to choosing s particular form fcr
We assume that the gluon-gluon scattering amplitude is Zescribed

by the pole Regge theory with asymptotics

P -2 T . R
27(5;3_ < _/_’ie_:___} zlf/(ij £=_22 (13

4]

The basic assumption is that the Regge trajectoryal(:) is
glueball linear trajectory: -
/
() = 1+ olp r)t

Then for small -t, the gluon-gluorn amplitude is specilicd

o~
-
-
[

expression

sd)=z6 oS exp /fagp/azé%j {1z*
TS p
where we denote °Z=f2/a)/so_
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Based upor the streight-line glueball vacuum trajecicry,

; . . . . .
we predict the existence of condensate of 07 "glueballe™ with

the "mass" -1A%J*). As chown in ref.fg/, instability of the per-
turbative vacuum can actually leed to the creation of cornien-
sate of gluon bound states with vacuum quantum numbers filling
in the nadron vaculmle. .

The Fomeron pole in the gluon amplitude causes a double loga-
rithm rise of the total cross section:

L= 14 nyng 6, b%sg, (13)

Using formulae (1), (12), find the average momentum frac-
tionz fer interacting gluons,<:xi> =2/1n s, In other words with
the energy cof ceolliding hadrons growing still softer gluomns
perticipate in the interaction.

Tne choice of the gluon spatial distribution in hadrons
)} skould agree wiik the physical piciure in which the sof-
teet gluons are located ir periphery. Under the chosen Regge
berzviour of thne gluon-gluon amplitude, the size of the gluon
2loud ie stricily Tixed by the condition 6::<'§2?t » Ve require

Juriker itnat the gluon disiribution function, integrated over

te izpact parameler, £,(x), should be the same as the one mea-

8]
=
by
I
2
3

in deep inelastic scattering and charm photoproduction.

née zre the results from refs./10/ where it was shown

)
£
y
g}
ty
(o]
=1

net the inclusive hadron-nadron and deep inelastic leptou-

r.iron procesces can be described by universal structure func-
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Firally we choose the scft gluon disiribution to be
27,7

od (7~ 4 2
.zj‘/z,‘{)a- _L_'t_/*_ey(-é/,ef&’z} (12)
T LT

In elastic hadron scattering each gluon in Fig., 1, after
veing elastically scattered or the gluon from arother hadren
caoverts the excited parton configuration into the initial hadron,

Present now the resulits of calculationc. The slope of the

elastie differential cross section BAB(s,t) depends on the

variable t. Wher t=C, it has the following esymptotics

B9~ (&, 465 )L‘: L (R22) 6%8 (15)

With -t rising, the behaviour of the differertial cross

section becomes Regge-like:

|
6 _ (Mg b,)? ) exp(2t@bss,)  (18)
i_t_ —tkf‘ enzs/g.»" (h?&f

The slope parameter in this region is determinedé by the slicpe
of the leading glueball trajectory olp/)
7
Bt | 10 p256 1= 2% G 5,
Pinally at high s the total elastic cross section

is proportional to

5 & (17)
where 2“
P o feliey sy Oty ~t3) Lof o5 O(5-75-95)- (18)
[212(”1 '~ Tp2)r %V«z- +2z )j

In particular, @,: = A5 B2,

In the single diffraction without & quartum number exchange
AB-» AX, hadron A is 8 kind of a probe for the gluon distriovu-
tion in hadron B similarly as the lepton serves zas that for the

quark distribution in deep inelastic lepton-nucleon processes.
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The GDL: allews one to calculate the single diffraction diffe-
rential crogs section in the kinematic region
S» ME»-t (19)
with M2 being an invariant mass of final hadron states. The
high %2 allows to apply again parton-hadron duality and express
A

the cross section through the quantities gy and 153 « Here is

the result of the calcﬁlations:

d 61 A Q-"F‘z%:—:lﬂ‘ exf(ztatz'(o)fn g-:':—%_) (20)
M |y 020,256 1 L
The contribution coming from the large M2 region to the asympto-
tics of the single diffraction toial cross section, is given

by the formula

s _ n h 2.15- Ens
S 4 6oy = 2‘ Ba (21)

Te study the resonance region in the diffraction process
(maﬂlmg), one has to introduce some additional quantities which
would describe overlapping of gluon clouds of hadron B and asso-
ciated hadron resonances.

Similarly, the differential c¢ross section of double diffrac

tion without e quantum number exchange AB->X1X2 in the kinematic

region
SPMEME -t (22)
looks like ,
2D
dEAE"xlxz i nﬂnﬁso ) S-E (23)
= L TATRZ o (2talyio) €n 25
dt dMFdME 167 MEMF ( 0) S.,M,M")

Accordingly, the total cross section of double diffraction
(except the contribution from resonance production of the had~

ron groups X1 and x2) behaves as follows:

! P

o e ety

e P R . 2T N 1 y——.
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» A s
S‘B*x‘x 323 n‘ﬂoﬁ; dglﬂ)e” &Qn (24)

Kote that its scale is dictated by the glueball trajectory slope.
In some respects the consequences of the GDE coincide with
those of other approaches. For instance, for the single difirac-
tion the ¥~2 law for large ¥2 can be also obtained in the three-

reggeon mechanism/ 1/ o Our model shares also with the three-
reggeon mechanism such a result as factorization. Indeed, from
(15), (20), (21) we conclude that for high enough -t, namely,

in the range —‘tll:i lnz%»i the following equality is satis-
fied:

l i
j‘l_‘sil. ﬁ?i&'_"&. = 6'9.“- _.M_L (25)
dt  diduiu? d-tduq’- dt dm

As for the total elastic,single and double diffraction cross
sections they are determined in the GDI by the behaviour of
corresponding differential croes sectiors at paremetrically

smell momentum transfers (-tt"i &‘-‘yg,,: 4 ) and are not con-

nected via an analogcus relation.
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RECENT RESULTS FROM NEUTRINO SCATTERING EXFERIMENTS

C. Guyor
CEN, Saclay, France

Abstract :
The recent results from neutrino experiments at high energies are review-

ed. Emphasis is given on their impact on the knowledge of the structure of the
weak neutral current and the nucleon structure.

Outline
1** pert Structure of the weak current. Purely leptonic processes. 422
2*9 part Deep inelastic scattering off nmucleons : Total cross section measu-

rements. Structure functions. 433
3t4 part Neutral current results from experiments on neutrino DIS. 451
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1"' PART : STRUCTURE OF THE WEAK CURRENT. PURELY LEPTONIC INTERACTIONS

~

1.1 Neutrino scattering and the structure of the weak current

1.1.1 - Basic formalism for the wealk interactiaons of neutrinos with matter [1] :

The lagrangian for neutrino interactions with ordinary matter at "low"
energies (@ « H:) can be written as follow :

LzL'™ +L"™ +L"
cC e -

where we have separated the charged current (CC) and neutral current (NC) inter-
actions with nucleons. If one assumes a current-current form with only Vector
and Axial! terms, no flavor changing neutral current, the lagrangien for the
interactions of a left-handed neutrino with a fermion f can be written :

Lt =G

L
ne Tz

where we have introduced the phenomenological chiral couplings g: R

v ™ (1"7,)'f7u (g"+¢"'{’)f, f:e,ql

The weak hadronic current will be described in the framework of the
Quark Parton Model :

(2}

L’ = -

£
NC E

;7 (147 ) v
= N s »

1

with J:=4. q T, [z:‘ +g:‘ T,] 9 the q being the quark flavours.

%,
. . g +8 g -
Also used are the chiral couplings C, = %, C, = ——2. In the
SU{2)xU(1) model, the chiral couplings are related to the weak isospin and the
electric charge of the fermion :

st

l'=P(T,-Qsi.n’8') L8 =T,

A
s
H:coa’e

with p = = 1 in the standard model.
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1.1.2 Structure of the weak charged current

For the OC  interactions, we will assume a pure V-A structure (no
right-handed current.s):g'=g‘=+lorc‘=l.cl=0. This is supported by
data on p decay {2] and by neutrino scattering data {3].

If one assumes an admixture of right-handed current in the transition
ue~d given by p =|C./C‘|, then it is easy to demonstrate that :

ot | ¢ BT /anly - (1-y)* o’ /ety
@0’ /dudy - (1-y)? &*o’ /dxdy

vhich gives experimentally : {g{ < 0.009 (90 % CL).

These limits can be interpreted in the framework of the left right syme-
tric -:dglw(Z). x&l(Z)‘ x U(1) with 2 bosons H‘. w which mix with an angle
14 !.nl:ostseizens\'at:awl aniHI.

o .o

Then, c‘=__°°'.c+_sinlc,clzsix£cos( 1 .1

Hlistberecmtlydiacoveredﬂbosm.mlinitsintheplane
{, a =M (W )N (W) are given in Fig.1.

(Y Bed sk
S0 a0 M0 70 ;e

Fig. 1 : Experimental 90 % Q i \
Lin_iggm(;rﬂc:pflﬂf', The ll:b-__—__———‘—___'
allowed region contains { = ¢ = 0. ’ !
The limits from the neutrino !
scattering experiment (==} apply

for all v, wasy, wheress the !’\ )
Limits from the p decay (—) apply o |
for some assumption about the i !
nature and the pass of the ¥, {e.g. > -ns& .
m, =0). i

4

£ oL, - Wg) miirg engle

i
i i

]
v () o 3
a-Fwasning
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1.2 Purely leptonic interactions :

Neglecting terms of the order m /E_, the cross sections for v, scatter-
~g are expressed in terms of the vector and axial couplings as follow :

x[(

c'(;"e + ;He) = x[(

E IR 4
d(v“e “e)

ot

s g:)' + (1-y2? (x; - x:)'l

ot

e o ()]
c(vesvels= K[(z: g+ 2)’ + (1-y)? (l: + E:)’]

o'(;.e -+ ;'e) = x[(,; - ‘:)' + (1-y)? (g: + g: + z)a]

G M
vithk= 1 L E, y=E/E.
2K .

(=) ' R
tlging only v e interactions does not allow the separation of z: and z: , and the

()
xnowledge of their sign. Further information comes from v e cross section due

‘o the interference between the CC and NC diagrams.

1.2.1 -~ Muon neutrino scattering °

Two experiments gather most of the world statistics on v.e interactions.
‘heir results are presented in the following table 1 :

g, ,E' o /Er

B number of events " Ve
. - o
v v x 10*2cn’ /GeV =2 si.n'o_
[- 9
1 4
CHARM 107 147 1.90 1.5 s 0.80 0.215
(41 +17 23 +0.90 $0.5 1.27 - o.22 + 0.034 g
BNL 59 59 1.60 1.16 + 8.4 0.209
E734 + 9 t10 +0.39 + 0.032

* 0.25 1.38 - s.3s
[5) .
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1~4 sin®8 + 18 ginte
Ra.ndsin’euarerelated:l!=3- 3
1-4 sin‘ﬂu + 16 s:i.n‘Bu

Combining the 2 results leads to : sin’BH = 0.212 + 0.023. This result «ill be

significantly improved (+ 0.005) by the next CHARM II experiment which expects
to gather ~ 2000 events by the end of 1988.

1.2.2 - Electron neutrino-electran scatteriqg :

BExperiment E225 at LAMPF [6] is continuously taking data. Neutrinos are
produced in the following cascade :

P [o VR TN +
{780 MeV} oy,

*—-—oe‘;v R CE >~ 20 MeV.
¥ e '.

()
The v, contributions are subtracted using CHARM and E734 cross sec-
-)
tions. The present statistics is 99 + 25 events after ‘vu background subtraction

(7 v,e, 14 v e). One expects 94 t+ 13 events if there is a destructive interfe-

rence between NC and CC diagrams (as in the standard model}, 187 % 27 for nc in-
terference and 292 + 39 for a constructive interference.

The measured cross section is @

c(v e) = 9.8 %t 2.7 + 1.6 E /GeV x 10742 co?
R . e stat. syst. .
which gives in the standard model : sin?6 = 0.23 * 2-9¢ + 0.08
- - 0.05.|.' - D.Dl".‘

There may be a great future for this kind of experiment. Projects exists at
LAMPF vwhich aim at a large statistics (2 10 000 evts) and 8 precise measurement
of sin‘ﬁu (+ 0.0025) (71.
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1.2.3 - The chiral couplings for charged leptons :

Using only the data from v.e scattering gives the following ambiguous
results :

|g: RE 0.08 £ 0.05, Ig:"l = 0.496 * 0.04

Further information is necessary in addition to v,e data. Forward-backward

asymetry of muons pairs produced in e*e” — p'p” provides essentially a measure-
ment of z: g‘: Universality (g* = g*) will be assumed. These results gathered in
fig. 2 define only one solution :

£ = - 0.08 + 0.05, g: = -~ 0.495 + 0.040

v

n agreement with the standard model prediction :

=-1 -_1
e = E+2sin'ﬂ“, g:- 3

10 e et

2 - e%emete, Crn il
snd, '
i 1 B3 vye data
“+ vze datx

s &
Fo()

S,
05,

NS

LENE BN e N (RN A A

Q0

[ 4 ]

[ ]

: .
- o @& 7
- 4

i ' )
.mL i PR | - ) ke ! PR J
-0 -05 0o 05 10

Fig. 2 : Allowed region in the plane g:, g: from data on'i'ue, v.e and

ete” — pipT.
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2*% PART : NEUTRINO INDUCED DEEP INELASTIC SCATTERING
AND THE STRUCTURE OF THE NUCLECN

2.1 Total cross-sections

A proper measurement of the total cross section of meutrinos on nucleon
involves a good (but dirficult) calibration of the neutrino flux. It is essen-
tial for the extraction of the structure functions. Up to now nc experiment has
ever reported & departure from the linearity with the total energy of the neu-
trino and the antineutrino cross sections. The history of the most accurate mea-
surenents of 0" on isoscalar targets is given in fig. 3.

'3 L 2 | B i

EXP : [ ' £, (GeV)

; :
GaM 73 - f—— 1-10
CFRR 71 - —_— 45 - Z05
CDHS 77 —_) —_— 30 - 200
BEBC 79 —_——— —_— 15 - 50
o 79 ; —_— ~3-9
CHARM 81 - —— : 20 - 200
BERC 82 - —_— 20 - 200
FNAL 15 — —_— 10 - 200
CCFRR 83 - —_ 30 - 250
BEBC "86" - —— 20 - 200
CDHSW 86 - —_ 20 - 2

1 :

‘ \

[} 1

) 1

H :

: .

01 03 o4 d s oi 6 02

o
»n

qg
2L 10 e GeV!
E

[

: -1
Fig. 3 : Summary of available accurate messurements of c: /E on the nuclecn.

This slope is assumed to be constant over the guoted energy range.
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The present most accurate measurements are given in table 2.

Table 2
EXP ¢"/E . 10%% om® GeV! & /E
cpas 77 [8) 0.62 + 0.04 0.30 * 0.02
CHARM 81 [9] 0.604 + 0,032 0.301 + 0.018
CCFRR 83 [10] 0.669 + 0.024 0.340 % 0.020,
BEBC vevised [11] 0.723 + 0.040 0.351 + 0.022
CDHSW 86 [12] 0.686 + 0.020 0.339 + 0.010
BEBC vp [11] 0.474 + 0.028 0.500 + 0,032
CDHS vp  [14] 0.44 + 0,02 0.44 £ 0.03

From the new results of the CDHSW group, the energy dependence of the cross sec-
tions has been derived by 2 independent methods : first by separating the con-
tributions of the neutrincs from K or « decays in 3 different NBB exposures
(Fig. 4da), and secondly by the determination of the neutrino energy from its
radial position in the high statistics 160 GeV NBB (Fig. 4b). Again no departure
from the linearity with E, can be seen.

As a conclusion, there is now a better agreement between CERN and FNAL
o
experiments at a value E!. ~ 0.70 10?® cm?® GeV"'. As a consequence previous CERN
structure functions have to be rescaled upward by ~ 12 %.

2.2 Structure function measurements

2.2.1 - The differential cross sectians

Assuming a current—current form for the interactions and zero lepton
masses, the differential cross sections can be written :

(=~}
(=)

2. v G ME xwM
fe ol - 7r '[xy’ Fl(x,Q’)+[1~y-_2.E_') F:(x,Q’) + y(l-g)xF:(x,Q’)

dxdy - 4
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where x, y are the standard scaling variables :

r,V’l
E -M
vy, x= 9, v=E3:-f -E
E, 2 v M, !
E. (IOB)
;|l¢. cc
The Fi = F‘ are the structure functions which are "a priori” dif-

ferent for v and v interactions, and for CC and NC. 'I'hel-';sa.rerelatedto

cross-sections of left (+), right (-) and longitudinally (L) pclarized W (or Z)
bosons

oxF z2MK 1. ,c)
1 4 2 4 -
F’ :zm.__l__{l(c'+c'_)+cl}
x 1@ /¥
xF, MK 1 e -0
3 [ -
1+@2 V3

Wi e

where K = is a somewhat arbitrary flux factor.

This introduces the longitudinal structure function :

F =[1+Q_']F -2xF.
L 2 1
V’

Intheqtm-kmnndel(withn.=p,=0):

g« c:’ q(x) + C:’ q?x)

2 - -
o xc: qix) 1»C:3 qi(x)

In the leading order of QCD (and to a very good precision, in the next to lead-
=)

ing orderj, F and q (x) can be replaced by the QD predictien F{°(x,Q *) and

=)

q (x, @) with a @ veriation given by the Altarelli-Fsrisi equations [15].
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For the CC interactions on an isoscalar target with no EM mixing, s = s,

c = ::. g = xiutdrs+c), one gets

Zx[-‘:(x.Q‘) = zxp:(x,e') =q+q
XF? (x,&) = q - q + 2x(s-c)
XFY(x,@) = q - q - 2x(s-c)

But, one may also include the Kobayashi-Maskawa mixing and the threshold
for d cr s — c production e.g. by using a slow rescaling model [16] :

Then

'V oz x (c? +E8) (ued) + 2% (S? +ECl) g+ x(u+d) +2¢xFN,
2 [ xc [ xe 2

with & = x 1+_°.,Cc=cosﬂc.sc=si.nﬂc, Eq = £q(E, @) 8(1-8)
@

In addition l-‘L develcps a non zero value in addition to the QCD

contribution. As a consequence, there are ambiguities in the definition of the
measured structure functions. In principle, they are corrected for :

u
v

- The strange sea term {(s-c) in ZxFl and F: (See 2.2.2).
- The radiative corrections.

d,
~ The non isoscalarity of the heavy target [..!. ~ 0.5 (1-x)].

They are sometimes corrected for the charm threshold effect (slow
rescaling}, the propagator term, the target mass effect,the Fermi motion, etc...

The present most accurate measurements are described with their
assumptions in the following table. Bmphasis will be given to the new CDHSW

results  presented for the first time. Only preliminary results were reported at
Bari 1985 [17].
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Table 3
Assumptions CCFRR [18] CHARM [19]) CDHS 79 [20] CDHSW new [21]
U‘/E 0.67 0.60 0.62 0.70
s~ szu:d v=d=s szu:4d sz2z8 "
2 2 2 2 Z 2
' C threshold m = 1.5 No No No
iv F
’ R= .t R R=20 R = 0.1 R
2x F (14 eco
1
Fermi motion No Yes No No
Rad. Cor. < De Rujula et al. [13] > Bardin et al. [33]}
# evts v 150 K 50 K 30 K 650 £
v 23 K 110 K 25 £ 175 K 350 K
Beam NBB WEB NEB (ver) WEB
WHB (v)
r Target Fe Cal0 Fe Fe

* The strange sea correction takes inte account its suppression by the ckamm
threshold.

LU
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2.2.2 - Extraction of tF.. structure functions

Ignoring the already discussed corrections, the differential

cross
gections can be simply written as :

2
e 1 da .

(=)
2
aF (1P U9} L pypgy o (Lo U9} ey & Lo U9 4
1 2 . ) 2

Starting from these expressions, the usual procedure goes as follow :

i) Determination of the !ongitudinal structure function F'_ and the sea :

F:. can be extracted from the y dependence of the following combination :

14

o +0 - [1 - (1-y)*] x(s-¢) (1-y)

! = Zx.!-‘l ¥ e
1+ (1-y)2 1+ (1-y)?

Another combination, used by the CDHS collaboration, is :

¢ - (1-9)? ¢ + 2x(s—c) [(1—y)’ - (l-y)‘]

-r (1-y) - (1-y)? F
=2qQ ¥ ——e
1 - (1-y)* 1 - (1-y)*

y - -
withq =u+ 4+ 23.

Taking only the domein y>0.5 minimizes the effect of the s-¢ correction and

the ¢ /0" normalisation.

The CDHS collaboration has presented at the Bari Conference [17] a new

. . F
determination of F'_ (fig. 5). Fig. 6 shows the measurements of R = L. fram

1
the CHARM and CDHSW groups. A good agreement with the QCD prediction is found
although the sensitivity to the value of A is very weak.
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v
At the same time, the sea q can be extracted from the gbove equaticn.
v

Thus, the values of q are strongly correlated to Fl and show big errors. a

standard procedure consists in using an analytic form of I-‘L compatible with the

-r
previous measurement (e.g. l-":"). Final results on F and ¢ will be presented
at the Berkeley Conference [21].

. “F
For what foliows, a QCD like parametrisation is used for R = _t

ii) Determinatian of Fz :
F: is derived fram the following combination :
F = & +0 - 2x(s-c) [1 - (1-y))*]

: 14 (1-y)? -y B
1+R

4 similar formula for 2xF, would involve a correction term for 7 of

the form (1-y)R in average larger than T_z . This shows that F: is in gereral
+
“better” measured than ?.xFl , being more free from assumptions on [, especsizlly

if one considers oniy low y data.

The new measurement of l-“ from CDHSW is shown on Fig. 7. A ccmparison
with the previous measurement of the same group using the assumptions and the
corrections with the old Mmis is shown on Fig. 8. A difference of the crier
10 % remeins at low x. The agreement with CCFRR (Fig. 9) is now accepuable given
the statistical errors.

A significant test of the quark model (or of the consistency of the
data) is provided by the comparison with the measurement of Pz‘" . XNeglecting the

charm threshold and the charm sea, these functions are related according tc :

BF o= F7Y (1 -

2 1

Uv'-—-

oo

W
.

— —— . -
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Figure 10 and figure 11 show comparisons between the right hand side
from CDHSW and the left side of the above equation from the EMC [22] and BCDMS
[23] collaborations. Rather than pointing to physics problems, the disagreements
seem to indicate some experimental inconsistencies especially between the two
muon measurements.

iii) The determination of xF, = % (xF + XF})

This measurement does not need any assumptions on R and s-c :

1- (1-y)?

Figures 12, 13, 14 show the new measurements of the CDHSW group with the
comparisons with the old CDHS and CCFRR data. The improvement in statisties is
significant although the data are concentrated at lower @ values where the
standard perturbative QCD predictions may be invalided.

2.2.3 - QD fits to the structure functions

They are all based on the Altarelli-Parisi equations. In the early
eighties, the study of scaling violations appeared to be very promising to test
LD. The interest has bren decreasing due to the appearance of several
difficulties :

i) The higher twist effects (1/ @& terms) may be present at low @ where
scaling violations are maximum.

ii) Nuclear effects (EC effect) are still an open problem although some data
seem to indicate no @ dependence.

iii) The data suffer from statistical and systematics limitations for xF3 which
has the only well understood QCD behaviour. Uncertainties from R, s-c,
G(x,Q%) (gluons), may have a non negligible impact on l.‘-‘z .

iv) Finally, several programs exist on the market which integrate the
Altarelli-Parisi equations and fit the expected @ evolution to the
observed data. There are still inconsistencies in the results of different
programs. But these technical problems should be overcome soon.
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The results of QD fits to available data, which do not involve
assumptions on the glue (Non Singlet fits), are summarized in the following
table. Results are given in term of the value of A (lowest order or next to
leading order fit).

Table 4
EXP target type of fit @ range (GeV?) A L (MeV)
+ 200
xF, wonu 200 * 300
CDHS 83 Fe Fl (x>0.35) ¢ >2 275 + 80 300 t i50
xF W > 10 8g * 182 155 * 3s5¢
3 - 850 - 110
CCFRR Fe F’ ¢ >S5 360 t 100 340 * 111G
CHARM ("am‘ xF, ¢ >3 187 + 150 310 + 160
WA25 D, xF, @ >1 250 £ 90
(BEBC) - 170 ¢ 180
2 2 - 140
B Fe F , x>0.25 eS>5 125 ¢ 128 170 = 1%
2 - 80 - 118
BCIMS c -F‘.x>0.25 @ >25 220!20:::
{Preliminary) ]

stat tyst

Preliminary results on a second order QCD fit to the new CDHSW data have
been reported (fig. 15) ([21]. An agreement with QCD can be found only if cne
restricts the data to the high @*, high W domain e.g. @ > 20, W > 11. Stiil
the value of A seems to depend upon the W and @* cuts. A preliminary range of
[S0 - 300] MeV for A, is given. The departure from the QCD behaviour at low x
and lowv @ may point to interesting physics outputs, given the fact that

systematic errors seem too small to bring the data points back to the
theoretical curve.
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The extraction of the gluon distribution suffers from the strong
correlation with o, and « . Better data are needed at high . But it should be -
noticed that such a determination which uses the QCD evolution makes sense only
if the QCD fits agree with the data over the whole range in X, including the low
x region where the glue is concentrated.

2.2.4 - Conclusions on the structure function measurements

There is now a better agreement between the experiments mainly due to
the new values of the total cross sections. Comparison have to be made with the
same assumptions to be relevant. The situation with QCD fit is still .confused.
The new CDHS data are promising if the systematics can be properly understood
and may lead to interesting physics outputs (may be not QCD).

2.2.5 ~ x-distributions from NC interactions

The previous formalism for CC interactions can be reproduced for NC
interactions up to the different chiral couplings which introduces small changes
in the structure functions :

dU" - ¢ MEU

dx

Fyix)

in the scaling approximation with

Fylx) ;; F'°(x) ¢ % XF* (x)

2 2 + al ) (q";)

F*¢ = (c* +C?
1 4 18

ES
Sry

~ 0.33 (8in?0=0.23)

3
- -t e - ) z(s—c)
~ 0.44
2 2 -
2 2o - - (e
~ 0.27

Thus, x distributions for CC and NC are similar. They have been measured in

experiments which use fine grain calorimeters allowing the measurewent of the
shower direction. Results have been reported by the CHARM [24) and the FMM [25]

collaborations (fig. 16) which show a good agreement with the expected
distributions. :

- —

t
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3”’ PART : NEUTRAL CURRENT RESULTS FROM EXPERIMENTS
ON SEMI-LEPTONIC NEUTRINO SCATTERING

3.1 The measurement of R"z NC/CC and the determination of sin?@

Experimentally, the measurement of R"is the determinatior of the ratio
of the number of events without any muon in the fina]l state (neutral current
events) to the number of events with a muon (charged current events). A cut cn
the hadron energy, E" , 1is necessary %o ensure a full ‘detection efficiency.
Additionnal corrections are needed to correct for background events such as v,

events (see [26] for more details).

Theoretically, this ratio is related to the chiral couplings, and so
to sin’BH, in the following formula :

1 1 de¥c
dE, &(E)) dy & — iC?, CY)
dedy 0"
- Elc El:/EI' G
1
dE, $(E,) dr [ ax 9F
axay
Elc E“/'E’ JO

vhere ¢(E ) is the neutrino flux function of the erergy.

The differential cross~sections of neutrinos or. the tarcer nuc
calculated in the framework of the quark parton modei if the =xperimen

the deep-inelastic regime. In addition, radiative cerrections have tc b= t..k--n
into account.

The motivation for high precision measurements of s:‘mzﬁ‘ are the
possible test of the presence of radiative correcticns from a compariscn of
measured value of sin’ev in different processes and the check cof =T
predictions. .

Several difficulties arise which lead to a theoretical error in the
extraction of sin’B_ :

i) The lmowledge of the quark distributions :
It is actually good enough for isoscalar targets. Small non isoscalarity

- L
(Fe Target) can be corrected for by wusing the meacured ratio .Y of the

X
valence u and d querks in the proton. Fortunatelr x disiributions are
similar for NC end CC.
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The existence of the Kobayashi-Maskawa mixing and the threshold for charm
production {(for CC only).

This is the largest uncertainty. The correction rests on the use of the
slow rescaling model [16] involving the charm quark mass o - Which value
of m to be used is still an open problem : constant m QCD "running

mass” (with @ or W )... There are some constraints from data on p* w”
production in neutrino interactions and on D decay wnich indicates
m =~ 1.5+ 0.3 leading to an uncertainty dsin‘Bv = 0.004.

<

The possible breaking of the QCD Quark Parton Model due to higher twist
terms 27]1. It has been shown [28] that these effects may be small if one
could use an iscscalar target containing only u and d quarks. Then the
weak isospin symetry is identical to the strong isospin symetry and the
fellowing relation can be deduced :
(1
sin'0 d’t.'cc v
w dxdy

=) =)
s NC, V zo,fx-' v
g = p? (1 - sinte + d

dxdy

dxdy 2 ~

+

sin'ev)

ol
wiwm

up to small twist 4 terms (Asin®@ £ 0.002). )
But corrections to this formula in order to apply to the "real” world are
calculated in the QPYM leaving the main uncertainty from the charm
threshoid unchanged.

Another possibility would involve the use of the Paschos-Wolfenstein
relation :

q

(1]
=
a
k3
a

"

1 so2 2
(= - sin?8 )
2 w P

Then, due to the cancellation of the sea constribution, the uncertainty
from  the charm threshold effect is roughly divided by 2. But this would

require a very high statistics in v and asks for a relative normalisation
T/, not achievable at present.
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3.2 The results for isoscalar targets

The most accurate measurements are given on table 5. The new CDHSW .
result is now final. Values of sin‘ﬁu are expressed in the Sirlin scheme [35].

Table 3
[ o
EXP E {GeV) R R_ c sin*€  (p=1;
Ecut L4 ¥ 1GeV) -

CDHS II [29) 10 0.301 0.263 £+ 0.015 -~ 1.1 0.226 * 0.012
+ 0.005 £ 0.005

CHARM I {301} 2 0.320 + ¢.010 0.377 + 0.02C 1.5 0.220 * 0.014

™M [31} 10 0.307 + 0.01r 0.384 * 0.023 1.5 C.246 * (.Cl1&

CCFRR  [32] : 1.5  0.242 = ¢.011

*+ 0.0603

CDHS III {33} 10 0.3072 0.381 # G.015 1.5 0.228 r 0.005

+ 0.0025 * 0.0020 + 0.003

CHARM 1II [34] 4 0.3088 1.5 0.236 % 2.005

: + 0.0025 + 0.0018

t This result uses Paschos-Wolfensteins ratios R itk & radius desendent r cut
to reduce the bacikground of short (Cs. The sy¥stemetic errcr :acludes the
theoretical error.

The present experimental situation inciuding mezsurements from cther
processes is summarized on Fig. 17. Givenn the statistical errors and tha
theoretical errors, there is an acceptable agreement.

Several remarks have to be done : *

i) The wvelue of sin:BH of 2 given process may depend upcn the renormaliisation

scheme. Two sete of radiative corrections have been used : ohe 1t

i the MS scheme [36] wnere sin®g is a TNNing parameier
-

expressed at @ = M:_

, the second 1is calculated ir 1the

renormalisation scheme of Sirlin [35] where sin’ﬁ_ is defires by

p cosi’f = ¥
-

"

f MH and Mz beeing the rhysical (measures m=sses of the heavy



ii)

YD g,

bosons. The corrections to the measured values of sin‘ﬁu are the following
for a standard high energy neutrino experiment (E“”l = 10 GeV;
a sin‘[')":s ~ - 0.013

) sin’Bi"“‘ ~ -~ 0.011.
At present, uncertainties in the available programs are og the order of
magnitude of the difference between the two schemes. This technical
difference is iikely to be understood in a near future.
A thecretical errcr ~ 0.005 is common to all neutrino experiments. As it

comes from the unknown value of LI CDHS choosed to give its result
inciuding explicitely the m, dependence :

sin‘Bu = 0.225 + 0.013 . (m - 1.5

T Y T r
Atoms (Cy
Ve e
— s VP
———ere ED
- MC
—_———— Vpe
. BEBC
t - CHARM I
R ——— CDHS I
/ DIS CccFRA
—_—— FMM
t - CDHSwW 86
L — CHARM 86
—— gre -
PP | — byodd
o o S (-
Ci5 020 0.25 0.20
szgw

The measured values of sin®@
L4
different @ ranges. The results are given

high erergy neutrinc experiments.

-1

from different processes involving

independentely for the
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3.3 Experiments on neutron and proton targets.

from experiments on isoscalar targets, one can derived only the sum of

2 ?
3 3 - d L
the chiral couplings gi( o = C""u) + CL(" . In order to extract separately Cu”
and C:“), experiments on proton or {and) neutron target are necessary. In

bubble chamber data, it is possible to identify the nature of the target nucleon
on an event by event basis. Results have been reported on the measurement of the

P o’® o'? - ¢"n
ratios R(;), R/P = XC, p.y = K€ ¥C. The latter ratic minimizes the

s v e g ]

ne cc cc
systematic errors which originate mainly from the rescattering probability. The
most interesting results are given in table 6 :

Table 6
EXPERIMENT RESULTS
BEBC (TST) [37}: R = 0.455 + 0.038 R = 0.320 + 0.038
BECLMD  [38] B = 0.384 % 0.028 R = 0.338 ¢ 0.02:
AL 15’ [39] B*/* = 1.08 t 0.09
[40] B/ = 1.01 % 0.14
BEBC Deut. [41] r, = 0.06 * 0.06 r. = 0.02 ¢ 0.0
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3.4 Comparison with _the standard wodel predictions : evidence for radiative
corrections

3.4.1 Determination of the quark chiral couplings

what follows is based on a combination of the most accurate results on
neutral currents from neutrino experiments using isoscalar targets or proton or
neutron targets. Dependence of the measured quantities upon the electroweak
parameters and a fit to the experimental results have been worked out by G.L.
Fogli [42]. These results are preliminary and do not use the most up to data
experimental results. It uses the value of R from CHARM presented at Bari’'s
conference (R"= 0.215 + 0.010) which has been revised since to the value given
in teble 5. Still, this analysis gives an estimate of what can be achieved if
one accepts to combine independently nearly all the available experimental
results. A criterium for such a combination to make sense could be that the
statistical errors are dominant which is no longer true for the recent
measurements of R”.

The measured quantities (R", R", R*/P, r", are parametrized in terms
of the chiral couplings :

r o - 2 2
e.g. R -alg:+a.’g:+a.’8'.+a. 8.

. 1 2

with gt.l-q.l+qyl
52 :C‘,z —C":

L e L2 L.w

The a 's are coefficients which depend on the experimental conditions
(beam spectrum, cuts}), the quark distributions (QCD, QPM), the K.M. mixing
matrix  elements, the charm threshold parameter m and the radiative corrections
{m = 36 GeV} if required. The uncertainties on the a8 's reflect the theoretical
misunderstanding of the semi-leptonic neutrino scattering.

The result of a 4 parameters fit to g':'., 8:.- is given in figure 18
restricted to the planes (g':, g:) and (8:, 8:). A comparison of the lo domains
with the lines of fixed p and sin’B' giving the constraints of the SU(2) x U(1)

model shcws that the data are consistent with this model, whether or not the
radiative corrections are included.



3.4.2 Evidence about radiative corrections ? Comparison with UA’s results

A test of the radiative corrections may be provided by a comparison of
the electrowesk parameters determined by two different processes. In the
following comparison, we use the data from the neutrino DIS experiments given in
table 5 and the masses of the heavy intermediate bosons measured by the UA
experiments as given in table 7.

Table 7
EXP M' {GeV) Hz (GeV)
UAl [43} 83.5 + 1.1 (¢ 2.7) 93.0 ¢ 1.4 (¢ 3.0
UA2 [44) 81.2 £+ 1.1 (¢ 1.3) 92.5 % 1.3 (% 1.5)
UA2 (Prelim.) {45} 80.3 * 0.8 (+ 1.3) 91.5 ¢+ 0.9 (+ 1.5}

The second error stands for a calibration uncertainty common to M‘ and M-.

In the Sirlin scheme, one has the following relation [46] :

¥
~=zp (1- si.n’ﬁ_)
A

" = A? with A? = 37.2812
e sinze 1 - Ar
ar (m z=m,m =36 GeV) = 0.0698
alges 2 1

8in?8 = sin?@8X? (1 - €
A - .

.

p = pEXF {1 4+ ¢,) -

sin’ﬂ:" and p***  are the values derived experimentsily in the neutrino
experiment ignoring the radiative corrections e. ~ 3 % and €, X 1.%.



Assuming ¢ =1, the average value of sin’Gw from table 5 is

sin®8 = 0.232 + 0.003 (EXP) *+ 0.005 (THEQ) . The comparison with the values
-
derived from M, and M: is shown on Fig. 19. While the agreement is very gZood

when both radiative corrections are included, ignoring them leads to a~2 ¢
discrepancy. From this comparison a value of Ar can be derived :

ar = 0.077 + 0.030 (pp) + 0.030 (¥N)
The contribution from vN includes the present theoretical error. Given
the variation of Ar with m [46], one can set a limit on m, within the standard

model :

m < 200 GeV (90 % CL)

A value of the parameter p can be determined from R” and R" cnly. Using the CDHS
data only (table 5), cne gets :

- p = 0.991 + 0.020

0.216 *+ 0.021

sin?@
. w
In his fit tc nearly all the available neutrino data, G.L. Fogli gets [42) :

0.224 + 0.010 (EXP) * 0.007 (THEO)

sin?8
-

b
(1]

1.004 £ 0.008 (EXP) * 0.007 (THEO)

A more reliable method to get p is the comparison of R” with the
measured M, and M, through the relations : .

M - 38.65°
v sin’@
-

*’.
"
z

gin’® = 1 -
w

-

R = p? [.. - sin'ﬂ_ + g sin‘B_ 1+ r)l
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2 L - = - -
A 2 parameters fit to M, Ml and R” from CDHSW and CRARM gives
p =0.997 + 0.011
si.n'ﬁu = 0.229 + 0.007

This set of results gives the best presently available determination of the
electroweak parameters.

3.5 Conclusions

The high statistics neutrinc data presented this yezr represent
presumably a sort of final word on the study of NC coupling using the Desp
inelastic neutrino scattering. A good agreement with UA results needs the
radiative corrections to be taken into account. I= it a reliable test of the
electroweak theory ? Actually, ~ 70 % of the effect on tre DIS corrscticns is
due to "trivial” electromagnetic effect at the vertex of the CC interacticn. In
addition, the value of &r comes mostly from the renormalisation cf a through

pure photonic effects (at least for small n‘). It is certainly too eariy to
claim that we have seen the presence of the one loop weak correcticns.

Another -=st of the radiative corrections may be evzilsble whan CEiiM 12
results on ?Fe, v e are available (£sin’® = 0.005 almost free of radict
correctians). This will be the next important round for neuirino experizznt

I
1
3
b

I am grateful to my colleagues of the Saclay group of the {TXTw
collaboration for their help in preparing this review, in particular Frigeriz
Perrier, Bertrand Vallage and Patrice Perez.
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Comparison of the values of sxin‘ﬂw derived from the measured masses

of the W and Z bosons and from the measured ratios RY. The stantard
madel (p = 1) is assumed.
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ROLE OF SINGLE PARTICLE HUCLEAF. POTENTIAL IN THE EVC EFFET

Jacek Rozynek

Institute for Nuclear Studies, Warsaw, Poland

Tre simple single particle model of the mucleus is proposed t¢ ex-
plain the EMC effect., The good agreenent with data is chtainel The
essential features ¢f the change of the nucleon structure functicn i

miclear medium are explained by Kinemaitica: effsct wnly.

1. Single Farticle Energies in Koclear Meiium

Prts

1t is lﬂ:n:»n.'n1 ihat the mean fres path of the rtieon in & Mmtieucs

large in conpearison te nucleon sizes. MErefore *he miuciecn <

foreay

o
4

treated as & cuasifree cbject, whaich moves in 4% averase Loisnticl
coming from the interactions with 21l others rmcleons. For the two hody
nmucleon-nmucleon interaction VR H we can write whe folliowing yelation for

the single MICleon ensrgy eK and the single nmiCleon potenti K

"
o
m
b
[
'
o
by
15

mclear medium:
. 2%
eK H (I‘I'?ﬂzvm,l " UR .

P

A
- « . -~ : .
where UK = ﬁ_, N is the Wwres-numentiEn of Lith nuclsll, A 1S e

\7
R¥E'’

mass mmber and M rucieon mass.

Frem the definition of the averege biniing energy por rutiess €

the following relation:

A - ; .
E/b = H+€n =z -1—§:_1[(He¢p§)«r %Uhi:l:(l-i"—:q-q:s;))’5 + -;:(U > {3;
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where E is the rucleuc energy and <p2“> and <U“> are the average values
of the macleon square rmomentum and the single particle potential in the

nucleus.

Now we want to determine the value of <UN>. First we have t0 calculate

<p§>. In the Fermi-gas model the average nuclepn square momentum,
2 e . . . 2 1/3 . .
<pu>:c-. GpF and Fermi momentum Pp® n(1.5m p) , is the function of a

density o .
Tre ruclear density o(r) is almost constant for OCreR,-d/2 (R=1. 114%3)

-2

and equal +(0}%. 17 sm . The surface width is also almost constant for
miclei and equais d = 2.4 fm The density decreases at the distance Q
from o(RA-d/E):o. (1 to p(RA+d/a)zo.‘1p(0). These numbers allow us to

estirmte *the average rmuclear density pA which varies from pu 20.4p(O)

12
for iight maclei to DA>200:‘.0. 70 ({0} for heavy muclei. Now using Fermi-gas

mec2l relation we calculate -:p§>. then using (1)-{2) we calculate <Un>

and the average cingle particle energy <e >.

N
For light (Ax12) nuclei we cbtain: (4)
<p§>/2ﬂ £ 12 Mev, Uz 2(12MeV+E) z 4O MeV,  <e>-Mx 28 MeV
In the limit A>200 we have: (5)
2
<pN>/aH & 18 M=V, <U“>z 2(18Mev+€) = S1 Mev, <eu>—Hz 33 Mev

In our calctlation we will use single particle energy ey as the zero

COITEonent P, of the four vector pn. In our LAB frame (rmucleus at rest)

the average vaiue of p0 will be <eH>.

-
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2. Lzeply INelastic Electrop-fucleus Soattering

The differental cross section for cdecply inslastic ele

R R . 2
scattering is given by :

1 dvaA _qaai’a[swe

2 nZ Bk o5 er ;

1 & L Q7 pyl)sin™(8/2) + W (GT, prl)cosTi@ra)).  (6)
A9

In our mpdel the electran-rucleus cross section is a2 sum of sinrle

rucleon ¢ross sections. If we use the Formi distribution for nuclecrs ws

obtain:

A 2N

a9

1 3 - .
Af:1 o 3 j 167 (P 1) lal” deose dp Sk

‘HipF

e _‘2_ SR T 1LY
where (RI7: e/ LU LW

ard PH =(Po. Pﬁ)-

Ity w2 weni o calculats 2il

in

s =
Calculating V, (27, p M in tns poion
i

ircom intziration of tiu

Finally we obiain frem




= El N 3 .
F;t-:): (3/‘4VPF)‘fF2\!{:./ \PO-Iplcoso)d P, 7 (11)

waera x is the Bjsrien variavle for free mucleon and F‘a its structure
function,
e factor (pon{) in {9) is cancelled and the influence of the

nuclear modivs is includad only in the change of BiirkKen varizble x° as

th

»om {8) (the variable x’, as x, from its definition varies from
2 o 1i. Tus conclusion does not depend on our particular Fermi-model
distriruticon of the muclecns in the nucleus.

3. Results and coenclusians.,

<

TnotnE -Etle we present the results for the ratio R(x):F’g(x)/Fe(x) for

tws limits of muclear mass murker A (Az12 and A>Z200).

Rz, for Axic and A>Z00.

: Q.2 C. 32 0.4 .8 C.6 C.7 0.8 0.9
g .57 94 ) .G .89 .88 .96 | '1.69
o) s S5 i E] .90 .88 .88 1.031 2.14
v nee s g vmr mtaape . s 2 Z.%
Ty oware cntzinsd zivm (il for Byt M +p) +<UN>. T™he values of <UH>
F_ix) we choose after" Fa(x)zxx(i-x)a.

=¥iects for deutercn, and also negligible

section from structure function \i?. we can

TV eve CUY Pesults for RiX) with the SLAC experimentss. The general

ST eIinent withn tn: data sunports cur model. The fast increase of the

Fry for ir mooh ostrengsr for large A and it exhibits the essen-
il deln Zonforunie panticle mechanism The asymptotic value of R(X)
. - . Y

b L Tz IV

%
..Jyn)"z(M/<eH>;”.But for ssail values of X



for %:0 is R{%:0):= (ﬁ/%)%: (xuenﬂx. Eut for small values of z

(X20(1 /2K AH) one can expect strong overlzapping between quar¥.s from dif-
i

ferent micleons and the single muclieon mechanism can be invalid in this
.

region .

The idea of single particle mechanism in deep inelastic electron scat-
. T . .8 -

tering was formilated in . The Fermi-smearing exrresions for R(x) are

very similar to owrs but witout single micleon potential U&. e inclu-

sion of U“ is essential to obt2in the minimm of R{x} for x:=0.7 and

E{x)>0 for x<0. 1% . In the 1:Jeap='.r9 we can find the czaiculation of Rix)
which use also the single nucleon mechanism They calculate K(x) from
the expression similar to (i1) with more sophisticated distribut:ion of

the nucleons in a nucleus. But they do not show the cancellations of

(H/po) faclors which appear when we derive the siructure function FE

fronr the cross section.
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ASYMPTOTIC PROPERTIES OF HIGH ENERGY
HADRON INTERACTIONS

J.Wdowezyk and AN .Woifendale

Institute of Nuclear Studies
90~950 Lodz, Polend

Department of Physics,University
of Durhem, Durham DH1 3LE, UK

ABSTRACT

Using both accelerator and cosmic ray
date it is shown that Feynman’s scaling is
strongly violated also in the fragmentation
region at least up to \06 GeV.

1. LITRODUCTION

In anslysis of cosmic ray propegetion in the atmosphere
the knowledge of the properties of high emergy interactions
at various energies is criticel. Those properties are usually
taken by extrapolation of accelerstor experimental data using
certain phenomenological formulese. In early cosmic ray works
the 8o celled CKP formuls given by Coceconi Koester Perkirs
/1961/ was used. later in many works the scaling <formule
suggested by Feynman /1969/ has been applied. That formulsa
due to its simplicity is still used in spite of the fact that
it has never been really confirmed by experinentsl
observations. First of all, shortly after the formulas was

suggested, it hes been pointed out by us that it leads to en

extensive air shower development picture completely different
from observations /Wdowczyk and Wolfendale,1972/.

Accelerator observetions, as socon a8 the energy range

available became wide enough, elso showed that there exist
significant devietions from that formula particvlarly i: the

so called central Tregicn where accurate dete were

available.It has been pointed by the present authors that the

degree of scaling violaticn masy be the same in the whole

secondary energy range /VWdowczyk and Wolfendale,1979/. The
formula suggested in that paper and generalised in our lster
paper /Wdowczyk end Holfendale 1984/ has the fellowing form

3 ae KLl ) T v
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where ob gives the degree of scaling violation. .That formula
lesds to Feynman’s acaling if &= O, The best fit to the
accelerator data gives now ithe value of cv= 0,18. That value
is in very good accordance with results earlier deduced from
cosmic ray obgservations which were summarised by

Wdoweczyk /1980/ as givingthe value o= 0,20 + 0.05.

2, VA5 DATA AND THE SCALING

The most recent measurements of the paeudorapidity
distributions by VUA5 group are given in {igure t. The
distribution are plotted in coordinates = Q= y. If
Feynmen’s scaling was valid the experimental points for all
distributions should be identical. There 1is seen clear
deviation from scaling. In addition to the well known
deviatious in the central region it should be noted that in
the region of highest available energies of secondaries there
is no sign of saturation, the curves show a clear tendency
for crossing over, That gives strong indication of the
scaling violation in the fragmentation region. More definite
conclusions about scaling violation at the region of high
energy secondary particles /fragmentation region/ are limited
by the restrictions on available measurements at very amall
angles. The regions accesible for measurements as a .function’
of x and p variables are given in figure 2.

The same UA5 data &are used in figure 3 for verification of
the above given formmle describing scaling violation. The
axes are choosen in such way that if the formula is valid the
cross-sections should be independent of the primary energy.
It is seen that the pcints really follow omne line in spité of
the fact ‘that V8 varies from 53 to 900 GeV. It is important to
point out that a single value of Jb= 0,18 was taken in
deriving that figure.

In figure 3 were omitted points for the cms rapidity below
unity. The justification comes from the fact that in the
figure there should be used the distribution in function of
the rapidity. The wmost significant differences between
distributions in rapidity and pseudorapidity
small values of those variables.

Figure 3 shows that formula 1,

occcurs for

very well describes the
cross-section in the region

accessable for accelerators. The question which remains open
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is the behaviour of the inveriant eross-section at high x and
low p,« That region can be accessed only on the basis of
cosmic ray data.

3. CONSEQUENCIES OF SCALING IN THE FRAGMENTATION REGION

The picture we would like to investigate here 1is the
following. It is assumed that high energy interaction is
characterised by the existence of a leading particle which
conserves its identity /baryon number/., The energy taken by
the secondary particle E = KEo so the energy taken by the
leading particle is E = /1=K/Eo. The basic and fundacental
question for cosmic ray research is how the energy is shared
among the seconderies. In genersl there are two possibilities
either the fraction of energy teken by every particle is
decreasing wher energy and consequently the multiplicity of
the secondaries is increasing or there exist some particles
which always take & constent fraction of the primary particls
energy. The second case is normslly called preservetion of
scaling in the fragmentation region.

If scaling was preserved in the fragmentatiom region st
the sccelerator energies that would require an increasse of
the total inelasticity coefficient. That follows from the
fact that the fraction of primary energy seen in the central
region increases with that energy. If at the same time

ve
assume scaling in the fragmentation region we

euppose that
the fraction of energy in ihat region remasins constant. Those
two facts lead to the statement

that totel energy of the
secondaries increases

faster then primery energy. .

Estimation made by us earlier /¥dowezyk  ang
Wolfendale,1986/ lead to0 an increase of the inelssticity
coefficient according to the following formula

K = 0.44 + 0.03261n{s/100GeV)

Thet behaviour, although unlikely, can not be ruled by
accelerator dsta. 1t can be however verified on the basis

of
cosmic ray data. Ye intend to

verify <that formula on tine
basis of the cosmic ray hadron andlr-ray ﬁropagation
atmosphere. It has been demonstrated that the
families observed in emulsion

in <he
rete of ¥-rs;
experiments cen be mede tc
agree with expectations only ir the case that primary
rays are predominantly heavy nuclei., On the

cosic
basis o7
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" ecalculations of Wrotniak et al /1985/ we have found that, for
the normal mass composition with the assumption”of scaling in
the fragmentation region, the expected intensity of -ray
femilies with ZE 7100 TeV is 8.5 x 10 m %~ ar™!

The observed intensities for the same observation level
vary from 1.1 x 1078 /¥t Fuji recalculated to Pamir level/
10 2.5 x 1078 /Japan USRR experiment at Pamir/. To make the
expectations agree with observetions it is necessary either
¢ change the model of high energy interaction or to reduce
drastically the proton content in the primary cosmic ray flux
at energies around 1017 eV,

In the so called constant mass composition the proton flux
amounts to abtout 35% of the total flux of the primary
prarticles, Tc obtain the above quoied observed flux we wonld
have to reduce the proton content to the level of 5-9%.

4. COSMIC RAY HADRCNS IN THE ATMOSPHERE

Above we have discussed twc consequencies of the

scaling
in the fragmentation reslon. It is

important to note that
both are leading %o a reduction of the expected hadron flux

in the atmosphere. The hadron flux 3is dominated by the

leading particles. If the inelssticity coefficient increases
the energy of the leading particle decreases so their flux
become lower. The increase of the heavy particle content in
the primary flux lead to a reduction of the flux of nucleons.
This is due to a steep spectrum of cosmic rays. If we replsce
protons by nuclei with mass A we reduce the flux of nucleons
by a factor A/r'1/ where 8 is the integral spectral index of
the primary spectrum spproximately equal to 1.6. The
reduction in nucleon intensity also gives e reduction of
hedron flux in the atmosphere.

Detailed calculatiorns lead to a result which is

shown in
figure 4. In that rigure the flux

of hadrons at Tien-Shan
level is comparsd with the expected flux calculated unde; the

assumption of the velidity of scaling in the fragmentation

region. Tt is seen that the jJoint effect of the two

nve
stated phenomena is so drastiz that it

become clearly
impossible to made the predicticns and observations agree.
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Ta]|

0.66

Fig. 1:  Possible behavior of the effective W Fy Fz, coupling as a function of
A3/v®. (a) admits a SCSM which can agree with experiment: (b) does not.

must behave for the SCSM to make sense experimentally, we restrict our attention to
Aj/v* > 0. When this ratio is small, the theory is analyzed perturbatively and g is just
the gauge coupling g2 evaluated at v. g2(v), which goes to zero as A, approaches zero.
For small A3/v?, g rises monotonically from zero at least as long as the perturbative
analysis is valid. that is. for § = g2(v) <L

We believe that the SCSM may describe weak interaction data. For this to be
true. § must take the value of 0.66 at some large value of A}/v:. This can happen
only if g falls back to the value 0.66 after its monotonic rise in the perturbative region.
Furthermore, the value of A3/v? at which § falls back through 0.66 must be within the
domain 4 which chiral symmetry remains unbroken. This behavior is sketched in curve
(a) of Fig. 1. It seems clear that g should approach a non-zero asymptotic value, since
for AZ/v? large enough. v becomes irrelevant and there is no reason for the effective
coupling between the bound states in a strongly interacting theory to vanish.

This picture of § helps us to understand how the perturbative standard model may
have mistakenly been taken to describe the weak interactions: if the weak interactions
are actually described by SCSM, then § must equal 0.66 for two values of AZjvi
will require more experimental data, involving quantities other than §. to determine
which value of A2 /v* best describes all weak interaction phenomena.

The behavior of § which we have described is required for the SCSM to be the
correct theory of the weak interactions. However. §(A2/v?) is a dynamically determined
quantity whose behavior may be quite different from what we require. For example, &
may continue to rise monotonically and approach a large asymptotic value as in curve
(b). In this case, the only solution to g(A2/v?) = 0.66 is the usual weak coupling
solution and the SCSM cannot reproduce experimental weak interaction data. In fact.
the value 0.66 for the effective interaction between strongly interacting bound states
may be unnaturally small. in comparison. the corresponding p-nucleon couphing is
roughly 5. However. it is difficult to make direct comparisons between the SCSM and a
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Fig. 22 Photon mixing with 2 composite W3, bound by SU(2). gauge
boson exchange.

vector theory such as QCD. since the gauge groups, the constituents and the patterns of
chiral symmetry breaking are all different. Because we are unable to caleulate (A3 /v?)
from the underlying gauge theory, we must impose the Jynamical assumption that there
is a large value of A2/v? for which § = 0.66.

1.4 ELECTROMAGNETISM AND THE EMERGENCE OF A YANG-MILLS
STRUCTURE IN THE SCSM

In the SCSM. there is no spontaneous symmetry breaking and the U(1) gauge
boson, a,. remains massiess. The U(1) coupling. g;. is the QED coupling e and
the U(1) charges of states are their electric charges. The scalar field ¢ has charge
—1/2 and the left-handed doublet 1§ has charge y,. The two right-handed fermions
associated with ¢§ have charges y, + 1/2 and y, — 1/2 which are 2/3 and -1/3 for
quarks and 0 and -1 for leptons. The upper component of the bound state F? is made
of ¢* and ¥} so it has charge y, +1/2 while the lower component is made of ¢ and ¢
so its charge is y, — 1/2. These match the charges of the corresponding right-handed
states and electromagnetism is vectorial as it must be. The Higgs particle. H. is made
of ¢* and ¢ so it is electrically neutral. The three W’s are bound states of ¢* with
$*, ¢° with ¢, and ¢ with ¢ which carry charges of +1, 0 and —1. respectively.

The inclusion of electromagnetism allows the W3 to mix with the photon and the
resulting mass eigenstate. the Z. is heavier than the W%, This mixing occurs because
the W3 is made of charged constituents and is illustrated in Fig. 2. To study the
effect of this mixing let us add electromagnetism to the effective lagrangian eq. (2.6).
Because the quarks. leptons, and W are composite. their couplings to the photon need
not be minimal, but they must be U(1) gauge invariant. Non-minimal couplings include
anomalous magnetic moments, quadrupole moments for the W and electromagnetic
form factors for quarks and leptons. Couplings involving operators of dimension five
and higher are suppressed by powers of ¢/As at low energies. Their effect on weak
phenomenology at energies up to and including mw is explored in Section lll. Here we
study the effects of including all electromagne:ic couplings of dimension four or less. In
addition to the electromagnetic interactions obtained by gauging the U(1) in the usual
(minimal) way. two other couplings can occur. —%?,,W:,. which mixes the photon
with the W3; and ieAW, 7 W .. which generates an anomalous magnetic moment for
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'K(qquv 'Qva)

(a) (b)

Fig. 3: Direct (@) and W3-dominated (b) couplings of the photon to the
massless composite fermion.

the W, The complete effective lagrangian (including right-handed fermions) through
dimension four is

Lot = L3 +iPn ¥k — (T Fuu + ea®i5™ — ieat (WH W, ~WW,)
~ (", WH W, — a*a"WW,) + egs(aW W W]
+WIW W) — 22*WIW W) - grﬁ"wg, —ieAFwWiw Y
(2.9)
where ji™ is the fermion electromagnehc current.

The presence of W3-photon mixing gives rise to form factors for all electromag-
netic vertices involving composite particles, even at tree level. For every direct photon-
composite particle coupling there is an analogous graph with the same tensor structure ~
in which the photon goes first into 2 W2 and the W3 then couples to the composite
particles by an SU(2);, “strong interaction™ (see Fig. 3). If the composite dynamics
is based on an asymptotically free gauge theory, as it in the SCSM, then the elec-
tromagnetic form factors of composite particles shiould vanish at asymptotically large
momentum transfer. Suppose. for the sake of argument, that the form factors gener-
ated at the tree level from eq. (2.9). satisfied this constraint; that is. they vanish as

¢® — oo (g? being the virtual photon mass). As we will show, this requires certain
relations among the parameters in L. namely

k=e/p

A=1

=2 (2.10)
ga=~gi=9*

The W3-photon mixing term also makes the quadratic part of the lagrangian non-
diagonal. To diagonalize it we make the transformation
=Vi-Bw?

2.11
Ay =a, + kW] (212)
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Rewritten in terms of A and Z. Len is quite complicated. If. however. the relations
given in eq. (2.10) hold. then a remarkable simplification occurs: the result is exactly
the standard mode! lagrangian (in unitary gauge and not yet including the H particle
or fermion masses) with sin 8 replaced by k = ¢/g!

Let us recapitulate. The SCSM has an effective long distance lagrangian. involving
composite W's, massless fermions and the photon. which can be rewritten in the
form of eq. (2.9). The parameters of the effective theory are e, J, g3, 94, 95, k.
) and mw. If we can justify saturating the electromagnetic form factors of the charged
composite states with the contributions generated at tree level from eq. (2.9) then the
relations of eg. (2.10) must hold and this theory shares all of the phenomenological
successes of the standard model including the W and Z masses. In Section Hl we will
study the use of eq. (2.9) as an effective theory through the energy region of roughly
100 GeV. In doing so. we will explain the relations of eq. (2.10).

In the SCSM the physical photon is an admixture of the gauge boson a,, appearing
in the original lagrangian and the bound state W2 The photon already contains an
admixture of the s°, w and all other spin one bound states with which it can mix,
so0 including the bound state W2 is perfectly natural. What is perhaps troubling is
the amount of mixing. The parameter k has the value .46 which implies a rather
large mixing. The corresponding p — < parameter is =5 .05. However, again. the p
and the bound state Z are very different beasts. Also. if k = ¢/J. the smaliness of
J previously discussed and the largeness of & are really the same issue and not two
separate COncerns.

ll. THE SCSM: DYNAMICS AT Q? < (100 GeV)?

1.1 THE SCSM AND VECTOR MESON DOMINANCE

" The ordinary nucleon is a bound state in a confining gauge theory with Aqcp ~
200 MeV and therefore has form factors characterized by this mass scale. At very
high momentum transfer one probes the constituent quarks and gluons interacting
within the nucleon, so one can use QCD to study the asymptotic behavior of the form
factors. At lower energies the form factors reflect the interactions of the nucleon with
other bound states in the spectrum. This connection can be made precise by means
of dispersion relations based on analyticity and unitarity. The low ¢ behavior of. for
example, the proton’s electromagnetic form factor has been successfully related to the
strong interaction coupling of the proton with the p, w and ¢.

All composite particles in the SCSM should have non-trivial form factors char-
acterized by a scale A; ~ G5'/%. As an example. consider the electromagnetic form
factor of F{ and begin by considering the contributions from the minimal sector de-
scribed by the effective lagrangian (2.9). To lowest order in ¢ and k there are two
contributions shown in Fig. 3. The first is the direct photon coupling and the second
arises because the photon is mixed with the W? which interacts with the fermion.
Thus, to this order,

e(FE, P2 10) = eD27"Q*Vi - 1 Dy (1)

P
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Using Q° = y° + 73 /2 we can decompose'the current into SU(2)w singlet and vectot
pieces

2, FglJa prvire(1-2 € Yoy, a)
e(FE, FEE,I0) = elny*y* Ve + e (1 - 27 7o J U5 Ve .
. -]
The SU(2)w vector form factor is then
kB _q )
N=(1-= 57— 3.3
Fvig) (l e ¢ —miy (3.9

(5]

which has the required value of unity at g2 =0.

Since the light left-handed fermions are SU(2). composites and SU(2).
is asymptotically free. the electromagnetic form factors of F{ must vanish as
{g3] — oo. If there were no other bound states coupled to the SU(2)w vector channal,
then the two graphs of Fig. 3 would have to satisfy this constraint by themselves. This
implies k = ¢/g. which is one of the relationships we need to match the phenomenol-
ogy of the minimal sector of the SCSM with that of the standard model (see Section
11.4). The other three relationships of eq. (2.10) are obtained by applying the same
reasoning to the charge and magnetic moment form factors and two photon (seagull)
couplings of the W,

The relationship k = ¢/3 has counterparts in ordinary hadronic physics.!! The
isovector part of the nucleon electromagnetic form factor has a direct contribution from
the photon as well as a piece where the photon mixes with the p which then interacts
with the nucleon. The assumption of “vector meson dominance™ is that these two
contributions are sufficient to saturate a form factor which vanishes as ¢2 — oo,
yielding the relationship k., = e/g,xg. Remarkably. this works at the 10% level as
does the isoscalar VMD relationship k.y = ¢/g, xg- Similarly. VMD works quite well
for pion form factors where it implies goex = g,x 5. Mmuch like our relation g3 = §.
The successes of VMD in hadronic physics embolden us in our application of these
ideas to the SCSM.

We have shown that the effective theory describing the interactions of light
fermions, the W, Z and photon in the SCSM, ignoring the exotic sector. is pre-
cisely the standard model lagrangian in the unitary gauge. We do not expect relations
like k = e/§ to be exact in the SCSM. Intermediate states involving exotic particles not
present in the standard model also contribute to Fy (g?) and alter the relation between
k and ¢/§. Potentially, there are many sources of corrections: anomalous thresholds.
polynomials and exotic coupling among familiar particles. to name a few. In fact, all
significant deviations between the low energy SCSM and the standard model can be
expressed in terms of the masses and couplings of the exotic particles in the SCSM.
To ensure that the deviations are small we must assume that the particles in the exotic
sector are heavy and/or weakly coupled. We will demonstrate this and show how to
parameterize these deviations in the next subsection.

The equivalence of these two theories applies to radiative corrections as well.
We can separate all radiative corrections into minimal and exotic parts. The former
may be relatively large (0(a), 0(3?/47). large logarithms) but are identical to radiative
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corrections expected in the standard model. The latter are nove! but small because they
are corrections to exotic processes already required to be small in order to reproduce
weak interaction phenomenology at tree level. We conclude that radiative corrections
do not place new restrictions on the SCSM beyond those already required at tree level.

‘1.2 DISPERSION THEORY ANALYSIS OF THE SCSM

To study the modifications of weak phenomena which come from new physics
in the SCSM, we use dispersion relations to separate the contributions to processes
into parts coming from the minimal sector and from the exotic sector. We do not
analyze all vertices since it would be rather tedious. but instead confine qurselves, for
the purposes of illustration, to the photon vacuum polarization.! We use dispersion
theory rather than effective lagrangians because we are interested in momenta as large
as the compositeness scale of the confining SU(2). i.c.. [g%] ~ m},. Also, by using
dispersion relations we can entirely avoid ambiguous notions like the off-shell couplings
of composite particles.

We are interested in the contributions to the photon propagator coming from
the strong interactions of the SCSM. We are not interested in purely electromagnetic
corrections so we work to lowest order in e. The photon propagator can be written as

1

) = (- 1Y 1 ) ————— B
Dnu('l ) ( Iur + Gug /q ) p (1 — e’f[(q’)) (34)
where
npv = (—vaqz + qpqv) n(qz) (3'5)
and the vacuum polarization
Muu(g) =4 / d'z &TE0|T (J:"‘(z)l,‘,"‘ (0)) j0} (3.6)

has the electromagnetic current. J.™ evaluated to zeroth order in e. IT has been
subtracted to guarantee that the pole at g? = 0 has unit residue,

fi(¢%) = M(¢*) - TI(0) . 3.7

l'[(q’) is an analytic function of ¢? with cuts beginning at g> = 4m3. the threshold
for creating each fermion-anti-fermion pair. The large g2 (¢ >> m2,) behavior of M(g?)
is calculable because SU(2)L is an asymptotically free gauge theory: l'[(q’) grows like
In ¢ for large g% and no polynomial in ¢3 is allowed. Using standard techniques of
dispersion theory, IT(g?) can be written as:

©do? Ao?)

f(¢*) =¢* o aA—g (3.8)

with A(0?) real,
Mo?) = 1 Im fi(g?) (3.9)
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Fig. 4 Minimal sector contributions to Im f1(¢?) in the SCSM.

and determined entirely by physical on-shell intermediate states which can be created
from the vacuum by Ji™:

Im 1, o Y 6%(g — pa) (015 In) (n]J5™ 0) (3.10)

In the minimal sector of the SCSM. to zeroth order in §. the only states which
couple to the photon are Wf. the neutral member of the SU(2)L triplet. and the
FF continuum. For non-vanishing § the W2 also appears as a pole in the FpFy
continuum, s0 we must take care to avoid double counting when calculating A(o?).
The bookkeeping is simplified because g is smali (7 =~ 0.66). making it possible to
order contributions to A(02) in powers of §2/4x. To zeroth order in g. the only
contributions to A(02) come from the (zero width) W pole and the FF cut (with no
form factor at the 4 FF vertex):

1/2 2-
Ae?) = :—:ma,ﬂa’ -m}) + Z le—aG(a’ — 4m}3) (1 - 4m§) (1 + 2m“)

o? o?

(3.11)
Here k is the on-shell W3 — 4 coupling. These two contributions are shown in Fig. 4a.
The first term will result in a pole in the photon propagator at a mass somewhat greater
than my. We identify this state with the physical Z. Higher order contributions in g
shift the Z mass and give it a finite width (Fig. 4b). generate off diagonal couplings
{Fig. 4c) and contribute to the F electromagnetic form factor (Fig. 4d). All of the
contributions to A(o?) shown in Fig. 4 are also found in the standard model. so they
do not represent novel features of the SCSM. All except the direct W3 — 4 mixing are
classified as radiative corrections in the standard model. So up to radiative corrections

which are the same as in the standard model, the minimal sector contribution to A(0?)
is just the first term in (3.11).

k?
A7 (0?) = :;mfvﬁa’ — m}) + radiative corrections (3.12)
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Fig. 5:  Exotic contributions to Im II(¢2) in the SCSM: (a) excited vectors:
(b) excited fermion anti-fermion pairs, etc.: {cj exotic contributions to fight
fermion form factors: (d) direct couplings to four or more light fermions.

Truly novel contributions to A{o2) do come frem the exotic sector of the SCSM and
are shown in Fig. 5. These include a) heavy particies which can mix with the photon
e.g.. excited W's or SU(2)w singlet vectors: b) heavy particles which couple in pairs
to the photon. e.g.. excited quarks and leptens. dileptons. diquarks or leptoquarks: ¢)
exotic sector contributions to the light compesite ferrm’sn electromagnetic form factor:
and d) exotic direct couplings between the phoion and four {or more) ordinary light
composite fermions. The enhancements in the fermicn form factor (c) all come from
exotic resonances in the Fp Fy channel so a) b} and ¢} 2l arise from exotic particles
in the SCSM. This leaves only d) as an exctic contributicn not directly associated
with novel states in the SCSM. We will now show that d) is small so that to a good
approximation any structure in A{c?) not ccming frem the minimal sector can be
attributed to new particles in the SCSM.

The lowest dimension gauge irvariant operater vrhich couples the photon to two
left-handed fermion anti-fermion pairs may be written as

Y - -
LirFFF = my ¢ ZFLu')uQSFLﬂFLbTvFLB (3.13)
ab

This interaction may be thought of as arising from preon line diagrams like those of

Fig. 6. At low energy its contribution to A(¢?] is suppressed by 0® /mY, relative to the

contributions we keep. For o2 ~ m?,. the suppression is not operative and we estimate
5 =2

A prrpi~ my) ~ 12578, Z Qi (3.14)



Fig. 6: Preon line diagram for a direct v — Fr Pr Fr By coupling.

where the factor of 12 comes from the sum on & and @, is four body (massless) phase
space.
2% 1

on = (1672)¥ -1 (N — )N — 2)! (3-15)

For N = 4, & ~ 1077 s0 A pppp(~ myy) = 107532, This is to be compared, for
example. with the FF cut given by (3.11). For these two to be comparable § must
be around 150 which seems unreasonably large and even then this new contribution
is only as large as a small radiative correction. The same argument does not forbid
many body decays of heavy mesons in QCD. There are :wo differences: first. the
masses of heavy mesons (M > 1 GeV) are much greater ihan the confinement scale,
Agcp ~ 0 MeV: and second. the decays can proceed through nearly on-shell two
body intermediate states. No such quasi-two body channels exist below 2mw in the
SCSM so we conclude that many (n > 4) light fermion intermediate states have a
negligible effect on the photon propagator.1®

We are left then with poles and cuts, Figs. 5a and b, associated with heavy
particles as the only possible significant contributions to the photon polarization which
are not already present in the standard model. We can then write

k3 -
A(0?) = ;;mﬁ,&(a’ ~mi,) + 6(c? — 62)A(0?) (3.16)
+ radiative corrections.

where o, is the mass of the lightest exotic threshold in the photon channel. Substituting
into (3.8) and ignoring radiative corrections. gives

n k22 ocdz :\( 2)
2 2 g 2 2 o o
‘I = 4 —_ 17
() omi /;: o? #-o? (317
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For the moment. we set A = 0 and look at the photon propagator:

- 2 — k2
[ (1- eie)] = 5+ (_f‘,i(al,/(lk-)lz) (3.18)

Recall that in first approximation, k is equal to the phenomenological parameter, sin 8.
measured in weak interaction experiments. The new pole is at mw /cosf and has
residue tan? 4. These correspond to the familiar values of mz and the coefficient of
the (J;’")z term arising in the standard model from Z exchange. X # 0 alters these
results. If we assume

[- -] daz -
€=e’ml, —Mo¥)<<1 (3.19)

o ©*

then the photon propagator, to order €. can be written as two poles and a constant

[ (1- )] = % t g tA+OE@) (3.20)
with
r= T——k_z + 0(()
mgz = mw/\/l — k2 + O(e)
A = O(e)

We see that the exotic sector leads to differences between the phenomenology of the
SCSM and that of the standard model. To be useful in practice. it is necessary to extend
this analysis to fermion form factors. the W-boson anomalous magnetic moment and
to fermion four point functions. That analysis can be found in Ref. [1]. Here. we will
now turn to the new physics of the exotic sector.

Iv. PHENOMENOLOGY OF EXOTIC STATES AND
EXPERIMENTAL CONSTRAINTS

There are SU(2). single bound states expected in the SCSM which have no
counterparts in the usual standard model. The presence of these particies makes the
" phenomenology of the SCSM richer than that of the standard model. These particles
may be produced at accelerators in the near future so it is important to characterize
their properties. In this section we present a brief phenomenological description of
the lowest excitations expected in the SCSM. In Section 1l we showed how the exotic
sector leads to differences between the low energy phenomenoiogy of the SCSM and
that of the usual weak interaction theory. These differences can be turned into lower
bounds on the masses and upper bounds on the couplings of certain exotic states. We
point this out where applicable. More detailed studies can be found in the work of




State Spin | SU{N) x SU(2)giobal
Filp H (¥,2)
Excited Fermions
FLk 2 (N.2)
W,z | 1 (1,3)
Excited Bosons
H* 0 (1,1)
sab 0 (FN(WV -1),1)
Two Fermion Bound States Vit 1 (N?-1,1),(1,1)
K3 1 (NN +1,1)

TABLE I: Exotic Resonances in the SCSM.

Wudla.!? and Korpa 2nd Ryzak,!® and Kaidalov and Nogteva.!® The states we shall
be considering are listed. together with their quantum numbers, in Table 1.

V.1 EXCITED FERMIONS

The left-handed quarks and leptons ¢f the SCSM can be regarded as bound states
of a strongly interacting fermion doublet with a strongly interacting scalar doublet.
[This is only an approximate description since they aisc contain SU(2}; bosons and
pairs.] These states have boi!: radial and orbital excitations whizh mix to form massive
fermions with masses of crder G;‘/z. For exampie. the left-handed interpolating field
F§ = 1'42 introduced in Section il connects not only the light composite fermion
states to the vacuum. but also radial {spin 1/2) exzcitations which a'so transizrm as
{1/2,0) and {N,2) under the Lorentz and global symmetry groups. right-handed snin
1/2 operato:s such as F§ = Q! [p D2 aiso exist and are associated with orbital
excitations transforming as (0, 1/2) and (N, 2). [Simpler operators like 01 Pw§ vanish
by the equations of motion.] The unbroken chiral symmetry group SUINY = EU2NWw
does not prevent these states from mixing. so Dirac mass terms of the form Fro FEwill
appear in an effective theory describing these particles. {Mass terms of the form F, ¢ FE
are forbidden by the unbroken global symmetry.] Because of the t' Hoof: consistency
conditions. one and only one {N,2) of ieft-handed fermions will not mix with right-
handed states and will remain in the spectrum as a light composite fermion.

The spectrum aiso contains spin 3/2 excited quarks and leptons. These fermions
can be associated with the interpolating fields

Ff, = Q'P,,(D"¥})

(4.1
Fp, =0' PP, (D"y8) 4.1)
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which transform as (1,1/2) and (1/2,1) under the Lorentz group and as (N,2) under
the global group. Here P, = g, — %—y,,'y, is the projection operator which eliminates
the (0,1/2) component of D¥f. These states aiso have masses of order G’;’/z.
Excited quarks and leptons of higher spin also exist but will not be discussed in the
following.

In the absence of the perturbative SU(3) x U{1) gauge forces and the fundamental
Yukawa couplings, the excited states of each spin would form degenerate {N,2)’s under
the zlobal symmetry group. This degeneracy is primarily removed by SU(3) color forces
which provide splittings of order asG;" ? between excited quarks and leptons {7a). In
addition, graphs such as Fig. 7b lead to flavor splittings between the excited fermions
of order m’G’},-’ 2 where m denotes a typical quark or lepton mass. Note that graphs
which provide the light fermior; masses also mix the excited spin-1/2 fermions with
the fundamental right-handed fermions (Fig. 8c). This leads to small violations of
unitarity in the Kobayashi-Maskawa matrix for the light composite ferr ;ions with the
mixing angles between light and heavy (excited) fermions being of order mG:,:’z.

Excited fermions have not been seen in any accelerator experiment to date. The
most direct mass limit, arising from failure to produce these particles in et e~ collisions.
sets a lower bound of 20 GeV on the masses of any charged excited fermions. if
the excited fermicn is less massive than the Z, it should be seen in decays such as
Z — Q*qor Z — E"e. The latter decay mode has been looked for by UA1. Under
reascnable assumptions, a mass limit of 80 GeV can be obtzined from present data.?¢
It is perhaps possible to place a mass limit on excited quarks using existing pj collision
data, although the limit is less reliable because of the complications of fragmentaticn
functions. jet signatures, etc.

An excited fermion F*2 will contribute to the anomalous magnetic moment of the
ascociated light fermion F%. Because of the chiral nature of the underlying theory.
thase centributious are of order m? /m? where mt and mi. are the F® and F=® masses.
The present limit on exotic contributions to {¢ — 2}/Z for the muon is =~ 162 implying
as an order of magnitude m. >1 TeV. in zttempting 2n actual caiculation. one must
assume a form for the coupling between F* and F** and in general cut off loop integrals
at m. or perhaps G;l’:z. The loop integral intreduces a factor of (1672) ™ and if the
coupling is unity, the bound is lowered to m. > 80 GeV. {Remember the expected weak
contributien to ¢ — 2 has yet to be observed.] Detailed calculations bear this peint
cut.?! Planned improvements in the measurement of (g — 2)“ could give significant
limits on excited fermicn masses and couplings.?? A similar discussion of the effect on
¢ — 2 can be given for eacn of the excitations we discuss beiow.

V.2 EXCITED BOSONS

tn the SCSM the W*, Z and H zre bound states, and in contrast to the usual
weak interaction thenry, we expect excitations of these particles with masses of order
G;Uz. The first orbitai excitations of the H are the W*, Z. The first radial excitation,
E~. has spin zero and is a singlet under the global group SU{N) x 5U(2)w. The H*
couples to light fermions, much like the H. with coupling proportional to the fermion
masses. Finding it wouid be roughly as difficult as finding the H. The HF* has decay

LS
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(c)

Fig. 7.  Mass splittings of heavy fermions generated by (a) QCD gluons: .
{b) Yukawa couplings: and (c) mixing of excited fermions with fight right
handed fermions via Yukawa couplings.

channels not open to the H such as H* — vH or H* — ZH if it is heavy enough.
The exchange of the H* will not lead to any significant modification of low g2 physics.
The W# and Z have spin one radial excitations W=* and 2* which are a triplet
under SU{2)w. As before. mixing with the photon makes the Z* heavier than W=*.
These jarticles have couplings to light fermions which are very similar in structure to
the couplings of the W* and Z. Of course, the size of the couplings are a priori
unknown but typically excitations couple more weakly and already § = 0.66 so perhaps
these couplings are small. These excitations should be sought in the same channels
which produce the W= and Z. These states also have novel decay modes such as
Z* = ZH or W+ — Wt~ The UA1 collaboration reports?® a lower limit of 210
GeV on ihe mass of the W* assuming its coupling to fermions is equal to § = 0.66.
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vi v Vi ¥
Q Coor B L Q Coloo B L
a=¢ b=t -1 1 0 2 0 1 0 0
a=¢ b=¢q |-1/3 3 1/83 1 2/3 3 1/3 -1

a=¢q b=g¢ 1/3 6+3 2/3

(-]
(-]
(-
+
o0
(-]
(-]

TABLE Il: Quantum numbers of two fermion bound states. £, ¢ indicate if
¥ and Y2 carry lepton or baryon number, @ = electric charge. B = baryon
number. and L = lepton number.

The exchange of WE* and Z* will lead to modifications of the four fermion
interaction of light fermions. Most. but not all, of these modifications can be absorbed
into redefinitions of the parameters Gp and sin? fw. For example, the relation (2.8)
will be modified to read

92 ’02 _ &

—_—t = . 4.2
m} mi. 2 “2)
The bounds on mw. depend on 3°.18:2¢ If §* is very small we get no significant bound
on mw-. if §* = § a detailed fit including all the modifications of the low energy neutral
current interactions coming from the exchange of the Z° yields a bound mw. > 170
GeV at the 68% confidence level.!® If the analysis is extended to include the exchange
of particles with other quantum numbers, the bounds only weaken.

There should also be orbital excitations of the W and Z with spin 2. In fact. if
QCD is any guide, these would be more strongly coupled to the light fermions than
are the radial excitations. However, their couplings to fermions vanish at low energies,
so there are no significant bounds on their masses or couplings.

IVv.3 TWO FERMION BOUND STATES

The SCSM has bound states which cannot be viewed as excitations of familiar
particles. These are SU(2)1 singlets of the form ¥ ¢} and vﬁL v} where ¢f is the
fundamental strongly interacting fermion. Again we expect masses of order G;-” 2
The simplest interpolating fields have no derivatives. The fermion number two states.
¥¢ ¢, transform as (0,0) or (1,0) under the Lorentz group while the fermion number

zero, ¢} Y} . transforms as a vector, (1/2, 1/2). We call these particles S*b, K2b

[}
and Vb, as in Ref. {18]. S is anti-symmetric in a and b while K is symmetric.
These particles have rather unusual quantum numbers as can be seen in Table IL.
They can be categorized as di-leptons. di-quarks and lepto-quarks. They decay into
ordinary quarks and leptons via processes that always conserve the usual quantum
numbers of charge. color, baryon number and lepton number. For example. the charge
2/3 iepto-quark with lepton number —1 might decay into ub or det,
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Fig. 8: Leptoquark production via quark-gluon fusion.

The most obvious place to look for leptoquarks is at HERA where, if they are
light enough. they could be produced in the S-channel. Heavy leptoquarks might still
produce measurable deviations from QCD predictions in ep scattering.!® Leptoquarks
could be produced in pp collisions in association with a single light fermion via gluon
quark fusion as shown in Fig. 9. The fermion number zero states may appear as
S-channel resonances in ete~ or pp collisions. Clearly the phenomenology of these
states is very rich and be much further work is needed. .

One linear combination of the N2 vector states V,,‘. mixes with the photon.
This SU(2)w singlet state makes an important contribution to the singlet sum rule
of eq. {3.26). The exchange of V's leads to modifications of the four-fermion weak
interactions. Assuming that the V's are the only novel contribution, Korpa and Ryzak!®
obtained the constraint mv /gv > 550 GeV where gy is the V-fermion—anti-fermion

coupling, normalized like §. If the V which mixes with the photon saturates the sum
rule they obtain the additional constraint gv > 0.45 which implies my > 250. Again
including other resonance structure loosens the bounds.

The exchangz of S particles also leads to a modification of the four-fermion effec-
tive theory, whereas K. due to its tensor properties, makes no contribution at g% = 0.
Data from neutrino nucleon scattering'® give ms/gs > 275 GeV. We see that if either

of the couplings gs or gv were as large as 2, the exotic excitations in the SCSM would
be required to much more massive than the low lying W* and Z.

V. CONCLUSIONS

We have shown that the standard electroweak lagrangian, with its parameters re-
set so that it is strongly coupled and confining at weak interaction mass scales. may be
able to account for all observed weak phenomena with the same level of success as the
usual perturbative version of the theory. We say “may be able to” because our demon-
stration relies on unproven assumptions about the strong interaction dynamics. The
assumptions are not unreasonable; whether they are correct is. at present. undecidable.
H they are correct and the SCSM can account for weak interactions phenomena, we still
have not shown on theoretical grounds that the SCSM is preferable to the perturbative
theory. Since the SCSM is based on the same renormalizable lagrangian as the usual
model with precisely the same field content. it offers no more. or less. insight into
the origin of that lagrangian or into ‘questions such as the origin of fermion masses
and family replication. The SCSM is not consistent with the perturbative picture of
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coupling constant unification required by grand urnified theories. Observation of proton
decay could be an argument against the SCSIA.

Nonetheless. the ability of the SCSIM to reproduce vreak interaction phenomeno!-
ogy is remarkable. if the standard model shculd dicagree with future experiments or if
new particles such as a heavy W are found in the few hundred GeV range, the SCSM
should be looked at as a possible explanation. The resonance structure found in the
SCSM is rather rich and may serve as 2 more general guide to the implications of
cornpositeness.

For the SCSM to work, the masses of the excitations must be in the few hundred
GeV range. However, the W= and Z have masses below 100 GeV. In this case. the
scale, Az, of the SCSM is high. say around 500 GeV. and all bound states other than
the massless chiral fermions would be expected tc occur at this scale. The puzzle is
then to explain why the W= and Z are so much lighter than the rest of the spectrum.
They would have to be as light relative to the other states as the pions are to the other
QCD excitations. In the case of pions and QCD. this is not a mystery since there
exists a limit in which the pions are massless.

The SCSM requires a rather farge value of the photon W2 mixing parameter k.
This parameter could be determined by lattice calculaticns. The W? is a bound state
of two scalars interacting via an SU(2) gauge force and scalar self interactions. A
measurement of (0]JS™|W3) as a function of A,. the scalar field mass and the scalar
self coupling would show if k could be as large as is required for the SCSM to work. A
lattice calculation could also determine the masses of tihe excited W* and Z as well as
the Higgs mass. The inclusion of fermions in the lattice calculation would shed Light
on questions of chiral symmetry breaking and the value of §.
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The influence of the standsrd Higgs snd of the additional charged and neu-
trel Riggs bosons in a 2-doublet model with enhanced Yukswa couplings on
the 1-loop radistive corrections to leptonic processes is discussed. The
magnitude of the Higga effects is compared vith the theoretical uncertainty

and the accuracy of ‘ptelent experiments and of precision measurements at
LEP and SLC.
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1. Introduction

In spite of the great success of the electroweak standard model the hunt
for the Higgs as the aignal for spontaneous symmetry bresking is atill =
challenge to future collider experiments. In an electrovesk gauge theory
gauge bosons and fermions get their masses via the Higgs mechanism; as a

consequence the particle spectrum is enlarged by at least one scalar boeon.

The standerd model has the minimal number of Riggs fields in SU(2) x U(1):
a single scalsr doublet with one physical neutral boson. This minimsl ver-
sion predicts the ratio

My
M3 0’6y

€

The converse, however, is not true: - 1 remains valid for any number

of Higgs doublets automatically.

The investigation of models with more than one Higgs doublet [I] was
motivated by the discussion of CP violation [2] , the Peccei-Quinn solu-
tion of the strong CP problem [3] . SUSY extensions of the standard model
[lo ] vwhich need at least two scalar doublets, and finslly the richer
phenomenological implicatlons and their experimental signatures st future

colliders.

Whereas the direct production of Higgs bosons in the near future is limi-
ted to relatively light hosons { £50 GeV), indirect effects may manifest
in the radiative corrections to the standard fermionic processes: u-decay,
v-scattering, and e'e” annihilation. In this talk we put together the Higgs
veffecte in the atandard model 1-loop corrections and discuss in a similar way

the minimal extension which has two scalar doublets within SU(2) x U(1).

In order to avoid additional hadronic uncertainties we restrict the dis-

cussion to purely leptonic processes.
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2. The minimal sodel

The scalar doublet
+
¢
Q = e “. L X
i

contains the phyeical Higge field Ho (mass “Ho) and the vacuum expecta-

tation velue Vv 0. v determines the wt, 2 masses

H,,t;‘_'j‘”, M, = -'-Wv

)

as well as the masses of the charged fermions:
=BV (st: Yukews coupling)

Stnce for the known fermions n < H', the Yukawa coupling

' ﬂﬂ‘
3 My
is a very small quentity. This restriction is typical for the minimal model
and te lowvered in more-doublet models.

Virtual Higge contributione in 1-loop diagrams sppear in the W and Z self

energy, . §.

R ¢} H
W Wvu(’ ‘M M’ }uv\/\a
zZN PR z . z W ~-g ]

x ¢

in the fermionic vertices, typically:

.
| (4 2, .
J X

and in box disgrams, e. g.

— e - e ——
]
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Due to the small Yukaws couplings (2.1) vertex and box disgrsms for
fermions involving virtual Higgs lines sre suppressed at lesst by s fac-
tor (nflll")2 and cen therefore be neglected unless very hesvy fermions sre
involved. Consequently, in the minimsl model a virtusl Higge contributes
only vis the W, Z propsgstors to the {-loop corrections for fermionic pro-

cepses.

Loop calculstions require the choice of a renormalizstion scheme. We
perform our discusaion in the on-shell scheme with the psrticle masses
H', Hz, Hllo' L and the electromagnetic fine structure constant ¢ in the
Thomson limit ss renormslized parameters. The corresponding renormsliza-
tion conditions are the on-shell subtractions of the self energies for the
physical fields and the definition of o in the Thomson limit. For details
see ref. [6 ] .

Since field renormalization is performed, all thz self energies and

vertex corrections are finite after renormaslization.

The mixing angle as an auxilisry quantity is defined in terms of the

gsuge boson masses:

2 - t
v [*) = A~ M / M
s P woha (2.2)

3. The 2-doublet model

The minimal extension of the standard wodel is the SU(2) x U(1) model
with two scalar doublets

Y 4
¢, ¢
5‘ 5 ven +ex, | Q’. = (Nt Myt 4%s .
e Y

/3

3 of their eight degress of freedom form the longitudinsl polarization
states of H‘. W, Z and 5 remain as physical particles. These split up
into s pair of charged Riggs bosona .!. 2 neutral scalars llo, Il'. and a
neutral pseudoscalar R,. They are the mass eigenstates o the Rigpe po-
tential, which i3 chosen to be CP-symmetric [1]
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V(E,8,) = -p2 1B 1 - a2 18,17+ LIEA s 81T
+A 08048 1 o A (‘5:93”4’: %,)

+ 2
+ }i, [(i: Qx )‘ + (il §4 ) ] (3.1)
The vacuum expectation values V' s ‘Vz determine the gauge boson masses:

J 1)
"lv'?‘. vevy , My= M, [uso, . (3.2)

If one essumes that only ’2 has Yukawa couplings to fermions (zestrics

ting our selves to leptons), the fermion masses asrise as

(3.3
™ %Y .

which implies for the Yukawa couplings:

1 my Jvalf v}

=7 . (3.4)
=1 My v,

In the limit of very different vecuum expectation values V‘ » ‘U'z
(sccording to the different mass scsles of geuge bosons and fermiona) the
Yukswa couplings (3.4) become essentiaslly larger than in the minimel
modal (2.), enhsnced by the factor

,"l‘ %'l

-~ Va :
= - < (3.5)
P Vg, v

Besides the masses /) 1s s further input parsmeter of the model. In
sddition, the scalsrs Ilo, Ii‘ can six by s further mixing sngle S, which

1) ’
Note that cosf “* ",IHZ is also valid in more-doublet models
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in the case I.r. » Vz is of the order

tam 3 =« v, /vy

1f the quartic couplings in (3.1) are all of the same order of magnitude.

In such a 2-Higgs model with enhanced Yukawa couplings the physical
structure becomes very transparent: -
One of the neutral scalars, Ho, behaves like the standard Higgs in the
minimal model; in addition, there is a pair of a neutral scalar and
pseudoacalar Ill, llz, and a pair of charged Higgs bosons ¢*, each of
which has enhenced couplings to fermions. ll‘ and ll2 can be lighter than
the standard Higgs, whereas the mass of the charged Higgs is restricted
from e'e” experiments [7] to My 218 GeV. Limita on v, /v, from
leptonic reactions sre not very severe: g - 2 for the muon restricts
‘Irzlll', > 0.015 [8] for a non-degenerate llI, B, pair (ll.I -6 Ge’); a
degenerate H', llz peir gives essentially weaker bounds [8] . More
stringent limits can be deduced from hesvy quark systems [9] but
this depends on additionsl assumptions about the Higgs-quark aector.

"The strategy of calculating radistive corrections to processea vhere

st least one fermion pair is light (e"e’, wve ) fe as follows:

s) Calculste the sdditional contributions of llI. Ilz, &t to the boson
aself - and mixing energies, boson - fermion vertices, and fermion self

energies.

b) Perform the on-shell renormalizstion ea in 2., but now extended by the
on-shell conditions for the sdditionel physical Higgs fields. The re-
normalized input parsmeters are then o, H“, Hz, “Ilo' H', Ilz. Mys
Ho cen be tdentified with the stendard Higgse (“‘l' M,, H' denote
the masses of H,, H,, .

For the detsils aee ref. [10] .
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Redistive Corrections

The IIz - ll' and IIz - unzo' interdependence

Application of the radiative corrections to the M lifetime and tdenti-
fication with the Fermi model reault lead to the formula

M o= R 1 — (%.1)
2 16 sin*0p wntey,(1-4T7)

with A% = AT (ohsiu'Oy, My My Y+ AT, . (4.2)

4 r 1s the standard model correction [H]

L « [ F-bslOw 5 o o J
AT » M: + ¥ ity 6+ m;—&a((ﬂ 6. (4.3)

with the renormalized W self energy Ih(lz), which contains the
dependence on the Higgs mass Hﬂo'

The extension to the 2-doublet case adds the additional term Ar

1 1
esentially given by

at, = %‘%‘?’ = At‘(“""“lew' My; M»u .MZ-MO) (4.4
W

with the contributions of the extra bosons to the (renormalized) W
self energy, ‘Zw (4").

Eq. (4.1) allows to derive a alnze" value 1f Hz is given; together

with H“ - HZ cos 0" this yields aleso the Hz - H" interdependence.
These relations depend on the Higge masa(es).

First we figure out the dependence on Hlio in the minimal model

{see also ref's [12 - Ilo] ): Fixing M, - 93.2 GeV and varying

Hllo the following changes in -mze" resp. HH appear:
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2

Hilo 4sin 9” AHH
19 - 500 Gev 0.0035 ~19 Hev
10 - 1000 Gev 0.0048 ~25 HeVv

The present experimental uncertainty of sinzeu is dsinzeu 2 + 0.005,
and that of HH: AHH = % 1.7 Gev [IS] . These do not allow to look
where the Ho is settled btautween the conservative limits 10 GeV and

1 Tev.

The situation becomes somewhat better if (with LEP II) the ratio
sin 26" = l-HH21H22 can be messur>d with the precision 30.0015.

The inherent hadronic uncertsinty in the relation (4.1) from the
light quarks lesds to s theoretical urncerteinty of asin 28" = 0.0002
if the update snalysie of Jegerlehner [1‘0] is uvsed. A

further uncertsinty of similar magnitude is due to the renormali-

zation scheme dependence [16] .

In the 2-doublet model, the effects of the extra Higgs bosons are

listed in table 1. Significant deviations from the standard result

sre obtained if efther *t or Hl' H2 ere heavy, and exceed the
veriation with Ho discussed sbove. All the other cases lead only to
small modifications (see also ref. [17]). The value for H, in case

of Mo = 5 hz is about the i - @ limit of the messured H" [15] .

H, LN L sintoy N, (Cev) Table 1.
.2
82.21

% ) % 02208 s sin 9“ and Hl-!

0 LI % 0-219% .

0.1 0.1 % 0.219% B2.3% for H:,_ = 93.2 GeV.
" " sn 0.1595 8.3 (pure numbers mean
w0 w sy 0-1516 83.80 masses in GeV)

1 1 K 0.1515 83.80

0.V D1 $ "t 0.991% 83.80

S My LR % 0.200% £3.3)

S My " LN 0.222 82.23
5 ny " 5 u 0.2297 B2 28

Stenderd 0.2208 8z.37
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4.2 HNeutrino electron scattering

A sensitive quantity to measure sin zeu in a leptonic v scattering

process is the ratio

(%)
s S(%t) (4.5)
R c(v,e) !

in lowest order given by
2

Re . ANt %, e qohcintOw-
1-5 + % (4.6)
In Y-loop order this becomes
R°—s R(5w0,,% Mo My [ M, My, My T), “.n

R 1is therefore dependent on the Higgs mass(es).

First we compare the variation of sin 20" with "'Ho for a given

R®*P . 1.26 [18] in the minimal model with the other sources of
uncertainties in (4.7):

Hllo = 10 - 1000 GeV 0.0024
LI 30 - 60 GeV 0.0008
AHZ - +5 GeV +0.0003
hadronic uncertainty +0.0003
exp. uncertainty (expected) 40.005

Althrough the Higgs gives the theoretically largest effect, Lt is
completely within the experimental noise even for the highest ex-
pected precision in the CHARM experiment.
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2.0

[
1S

10—

0.5

e 18 .20 2 20 26 28 30

“Fig. 1. R from eq. (4.7) in lowest order (-—) and for
different extra Higgs masses with radiative corrections.
—— MM, M5k

——— = M =M, = i0GV, M =5M M =93.2 GeV.

In the 2-doublet model, the effects of the extra Rigge bosons
are depicted in Fig. 1 for the case of large mass splitting between
Q+ and “1’ ll2 (other situations give only small deviations from the
standard model). The shaded sress indicate the expected accuracy
of a meaaured R (CHARM experiment) snd of sin 29“ - I-H“zlllzz (from
LEP) if the present mean values would peraist. One can see that

forthcoming experiments will become decisive.
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P L )

With a longitudinal e-beam polarization PL the differential cross

section has the form

‘!‘% -“i} [ v+ P& ‘9)}, b=¥(eip) . (.

The observables of interest are:

1) the integrated cross section:
= f %‘—i d (4.9)
(11) the forward - backward ssymmetry App:
Ape = "'4-' { [ae - {ae } (4.10)
wnéro tsb<co

{111) the polarization asymmetry AL:

e(PY-6[-P
Ae (P)- 6 (YR @)
P+ (%) P

The electromagnetic and wesk corrections in the minimal model have
alresdy been discussed in ref's [H, 12, 19 - 25]. In our context

here we only concentrate on the Higgs dependence vias the weak correc-
tions.

a) Standsrd model:
Sesk corrections {(and therefore Higgs effects) at PETRA energies
are coampletely negligible for &; in AFB the H“O dependence is

also too small to be of practical interest (AAFB = -0.001 for
M, from 10 GevV to 1 Tev).

A quantity of particular interest is the on-resonance polarization
asysmetry "I. (for ¢ = sz):
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Calculsting in 1-loop order
A = Ap(snt6y, My) s SA (siu’0y, My, My ) (412)

and substituting sin 20" (ot , G, My, "Ho) from (4.1) shows the
sensitivity of A'l.. to the Higgs mass for s given M

(here: Hz = 93.2 GevV)

My « 10 - 500 Gev: a A = -0.015

“H = 10 - 1000 GeV: A AL = ~0.018

Comparing this result with the expected experimental sccurscy of
(AAL)exp = +0.005 st the SLC one gets a chance to decide at least
whether the Higgs in very light or very heavy.

For the unpolarized on-resorance AFB the change ‘AFB with Hﬂo is
about 1/3 of the valuee for a AI. given sbove.

2-doublet model:
The forward - backward asymmetry for PETRA energy is displayed in

12

it

Fig. 2 for the case of s heavy $* (heavy u,, l!2 similar).
T T L T T T 4 .
- Fig. 2.
°
lAFBl /° A as function of sin BH'
FB

¥5=345 GeV
' -—- M =My, Ny =SY,

— = M =M,=10GeV, My =5M,

lowest order

M = 93.2 GeV.
z




As in the case of R in 4.2 the extraction of sin 29“ from
a measured AFB“P would yield smaller values than in the
sinimal model. This is largely independent of the enhancement
factor f3 end does not lead to a difference between K and

final statea.

1f, however, sin 26“ is eliminated by (4.1) in favor of o,
Gl-‘ together with the scalar masses the predicted value for

Acp devistes only by +0.003 (for the lower curve in Fig. 2)
from the standard model and ia below the experimental aensi-

tivity. The reason is that the ¥ self energy in (4.1) and the 2
+

‘self enmergy in e'e” —3 1*17 largeiy cancel esch other also in

their acalar components.

As 3 last example we consider A at s = sz. We show the Sin29“
° 2 2

dependence of A - A" (ain "o , M) + ‘AI. (ein "0, M, M,

l|1, llz, “0) in Fig. 3 for various maases of the extra Higgs

boacna. The sensitive cependence on the mass aplittings between

charged and neutral bosons is obvious.

60r

50

1

30

10

[~)

L) L ¥ L

A (%)

Fig. 3.

= M2
s=M;

- On-resonance polarization
asymmetry AL , dependence
on sin Bw.

—— lowest order
——, M=l o,
M =5 Hz

——— Hl = Hz = 10 GeV,

. NS

— ILL = 93.2 GeV.

30
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Eliwinsting sin zeu by (lo.'l) in esch of the models lesds to

differences in AL which sre messursble st the SIC; e. g. AL

is by 0.07 lsrger than the standard Al. if ll. =5 Hz, .
ll‘ - ll_z = 10 GeV. Agsin the situstion is practicslly the

same for M snd T psir production, lsrgely lndependgnt of
V|Ivz. Precision measurements of Al- could therefore

tightly restrict the possible mass range in 2-doublet models.

in eonti‘ut to the asymmetries, the integrated cross section
sh s dependence on V‘I v, (and on the manses of g, 5,
but it 1s insensitive to s hesvy ¢'): At PETRA/PEP energies
there 1s s difference between & (e'e —¢ M) and 6le*e"—

‘t'f-) by s few percent, mainly due the 1-v¢ttu correc-~

tion:

From the experimentsl error [26] on G(e'e” —m 2'PF)/ &, ,
G, - 4ma’/3s, of ~5 1 one can derive the limits .

£ -
v,/v, £200 for M, = M, = 10 Gev

vilvy £ 140 for M, =M, - 5 Gev

This is s tighter restriction then from (g - 2)F in the degenerate
H, H) cese. * )

5. Concln-lo.nn

The effects of the standsrd Higgs in 1-loop corrections to fermiomic pro-
cesses sre rsther small (“screening™ [5] ). They are too small to be ob-
servsble in present experiwments. In precision experiments at LEP/SLC the
Higgs effects will match the experimentsl accuracy.
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In the 2-doublet wodel measurable effects sppear if either the charged
Higgs mass or the extra neutral boson masses are heavy. Effects of a
light neutral scalar/pseudoscalar could be observed in terms of diffe-
rences between (e'e” — p’p‘) and (e — Th 7).

The experimental uncertainty in the T cross section can be used to put
limits on v,lvz and the neutral masees.
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recent Monte Carlo calculations at strong ( § = 2.3 ) and weak ( § = 8 ) gauge coupling for
various values of the scalar selfcoupling A is given. New results for the masses at 8 = 8 show

a weak A dependence for co"> A > 1 and lead to an upper bound of the Higgs/W-boson mass
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1. Introduction

Higgs models are of interest in various areas of physics, such as in cosmology, superconduc-
tivity and in elementary particle physics as part of the SU(2) ® U(1) electroweak theory of
Glashow, Salam and Weinberg. This Interest is founded in the Higgs mechanism which allows
to give the gauge bosons a mass without destroying gauge invariance and renormalizability
of the theory. However, this mechanism is understood only perturbatively. For the potential
V(¢) of the Higgs field ¢,

V(#) = 176 + Mgt = Acl#? - o)) - &

in the Higgs phase (v = gg > 0) the well known tree-level results for the masses of the
gauge invariantly coupled vector boson and of the scalar Higgs boson are Mw = gv and
Mg = V2u, respectively ( g = gauge coupling ); outside the Higgs phase ( v* = 0), the
vector boson stays massless and the mass of the Higgs boson is 4. During the last years
this model has been studied intensively within the lattice formulation of gauge theories by
means of numerical and analytical methods {1]. The tree-level picture has been found to be
somewhat t0o naive since nonperturbative contributions change it not only quantitatively
but also qualitatively. Rather than in two phases the model exists only in one phase with the
Higgs and the confinement phase as its two extremes. Nonperturbative effects also lead to
only a weak dependence of physical quantities like the Higgs/W-boson mass ratio from the
bare self-coupling, A, which is a fect of some phenomenological importance.

In the following, after introducing the lattice model and its global properties, I shall report
on Monte Carlo calculations of masses and couplings in the strong and in the weak (physical)
‘coupling regime.

2. Definition and properties of the model
2.1 Definition of the model
The euclidean action in the continuum is given by

S.= / d':{ ;‘TTF“y(z)F“y(I) + (Dud(2)) 1 (Dud(2)) + (¢! (2)d(2) - v?)? } ()

where Fy.(z) denotes the field strength of the SU(2) gauge fields, D, = 9y + igA}7"/2 the
covariant derivative and ¢ a scalar Higgs doublet.
1ts transcription to the lattice reads

5=48 ):{1 - ;v(p)} + ):{ Moloe—1)* +old: —2c ) oL, U(z.0)0x } @
P =

>0

Here we have introduced a four-dimensional hypercubic lattice of lattice spacing ¢. Y-,
denotes the sum over all lattice sites z, 3, the sum over all positve directions p =1, .., 4,
2:, the sum over all positively oriented piaquettes. The gauge fields are defined on links
I = (z,4) and denoted by U(z,u) € SU(2). U(p) is the oriented product of link variables
U(l) around the elementary plaquette p. The Higgs fields ¢, may be written in the form



N

é: = POz, Pz > 0,a; € SU(2). In this case the action becomes

S=8 E {1 - -;-U(p)} + E{A(pz ~1)?-3logp:+p2 -« Z p,+,.p,Tr(a',+‘,U(:,p)a,)}
4 z >0

(3)
where we have changed the integration measure d4¢,d3U(z, p) to dp,yd*a.d’U(z, u), where
d®g denotes the Haar-measure in SU(2).
The lattice action depends on three parameters : the gauge coupling 8 = 4/g?%, the bare ¢-
selfcoupling A, and the hopping parameter , which are related to the continuum parameters
by

= ama (p=(EBo8 )

The lattice formulation eqns(2,3) of the standard Higgsmodel allows the nonperturbative cal-
culation of physical quantities like masses and couplings by analytical and numerical methods.
For the existence and properties of its continuum limit, the phase structure which we shall
describe next is of great importance.

2.2 The phase structure

The phase structure is displayed in fig.1. The critical surface x.,:(8, A) separates the Higgs-
phase (x > . ) from the confinement phase (s < &.) in the three dimensional parameter
space spanned by 8,) and x. This separation, however, is not complete since both phases
are continuously connected at small 8 and large A and thus are only two different pictures
of one single phase. Since the continuum limit can only be performed at second order phase
transition points, or lines, most of the early numerical work was devoted to the determination
of location and the order of the critical surface {2]. But still it is known for only a few
points and very special limits. For small A and small 8 it is of first order and weakens for
increasing B and/or A. At 8 = co the model becomes the linear o-model which has a second
order transition line xoo(1). For some finite values of § = 2.3 and X = 1.0, oo, high statistic
measurements have shown the transition to be of first order [3]. So far there exists no evidence
for a tricritical line for finite A and g, like the one indicated in fig.1. Recent analytical (4] and
Monte Carlo [5] renormalization group calculations have shown that at the Gaussian fixed
point (8 = 00,1 = 0) the continuum limit of the model is a free field theory of massive gauge
bosons and a massive scalar field.

The present situation concerning the continuum limit may be summarized by the following
three possibilities: ’
i} There exists a tricritical line for finite A and 8; then a nontrivial continuum limit (c.l.)
is likely to exist.
ii) There exists no tricritical line but a non-Gaussian fixed point at large A and § = oc;
then a nontrivial c.l. may exist.

ifi} There exists no nontrivial c.l.. In this case an effective theory with an arbitrary high
cut-off can be defined.

In any of these cases the lattice regularization serves as a tool for nonperturbative calculation
of all physical quantities. In the following 1shall turn my attention to the calculation of masses
and couplings in the strong and weak coupling regime [6,7].
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3.Monte Carlo results at § =23

We have calculated masses and couplings of the vector and scalar boson on a 124 and 8&*
lattice with periodic boundary conditions for A = ¢5,i.0 and also for A = 0.1 for various
values of x in the vicinity of the phase transition. We used the unitary gauge 2nd full SU(2)
gauge group variables. The updating was done with the Metropolis algorithm with 6 links per
variable at an acception rate of 1/3 per hit. The error estimation was done by 2* - binning
(k=1,2,3,..).

3.1 Masses

The masses were determined from the exponential decay of the two-point correlstion func-
tions, which on a periodic L* lattice behaves for Jarge separations like

<hohg> 2 24qcosh (amy (d— L/2))

with various operators h(,j),j =1,2,3 and wg‘),k = 1,2 carrying the quantum numbers of
the Higgs-boson and W-boson channel respectively. The masses can be estimated from

“'"'-("’=a,,.,,i_¢‘°={cf_‘_,+ (cfi_)"l} O<d<dm)  (5)

where Cy =< hphy > and dype: < Lf2. The results for the dimensionless masses am are
shown in fig.2 as a function of the link expectation valve L =< 1/2TrV(z,n) >,V(x,n) =
oty WU(z, p)az, for fixed A and 5. We observe the following important features:

i) my, < my within the Higgsphase, well above the phase transition, and
m,, > mp at and below the phase transition

ii) the phase transition is driven by the Higgs boson (e.g. at § = 2.3, = 1.0,x = 0.3041
on the 124 lattice: am), = .16(1), am,, = .53(4)).

iii) outside the Higgsphase the W-mass does not, vanish in contrast to the starting point of
the perturbative approach.

iv} both masses are at B = 2.3 for all measured values of x independent of A for all A > 0.1
within the statistical errors. This again is a nonperturbative result which differs from
the tree level expectations and which might be of some phenomenological consequences
for the Higgs/W-boson mass ratio of the continuum or effective theory.

3.2 Couplings

We determined the zero-momentum n-Higgs and Higge-WW couplings in the two points A:
(A = 1.0, = 0.307) and B: (A = 0.1,x = 0.196). The n-Higgs couplings have large errors
due to cancellations and also show a strong dependence on the interpolating fields h(?). The
HWW coupling has smaller errors, a negligible dependence on the chaice of the fields R
but some dependence on the fields wi®).

A: o 2AESL =16610.28, o 2AfT =2.561+0.24

B: a %Akl =160+021, a2AF73 =3341027
Within the errors no strong A-dependence can be obzerved.
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4.Monte Carlo results at weak, physical gauge coupling

4.1 The choice of the bare parameters

The physical SU(2) gauge coupling, defined by the strength a,, of the Yukawa potential at
distance 1/Mw in the region § = 2 — 3 is too strong (a, = 0.2) compared to the physical
situation (ay ~ 0.04) we are interested in. Adjusting the parameters 8, and x to the
physical situation we have to fulfill the constraints 0.1 < em < 1.0 {for both, am), and am,,.
( The lower bound results from our finite lattice L = 12, 2/L 5 0.1, the upper bound keeps
the correlation length larger than one lattice spacing.) These constraints make it impossible
to reach a, = 0.04 at § = 2.3 since though with increasing x, aw decreases, am,, and am;
increase beyond 1.0 (A seems to be irrelevant for A > O(1)). Therefore § has to be increased.
As a first good guess we took § = 4/g? = 8 which gives in first order a,, = g2/47 = 0.04, and
tuned x to adjust the masses in the allowed range. On a 10* lattice we find for «£ = 0.28—0.30

a mass ratio of Ry, = ma/my = 6. For our high statistics measurements we selected two
points on a 10% and a 12* lattice:

C: f=8,A=10,x=0.30 on 10%, (5-10*sweeps)
D: f=8,2=10,x=028 on12% (2-10° sweeps)

For the gauge coupling as a fanction of the distance R we obtained using a lattice Yukawa
potential, - -

C: agy((R = 2,3) = 0.0478(5),0.051(4)
D: asy((R = 2,3,4) = 0.0476(2),0.0496(12), 0.051(7)

4.2 Masses and zero momentum couplings

The masses and couplings were determined as before. An example for the good quality of
the fit of the W-mass in point D is shown in fig.3. All fits for zero momentum are strongly
dominated by a single low mass state and are independent from the interpolating field w(¥),
From the lowest non-zero momentum correlations we obtain almost the same masses as from
the zero momentum states which shows that Lorentz-invariance is restored at § = 8 at least
for these type of operators. In detail we find

C: am.. =0.24(2), D: am,=0.19(1).
Due to the presence of 2W contributions the determination of the Higgs mass is much more
complicated. The result of a four parameter fit can be summarized in that there is a strongly
coupled high mass state am, = 1.2 — 1.3 and a weakly coupled (1%)low mass state ams,, =

2am,, consistent with a 2W state. If we let vary the mass my of the lower state only below
2m,,, we may summarize the results of the fit by

C: amy =1.39(12), D: am,=1.22(8).
This yields a2 mass ratio of mg /mw = 6.4 & 0.8 which is by a factor three smaller than the
tree level ratio. As expected the couplings become smaller at larger 5. The n-Higgs couplings
in point C disappear completely in the noise. In point D some of them are measureable due

to the better statistics, but still the errors are still quite large. For the HWW coupling we
obtain for the different w(®),k=1,2 '
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C: a 245! =156+0.42, o 2AFT2 =229+041

hww
D: ¢ %AKSL =0.70+032, o 2AF23 =1.54+0.35

A comparison between the lattice and tree level results for the dimensionless quantity
lhww = mamy Arww,

lhww =0.27(10),  (lattice),

ww = 0.8 = grea, (tree).
shows again the large nonperturbative effects. For a Higgs boson mass of 500GeV this would
reduce the partial HWW width, assuming pole dominance of the zero momentum HWW
amplitude by one order of magnitude. Of course, one has to keep in mind that, besides the
statistical errors, these numbers may have systematic errors, too, due to e.g. finite lattice
size effects. '
In order to test the A dependence of the physical quantities, we measured masses and couplings
in three additional points for A= 0.1 and oo [7]: :

. E: #=8,0=0.1,c=0177 on12%, (10° sweeps)
F: #=8,0=01,c=0.182 on 12% (105 sweeps)
G: f=8,A=00,c=037 on12* (10° sweeps)
The link expectation values in points D, E, G and, respectively, C, F are nearly equal. Qur

results for the masses show an extremely weak dependence on A for A > 1, but there is a
significant deviation in amy for A =0.1:

E: am,=0208(10), F: am,=0246(11), G: am, =0.198(12)
E: am,=0.96(5), F: am,=117(6), G: am, = 1.49(6).
Thxs yields the rather Jow Higgs/W-boson mass ratios
E: Rgw = 4.6(5), D: Rgw =6.4(8), G: Rgw =17.5(8).

Since the A-dependence is monotonous, the value of Rgw at A = oo (point G) can be

considered as an upper limit, in the sense of Dashen and Neuberger (8], for the Higgs-W mass
ratio.

5.Conclusions
Let me conclude by summarizing some of the important points of the MC calculation:

i} The approximate A independence of the W-bason and Higgs boson mass has been verified
for strong gauge coupling at # = 2.3 within small statistical errors. At weak, physical
gauge couplings (8 = 8) new results have shown the ) dependence to be only weak and
we obtain a rather low upper bound on the Higgs/W-mass ratio of Rgw < 7.5(8).

ii) The measurement of the zero-momentum n-Higgs and HWW coupling is numerically
difficult. At § = 2.3 only for the HWW coupling results with acceptable errors could be
obtained. The dependence on ) again is weak for A between 0.1 and 1.0.

Further high statistics MC calculations are required to improve on the determination of the
zero-momentum couplings and to extend the existing measurements down to perturbative
A values. Also more analytic work is necessary for a better understanding of the model in
the physical weak coupling range. For phenomenologically realistic calculations, the fermions
stiil have to be included.
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Figure captions
Fig.1 The phase structure of the SU(2) Higgs model. Possible positions of critical areas are

shaded. '

Fig.2a The mass in lattice units of the W-boson channel as a function of the link expectation
value L= 1 < TrV(z,u) >.
Fig.2b Same as Fig.2a for the Higgs boson channel.

Fig.3 The correlation C’.(,,z) in the W-channel at A = 1,beta = 8,x = 0.28 compared to a single
cosh fit for distances 3 < d < 6.
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-ABITRACE

We consider the possibility that the step-like structure observed in the
cosmic background radiation at A = 1667 ¢ 10 & would indicate radiative decays
of massive cosmic neutrinos. In the standard electroweak theory the correspond-
ing radiative 1ifetime is several orders of magnitude longer than observed,
due to the purely left-handed structure of the charged weak currents. We point
out that in models which include slso right-handed currents, the lifetime can
naturally be short enough to sccount for the astrophysical observations.
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The cosmic ultraviolet background radiation may contain information on the

decay of a big bang relic massive neutrino -l',. For a neutrino vy vith mass =

2
in the eV region, the radiative decay into a lighter neutrino v

Vat vyt Y, Q)

would manifest itself as a monochromatic line at Ey in the far UV spectrum.
Decays during the distant past would redshift this line, producing s step-like
increase at E £ Eo.

A first hint of such & step reparteds) an increase in the intensity of the
diffuse high-latitude spectrum from 260 t 40 (in photoulll'cnz-lr-l units) in
the range 1300- 1525 A, to ~ 600 in the range 1680~ 1800 A. lowever, aince
different detectors were used in the two wavelength bands, systemstic errors
could have caused the step.

6)

Subsequently, rocket observations ° with three UV hroad band photometers
covering the bandpasses 1450~ 1780 A (peak semsitivity at 1590 R), 1610-1950 R
(peak 1720 A), and 1700- 2420 A (peak 2125 R) indicated extragalactic diffuse
radiastion intensities of 550 + 150, 900 t 150, and X 1300, respectively.
Recently, a co-pilltion" of exposures at high galactic latitudes with the
International Ultraviolet Explorer claims a step-like signal of 50 si;nlfic.nce-
at lo = (1667 * 10) R in the otherwise flat continuuz-. This corresponds to a
-photon energy Eo = 7.4 eV or, due to the relation nw, (-2- 2I-:o). a neutrino
mass .of m, = 14.9 eV, assuming L 0 eV. Note that photons of this energy
propagate freely through the intergalactic medium as well as through the inter-
stellar medium and are consistent with the existence of neutral hydrogen clouds
in galactic haloesa).

The intensity change Alo at the step is7) 4564 &+ 274, or within errors the

same as in the previous observationss's).

1,2)

One then deduces the lifetime of
hypothetical vy from
cn(vz)

Ty T T @
obs  4m Alo Hy A9

where n(vz) i's the number density of vz's in the Universe today. Assuming
n(uz) = 100 cn-3 for the decaying neutrinos, one finds

2-10% yr £ ¢ X 16-10"% yr. [¢))
Note that this result does not contradict the lower bound, T 2 3-10“’ yr,
derivedz’” from other astrophysical data. It is remarkable that the uppar

limit is several orders of magnitude smaller than the lifetime one would expect
within th> standard SU(Z)L!EI.I(I)Y theory of electroveak interactions.
The effective matrix element for the decay (1) cowpatible with gmuge in-

variance is of the general for-w)
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M- S, (py), (84 BYEIV, (p,), )

where ¥ and q" - (pz-pl)“ are the polarization vector and the momentum of the
photon, tupectively. From (4) one derives

L. rvyeopn “(‘ ")<|-|’~|a|>-z Yy )

The decay (1) in the standard model proceeds (in the unitary gauge) through
the two one-loop diagrams shown in Fig. 1.

i

—_—— 2 — L -
q,. L - -,..Q‘ 9‘_ 0‘

Fig. 1 {

A full standard model cllcul-tion”

with u, = 15 eV and .- 0 gives
2
-1

- [V )]? = x(3-10P yr)” |tu
TStand. 2 27Ty y

2
TR T
(6)
vhere K = 1 (or 2) for Dirac (or Majorana) neutrinos, U is the leptonic mixing

matrix and l"(r'_) = 0(1) is a smooth function of r, - -,_II‘,. ‘With three light

charged leptons (t,_ << 1), the leading term in the sum is cancelled due to the
umitarity of U, and the rate is thus sdditionally suppressed by the factor tlz.
Nevertheless, even if this GIM cancellation were avoided by adding nev heavy

;enentiou” or by making the unitarity sum incomplete (e.g. with an extra

singlet v), the nstural lower bound is v > 1023 yr for a 15 eV neutrino in the
SIJ(Z)LOU(I)' gauge theory.

The essential feature of Eq. (6) is that the scale is (apart from Gr) ‘get
solely by the mass of the neutrino as a consequence of the pure left-handed
structure of H’-lepton interactions in the standard model. Indeed, if the two
Ill.v vertices in the decay amplitude (aee Fig. 1) are both of the same cluulxt;.

only the momentum part of the internal charged lepton propagator (i

con-
tributes to the mstrix elewent.

All terms of the gauge invariant fol:l (b) are
then proportional to the neutrino mass, thus T~ -25. However, if the Wy
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vertex would contain a right-handed piece, slso the mass part of the lepton
propagator would contribute to the amplitude.
In the first model based on the SU(2) XSU(Z) !ll(l) gauge group, a RH
neutrino Vv (l 2,~1) can decny tadutlvely to an l.ll neutrino \IL(Z 1.-1),
provided the vector bosons H' and H mix (see Fig. 2). The lighter of the

W,

No Lo L,
Fig. 2 _ Fig. 3

two vector boson mass eigenstates, "l = cos (HL + gin clll, couples to leptous
according to .

L - -"l“'/‘-z' (cosTV Y 2 +sinZUpv, £} ¢ bc., 1

vhere. { is the bosonic mixing angle. We neglect here the possible intergeners—

tionsl wmixing and the mixing between VL and v_, which are inessential to our

argument. The contribution of the disgrams wediated by the heavier wvector boson
. > - - .

W, can be neglected since M, 2 20 M, 1.6 TeV from the E - Kg mass differ-

ence and other low-energy constraints !4), The decay width for v, =+ v v (or

| § L
v, " vk‘r) i.l given by

-1  (ae1013 ooy 2
TR " l‘(vl-vl_y) = (4-10 " yr) (7 3 ev) (*v) sin” 2¢ ®3)

independently of the neutrino masses for fixed E,.
The lifetime one deduces from astrophysics depends on the present cosmo—

logical density n(vl) of the v,. This may be smaller than the density of the

standard LH neutriuos, n(v; ) = 100 en 3, since the more weakly interacting ER

neutrinos decouple from the thermal equilibrium uﬂ.ierls). 1f they decoupled
after the muons were annihilated they would today be as abundant as the Y, -
This corresponds to the situstion when £ 3 TeV. 1In this case ve obtaim, by

comparing Eqs. (3) and (8), the condition

|
0.05 < % sin2C £ 0.14. )
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1f Y belongs to the electron family, Eq. (9) requires § 2 0.05. This pessibil-
ity is clearly excluded since the experimental upper bound from the KL- Ks mass
difference is L, ﬁ 0.004’%). On the other hand, the vy could stiil be a
member of the 1 or 1 families: then Eq. (9) predicts § = (2-7)- 10 or [ =
(1-4)-10 5. respectively.

1f the Yg density n(vR) is less than the standard neutrino density n(vL),
the value of Tobs in Eg. (3) is reduced by a factor "(VR)/“(VL) and correspond-
ingly larger values of the angle { are required.

1n the mirror modellz) the situation is favourable in two respects. Firstly,
the cosmological density of mirror neutrinos LY is never suppressed since their
neutral current interactions have the same strength as those of the standard
LH neutrinos. Secondly, charged mirror leptons, L, must be heavy, 20 3 L 3 250
GeV, and therefore the radiative width increases. The relevant part of the weak

Lagrangian is given byle)

,(, - —H"—}i (-sinOl;)Lyul.L + cos GlﬁRY"LR) + h.c., (10)

where GE is the LL mixing angle parametrizing the mixing between the weak eigen-
states of the charged lepton L and its mirror partner L. One typical diagram
contributing to the decay B vy is shown in Fig. 3. The width is, indepen-

dently of the neutrino masses for fixed Eo, given by

E
-1 . e w(re105 opy-l (0 "L )
TMirror = [ (Fg*VY) = R(2°107yr) (7.4 eV) (20 GeV) sin"26,. an

Comparing this ro Iobs of Eq. (3), we find for 20 < m £ 250 Gev

22107 {8, 1107

nA

L (12)

which is far below the present experimental upper limitls), 91 $ 0.1. Let us

note that values of the mixing angle in this range are suggested by some specific

mirror modelle).

We conclude that the standard electroweak model camnot account for the short

P . : 6 . .
radiative lifetime, Tobs ES lOl yr, of a massive neutrino, as suggested by astro-

physical observations® 7). This is due to the purely LH structure of the weak

interactions vhich makes the radiative width T ad(v ly) proportional to E

3 2
) 0”2
wvhere E0 = 7.4 eV is the observed photon energy and m, is the mass of v 2.
Accordingly, in the standard model the radiative lifetime for neutrinos in the
alloved range (m <50 eV) is always larger than 1022 .

1In non—standard electroweak models which encompass also RH currents, I d
. . 3 ¢ . ra
is proportional to Eomn » where £ is a charged lepton." Consequently, the life-

time is shortened by the enormous factor (ml/mz)2 compared to the standard model.
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This enables RH models to explain the astrophysical observation!®). the predic-
tions for the model parameters are given in Eqs. (9) and (12), respectively.
The implied small mixing angles would make it very hard to see the effects of RH
interactions of known particles in laboratory experiments. However, Ny would
contribute to the total width of Z° by an equal amount as the standard neutrino.

We note that VR or “R will together with veL’ vuL and vtL saturate the
famous cosmological bound of at most & light neutrinos, derived from the present
helium abundance in the Universe. If this-limit is taken seriously, the RH or
mirror neutrinos of the other families should be much heavier or much more
unstable than the one discussed here.

Although the astrophysical information used is controvereills), or sclnty6)

7)

or prelimimary’’, there is hope for very precise data in the near future, when

the Berkeley Extreme Ultraviolet/Far Ultraviolet Shuttle telescope will be

launched on the Space Shuttlelg).
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OF AXION-LIKE PARTICLES
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(presented by Chr. Spiering , IHEP Berlin/Zeuthen, GDR)

ABSTRACT

A search was made for pairs of almost collinear photons, as
expected from the decay of axion-like particles emitted from
the SIN 535 MeV proton beam~dump. No 2¥ - decey signal was
found in excess of the background. Limite on production and
decay of axion-like particles are derived.

1. INTRODUCTION

Attempts to avoid strong CP-violation in QCD 1led to the
ostulate of a new, global U(1)-symmetry for the total
fQClHelectroveak) Lagrangian. This symmetry would rotate
. avay sgtrong CP-violation /1/. As has been recognized by
Weinberg /2/ and Wilczek /3/,the spontaneous breaking of the
nev symmetry would lead to a pseudoscalar particle with low
mass and semi-weak coupling to quarks and leptons, the axion
a® . Por the standard (PQWW) axion, the scale of syumetry
breaking is fixed to Fa = 250 GeV. The only free
parameter of the model, X, 1is the ratio of the vacuum
expectation values of the two Higgs doublets within the
model. Mass, lifetime, production- and interaction croas
gsections of the axion are computed from X.
Axions cquld be produced:
(1)  in competition with X° and 7 in proton beam dumps,
(11) 1in competition with photons in nuclear deexitation
processes,
(111) in X*, ¥, T decays (K*— w*a* ; ¥, T— ¥ a*)
(iv) 1in electron beanm dumps.
The existence of standard axions was excluded by (ii) and
(1i11) /4/. However, one msy construct non-standard axion
schemes /5/. Purthermore, 1light pseudoscalars appear in
sone SUSY-formalisms /16/. Therefore, the aearch for
axion-like particles is still alive.

- In 1978, the Aachen group searched for axions produced in

the bean-dump of tne 585 MeV proton cyclotron of the Swiss
Inatitute of Buclear fesearch (SIN), and set a limit on +the
decay 2% —» e ¢ /7/. VWith a modified set-up,hovever,
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inéicetione for rediative exiorn deceys were founé, i.e., er
excees oif phctons peinting beck tc tne veeL-Curny Cecrierec tc
the estimeteé acceleretor anc cosnic ray backgrounc/o/.
Interpreted in terme of axjon procuctior ernd cecsy, tire
effect correspcnded to

i=0.4,mg=220%eV, Tq = 15 meec (solutior I;
X =35, pa=285 keV , <Xq = 5.6 psec {Bolution 1I;.

This result was not beyond doubt. Orjections vere reised
about the estetistical &ignificence /S/. There vere &leo
systematical uncertainties. In eddition, the experirent
strongly diszgreed with upper lirits from Y - mnd T -deceys.
It was the purpose of the present exreriment to check tne
effect oveerved in the first experiment with improved
methods eand, if confirmed, to measure it with vuvetter
accuracy .

2. SET-UP AND DATA TAKIKG

Pig. 1 shows the set-up. The idea was, to detect both
photons from the a®—»¥§¥ decey in two identical modules,
each consisting of a ten-gap optical spark chenber and
scintillation counters. The 8® was supposed to decey in &
2r region between the 8z shielding and counter A. Tkis
decay region could be blocked by a moveable Fe/Pb wall. For
mq 22 250 keV, the angle of the decay photons with respect to
the primary direction is about 2 mrad, i.e., the two phoicns
woulé be nearly collinear. Photone wvere converted
with =~50¥ probability in Pb-foils mounted in fromt of the
spark chambers. The connection 1line of the conversion
pointe and the beam-dump direction form an angle & , vhich
should be small (&* < 10 deg®) for axion decays.
Scintillation walls B and C messured energies end time of
passing particles. Energy information was used to reject
background (e.g. from bremsstrahlung photons). Pheton
energies and the 2¥-opening angle allov & rav determination
of the mass of the parent particle.
In order to reduce the background trigger rate and possible
artefacts due to cosmic ray and accelerator background,
active and passive shielding vas added compared to the 197t
experiment (veto counters D, E (top) and F (side), passive
shielding as shown in Fig.1 by the cross-hatched areas). In
addition, the timing of the experiment was sharpened.

The trigger consisted of

i) veto signals from counters A,D,E,F,

ii) a coincidence BiCx with the C-signal delsyed by (3.5
=-15) nsec in respect to the B signal (7 nsec correspond
to a relativistic particle flying from B to C),

{(iii) a fast look-up table decision, selecting hit patterns
B{ yBu 1e24,C¢ 4Cm 9o+, which correspond to particles
moving under an angle o« 5 20 deg with respect to
the beam-dump direction,

{iv) an additional coincidence of any of the elements of
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the thin counter B' with the BiCy coincidence.
¥ith this conditions, the cosmic induced triggers were
supressed to a level of 25 per hour.
Data were taken under four different running conditions:

Lecsy region open:
{Fe/Pb wall at the beginning of the decay region)
beam on - 810 hours , 386 Coul. E'aignal run”)
beam off-~ 663 hours "background run")
De region blocked:

{Fe/Pb vall at the end of the decsy region)
beam on - 261 hours , 146 Coul. E‘background run®)
beam off - 315 hours "packground run®)

3. ARALYSIS

Firet, the films were secanned for a®—»¥f candidates. A
candidate was defined to be an event with a "V" in at least
one chamber (i.e. = pair of tracks with common origin in
the Pb foil), at least one track in the other chamber and
{to avoid confusion) not more than 5 <tracks per chamber.
Accepting only “2V" patterns would have been to reetrictive,

since one particle of the ¢ e - pair often gets lost in the
Pb foil. - I e

The rate of selected@ events wvere:

Decay region open:

beam on 20+=-2 per 100 h

bean off 25+-2 "
Decay region blocked:

beam on 234+=5 per 100 h

bean off 2443 .

S0, the total rate of selecteé events does mot exhibit any
signal effect.

The selected events were memsured with an accuracy of 0.6 mm
(in space). Due to multiple scattering in the Pb foil,
vertices of conversion paire were reconstructed with a lower
accuracy: = 0.7 om. This, plus other statisticel and

gystematical errors led to an average error of the angle
«, BDA=0.9 deg.

4. RESULTS

Pig.2 shows the angle distributions for the four different
running conditions and for &* < 100 deg®.Eetched parts
result from applying the folloving additional cuts:

(1) TOF(B to C) less than 10.2 nsec. This cut accepts 99»
of particles travelling with the speed of light.

(11) Averege direction of all tracks_ in a chamber not
pointing down by more than 10° with respect to the
borizontal. Phis cut accepts almost 8ll decaying
particles emerging from thz beam-—dunp.
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From the hatched histograms, the following cownclusions cen
be drawn: During 810 hours of running with beam on zrnc
decay region open, only one single £° —» ¥7¥ candivate wes
registered in the effect bin &' < 1C deg*.The runs witk
beam off (663 hours) yield an expected background ir tre
same bin of 3.24+=-0.26 events. These nunbers yielc & wWx
upper confidence limit for an effect of N = 2.8 evenic.

Fig. 3 compares expected rates and measured upper limits
from our experiment (*SIN II") and from the CHARM btear durp
experiment /10/.Differences between the two curves ere due
to different assumptione about the contribution of m-nesons
to the expected axjion flux. The level of the SIh I
experiment and a 1limit obtained recently et SLAC/11/ are
also indicated. Our limit is close to that derived by CBAKL
and excludes the standard axion,except for the range
0.7T< X< 2.1.

Without referring to a epecific theoretical model, 1limits
for production endi decay of axiorn-like particles can be
given in the Fx-m, plane, Fy being the scale of symmetry

brecking.Fig.4 shows the 90% confidence limits as a function
of F, and m,.
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FIGURE CAPTIONS

Fig.1 Experimental set-up
Fig.2 Angular distributions of 2¥ -events
(hatched parts: see text)
Fig.3 Limits on properties of the standard axion
Fig.4 Mcdel independent limite on mass and symmetry
breaking scale of axion-like particles
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LIGHT COMPOSITE FERMIONS

H. Hegaasen
Physics.Dept, University of Oslo,
Norway

Abstract

We show how a wmodel with bagged superfields, through the breaking
of a GOG i}obal symmetry group, give rise to quasi - Goldstone
multiplets transforming wunder the adjoint representation of G.
The confiniy‘ boundary condition breaks supersymmetry such that

the pseudo-Goldstone fermions are light, the bosons heavy.
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It is not completely straightforward to describe querks end
leptons as composite particles.

If we form the product of mass a and extenaion R of bound
states that we are used to, we find a product =R which is
bigger than one. For humans it is «~l0¢¢, for atoms ~10¢, for
nuclei ~102 and for nucleons w»R~5. (For pions which is exceptio-
nal mR is slightly smaller than one). These results are natural
consequences- of Heisenbergs uncertainty relation

N

ax . AP 2 1)

Even @ massless particle wil have an energy  E=p which is of
order of R-! if it is confined to a region of extension BR.

One of the most beautiful results in physics is the fantastic
agreement between the observed magnetic moment of the electron
and its calculated value from QEDP. The assumption of a point
electron give the correct results with 11 digits. If the electron
has an extension R then R <5%10-17cam.

The energy due to confinement of a preon inside such a distance
is something as 200 GeV and not 0.5.10-3 GeV which is the energy
of an electron at rest. If the electron with mlB<10-% or the
neutrino, where probably ®mR<10-1° are composite systems, they
are definitely ;f a kind that is different from ordinary bound
states. Among the hadrons only the pion could serve as a model.
The s-ai] mass of the pion is most essily explesined by looking at
it as a quasi Goldstone particle generated by & spontanous
-breaking of global SU(2) x SU(2) chiral sysmetry. Naive qJ models
for the pion often has trouble to get the pion light enough, the
Goldstone picture represents it as a collective exitation with an
indefinite number of qq pairs.

In a supersymmetric extension of the Nambu-Goldstone mechanisa
the Goldstone bosons will also have assosiated fermionic part-
ners!-3, This is the most elegant way I know of to obtain very
light or even messless composite fermions.

It is also quite compatible with the ideas of superstrings being
the ultimate degrees of freedom at distances comparable to or
even smaller than the Planck length. On distance scales some
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order of megnitudea greater, an exellent description of ncture
should be obtained by & supersymmetric theory with pointlike
particles.

Whet is nmot so plessant however is that the nice supersymmetry
that was iatroduced to get fermions es light as bosons, bas to be
brokes at the spatial exteasions or the enmerygy 5--(-- that are
probed by experimests to day, if we want to meke s wmodel of
reality. And it hes to be broken such that the bosons becoms much
heavier than the fermioms.

1 shall describe juut this last kind of asymmetry breskimg in s
model very similar to the MIT bag model. The bagged particlest’
will be celled uross end will be represensted by superfislds
confined to a amall sphere of radiua R wvhere R is extremely
small. Uron bags have ea ensrgy «~R-! gsnd have themselves nothing
to do with quarks and leptons. The minimus nusber of conatituents
‘in @ uron bag is two, we can imagine some kind of urcolour to be
the dynamicsl mecheniss that leeads to the confinement.

It is essumed thet the confinement give rise to s apesific
boundary condition for the confined fielda:

The energy of the bagged urons of spin 1/2 will be determined by
the Bogoliubov-MIT boundery condition

-ixgre=9¢ at r =18 2)

We meke a supersymmetry transformetion of this to find the
boundery condition for scalar urons:

Ser @ = it r==R 3)

a5

Ber is the uron mass.

As we want to have Direc particles we need s minimum of two
chirsl superfields: o end .
Here ’

®, = (LAF)) end op = (R,0,Fp)

Bech of these chirel superfields salso " carry an index, charscte-
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rizing the trensformastion property nndel- a global flavour
symmetry group G of the uron Legrengian inside the bag. To each

generator ta of this group there corresponds supercurrents
+

Va = 9 t% - ';tn'l 4

and
. ‘n s ';t-.!. + ';tn'l » 5)

These supercurreats, transforming under the adjoint representa-

tion of the group @ (=Be?) fullfil conservation equations
~ {inside the bag)
2

.-D'.=0

-
]

6)
+
A, = ..nr'!.tn'l.

»
"

('} h-r';tn'l

By expanding the chirel superfields in number end § components
. one find that Ve end As contain the ordinary vector and axial
currents as well as curreats with spimorial nmature.

For vanishing uron msasses ths currents As are strictly coaserved
inside the beg, but they have (as in the NIT bag where quarks are
confined) a delta functiomn source term on the surfece. Thie is
because the boundsry condition breshs chiral symmetry.

Ia the NIT bag one uses PCAC and ensures the coantimuity of the
isovector sxial currents by iltrodncll( en extersal Goldstonme
piom field coupled to the bag surface®?. By a swpersyasotric
extension of PCAC - BSUSY PCAC, we emsure the coatimuity of the
axial supercurrsnts As gpd their divergeacea®? through the uros
bag surface by imtroducing chiral superfields oa the outside of
the bag. .

If wrons are nassless so are the Goldstone fermions and bosous
associated with the loag distemce properties of the axisl
currents. 1If we give the -rbnl e nmass Ber Wwa geot relationms
between mur snd the masses of the psendo Goldstome fermioms (r)
and bosons (M).

As the boundsry comditioms break supersymmetry i ead 7] are
differents):
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= 17 7
ar T 2 Yt )
. M uR(1+uR) 8)
a = W uR{1+UK
ur 2 24 2LR+Y ‘f

For a very ssall radius R of the uron bag (LR<<]1) one has

b=y 2;55 . b= Bl 9)
The psendo Goldstone fermions are therefore much lighter than the
bosons: this was the desired result. We note from eq 8) that if
R - @ then - wr and it can be shown that supersysmetry is
recovered. The supercurrent that is obtained from the uron
Lagrangian by the use of Nothers theorem, due to the invariance
under the supersymmetry generator is

. .m n
s® = sl *+ *p

with s] =2 (6" Aol + i d"F) 10)
ap = /2 ("™ poR+id"prpy) 11)

Explicit calculations give

t@

ajz-i = /2 [% g &(ry-r=) + (a +_l,,_/ 8(rg-r)] (XL + pR).

And one may easily show that the flux of the
bounded:

susy current is

Idaraj:j(—g

L 12

As seen from eq.9 it is not possible
without getting

to make a fermion massless
its SUSY boson partner massless. If one wants to
build 8 realistic theory for quarks

and leptons from this model
then neutrinos

pecessarily have a mass. Another
regardless of the group 6 is that

transforms under the adjoint

general property
quarks and leptons must

representation of this internal
flavour sysmetry group of the urons.
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The energy of uron bags and the energy scele A\ relevant for the
confinement of urons is proportional to BR-1. Therefore it is
only at extremely high energy that ‘the fundamental dynamical
varisbles which are the uron fields will come into play.

To day their only m=menifestation would be through the effective
interaction of the pseudo Goldstone fermions erising fros the

simultenous breaking of supersymmetry and chiral syametry.
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FERMION MASSES FROM SUPERSTRINGS
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Abstract

*
g X Ea heterotic

superstring can be broken into SO(10) x SU(4). The mass relations

It is assumed that the t. gauge group of the E

among fermions B /. =w /A =a/Aa andm /M =®m /m =zm /m
u d c s Tt b ve e v u vt ot

are discussed.
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I. Introduction
Superstring theory offers an exciting possibility of unifying all
the known particle interactions. )™ 1t 1e interesting to examine the
experimentsl consequences of the heterotic n.ring.z in particular, the

fermion mass relations.

The most promising theory is the E‘ x t; heterotic string theory
in ten dimensions. The dynamics of compactification from ten to four
dimensions is not knowm. The popular vacuus configuration is l. xK,
where N' 1s the four-dimensional Minkowski spece-time and K is the
compact six-dimensional, Ricci-flat Kshler menifold, with SU(3)
holonomy, the Calabi-Yau manifold. Models build on Calubi-Yau
manifolds give an £  x £, internal symmetry group when the spin
connection of K is esbedded in ta. This leads to a four-dimensional
theory with N=1 supersymmetry.

A great deal is not known sbout Calabi-Yau manifolds if the ground
state of the string theory is represented by such s manifold.
Consequences of phenomenclogy is expected to determine the required
sanifold. There is some recent development that casts sams questions
on the approach based on Calabi-Yau manifold to which we shall cosment
on later. But first let us briefly continue on with the present
popular l'cenario.

The topological properties of K have isportant implications for
the four-dimensional low-energy theory that results from the
superstring theory. One counsiders the compactification on K = toln ir
to is simply connected and admits s discrete group of transformestions

H. This choice reduces the mmber of generations by s factor of the
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order of H and allows syometry breaking by Wilson loops called flux

a5
breaking mechanism
1A dx
U‘ = Pexp [1JAJ

because there may be on K non-trivial E° gauge field configurations
that have F = 0. The integration is over non-contractible loops in
. L
n
K. Since the group H is finite, it follows that Ug = 1 for some

integer n. These matrices act similarly to vacuum values of the Higgs

fields and break E6.

The matter fields of the zero modes transform as 27 or 27 of

Eo. The 27 of E6 contains unobserved particles that if not extremely
heavy can mediate proton decay. Also it does not seem possible to give
small sanses to neu.n.rim:u.5 Various authors checked whether it is
possible -0 avoid both these problems in various pattern of superstring
compactification. o

The two dimensional supersymmetric o-mogdels are relevant to the
compactification (fros ten-dimensions) of the superstring theories. If
cupnctit;cntion takes place on a manifold ll. x K the dynamics is
described by a o-model and one sust require that the generalized
B-function of the o-model vanish. But at the four-loop level a
non-zero contribution to the p-function is found on a Ricci-flat
Kiéhler -nifold". This suggests ihat Calabi-Yau manifold can be
considered as a start of a perturbative determination of acceptable

sanifolds  or one can consider alternative nanitoldsg.
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If K allows stable and holomorphic SU(4) or SU(5), the possible
breaking EB + 50(10) x SU(4) or SU(5) x SU(5) was suggested by .Hiu.ena
rather than the much examined

:8 - E 6 x SU(3). Further reduction of the gauge group may be
assumed by flux breaking via Wilson loops. This means for the former
case that the gauge field must belong to the subgroup SU(a) of EB that
commutes \dih $0(10). Various uut,horam enumerated the possible
scenarios with SU(5) and S0(10) groups that inhibit proton decay and
allow light weak Higgs doublets. It is not obvious that the manifolds

that are considered are Calabi-Yau manifolds. The subgroup of S0(10)
generated by the llg is called G.

II. Fermion Masses

Let us start with the Yukawa interaction in t,-di.mensi.c'mllz'13

which is invariant under Ea x Ea'

(10) -A B C
L = -8 fac® Age . 1)

where the fermions and gauge fields tranasform as (496,1) of ta x E" .

Here after we suppress EB

in harmonics on K, keep only the zero modes on K, and take the reduced

‘., expand the fields in ten-dimensional space

gauge group to te S0(10). The decomposition of the 248 representation

of l-:a into S0(10) x SU(a) 1:1‘

248 + (16,48) + (16,4) + (45,1} + (10,6) + (1,15)

For fermions
A a -2
¥ (x,y) » vi(x)n:(y) + vi(x);:(v) + (2)

288 -+ (16,4) + (16,8)



35

For Bosona

B b
Agix,y} li(l)lzi(!) + e (2

248 -+ (10,6) « ....

[
whers X,y sre the coordinates of M and K manifolds, respectively.

The four-dimensional Lagrangian l.;” is obtained by substituting

(2) and (3) in (1) and integrating ocut the y coordinates

(4) aT ¢ b
l.' - dlberljk .1 Ct! lj + h.c. , . (&)

where C is the charge conjugation satrix in Il‘. and l‘1 is the

Jk
affective Yukmwa coupling given by an integral over zero mode wave

functions, and dm is the symmetric coupling. The quarks and leptons
in the 16 representation acquire a mass dus to the coupling 16 x 16 x
10 when x; acquires a VEV.

The mass matrices of charges %, -% quarks and charged leptons and
noutrinos are given “15

o
H‘. = f(lﬂ)u R

l:-f(lﬂ)d .

(%)
n: - £10>,

*
n - tao, |,

where 10>, = <10(3)> , <103, = <A0(3)>
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with the tranasformation property under the subgroup SU(5) is
indicated. In the n generation model, f 15 a n x n matrix whose

elements are the Tukawa coupling ti K in (4). Ue have not constructed

3
a Cslabi-Yau manifold so the nusber of generations is treated as a

parameter.

After S0(10) is broken by the flux breaking mechani .2 the new

2

states of charge 3 quarks in the 16 representation will become a

linear combinstion of the original states, etc. The corresponding mass

matrices H“ in the broken S0(10) may be written in terms of l: with the

aid of (5)
u -1 u Il-
LR = n: u: = UL U Q0> = f 0>
@ o el
N, = U n: L mWru <10 = £<105, ®)
v v-l v, “-1
N = U n: U =GO <10 - f <l
] ! T
", = U n: U e UWLU <10, - f L0,
If the flux breaking aechanisa preserves the SII(Z)L sysmetry of
2 1 15
the charged a and -3 quarks so that
. u d L h 4
U= U NN <N . n

Equation (7) leads m15.16

= . ... a8}
lulld lcll. - .t.,-b (8}
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Stmilarly for charged and neutral Dirac leptons
v 1

A kg
llL - UL Hv"v « H‘H‘ (9)
17
which leads to

a /m =un /m == /m (10)
ve e vp ¥ w/ t

If we take m = 1.35GeV, n. = 0.175GeV, -d = 8,9MaV, nb = 5,.3GeV, we
]

obtain .t. = 41 GeV and -u = 68 MeV. The relation (10) has been found

to be consistent with phenomenology on the basis of Stech and Fritzsch

18
hypothesis in the leptonic sector

=%
-ue,-e = 33eV/0.51 MeV = 6.47 x 10

=%
l‘mll“ = 6.8 KeV/10%.6 MeV = 6.54 x 10

m /e = 120 KeV/1784 MoV ~ 6.72 x 15°

The explicit flux breaking of SO0(10) that maintains the relations
(8) is being worked out with T. Kitazoe. Ome alternative way is to
break S0(10) via G = 25 in which case the unbroken group after flux

1
breaking 1s SU(2), X SU(2), X SU(3) X UQ1). ° The possible light
fields are

nl6 + & (16 + 16) + ¢ 10.

The VEVs <s> and <s> which are SU(2), singlets of (16 + 16) break.

Sll(!)' at the intermediate masz scale “I The SU(Z)L doublets H and H
of (16 + I8) break SU(Z)L X U(1l) o Ila(l). Assume § = 1, i.e. only

one pair of H, H exists s0 as to prevent flavor changing neutral
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currents. In this scheme, the diagram Fig. 1 gives the

HY <9
5

1o

3

1o l6,
Fig. 1

mass matrix H“ and a similar diagram with the appropriate changes
yields the msass matrix N d:
N = f3D<E> 2
u M
10
M = £'ciD<E> g°
[ N
10
Here f,f',g2.2" are effective couplings originating from the higher
order diagrame. The couplings f and £°' have magnitude of HI, gcad g*

are matrices in the generation space. Since g and g* are almost

diagonal with respect to the 2,3 generation space, we can obtain

with the aid of the assumption <s> = <=>,
. a/a =a/m -
[ ] t b

This relation at the intermediate scale will receive a samll

modification due to the renormalization equation below this secale.
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ke TRET
Compactified superstring models centain exotic SU{2)-singlet “down™ guarks
(n,, h_, h ) which are the supersymmetric partners of the cclor iriplet
Higgs Eosons. and vhich may survive down to low energies. We study a simple
acheme in which the h_ and b quarks mix, giving rise to the observed slight
deviations from unlta?lty of the 3-family Kobayashi-Maskawa matrix V. This
scheme has various consequences for the the lifetimes and decay modes of
mesons contalning b,t and h_ quarks. In narticular »e find that T > 1%
cev, | v | <0.90 and v, X < oar. b

R plausible low-energy spectrum of the E, superstring modelsl_u)contalns.
in addition to the particles of the susy standard model, the following extrs
fields for each generation: N(1,1,0); ve(1,1,0); n(3,1,-1/ 3) and n%(3,1,1/33,
where the SU(3).x SU(2) x U(l)Y quantum numbers are displayed in thg)braekets.
Tnis 15 the situation”’ especially in the so called no-scale models
which may be 7 the effective d = 4 supergravity theory of the superstring.
The singlet K has been shown to play an important role in the dynamical
breaking of the low-energy gauge group. The h-fields are the supersymmetric
partners of the traditional Higgs triplets., As they carry the charge and color
quantum numbers of the ordinary down quarks, they can mix with these. This
mixing will have an important phenomenological consequence: the standard three
-generaticn Kobayashi-Maskawa matrix will no longer appear unitary.

Experimentally, the ¥M matrix V does in fact deviate to some extent from
unitarigx. Tre Ivud | element has recently been re~evaluated by Marcianc and
Sirlin °° wno considered the leading log radiative correction to g-decay
via the renormalization group and structure dependent 0(a) effects in a form
factor analysis. The result is somewhat smaller than before (see below).

3
The most precise evaluation'o of the lvus [ element i{s dominatec¢ by
+ (]
X and K

e3 e3 decays, for which the srmmetry breaking in £,(0) can be esti-
mated. Including also hyperon decays, one can only account for symmetry
breaking by leaving several parameters free. The combined result is smaller

than what hyperon data alone suggest. With the upper 11m1t11)

for | v
we thus know

ubl



(7%}
n

£

= 0.8729 + 0.C012 ,

tvol

Ivus | = o0.221 + 0.002 ,

v < 0.0067 (90% C.L.). 1)

up |

The missing piece required by unitarity is then lvu missing | > 0.045
(90% C.L.). This has led tc a flurry of speculations on the existence of a
fourth family of quarks12 .

In this paper we shall study the alternative that the apparent deviations
from unitarity in the KM matrix are due to the mixing of the SU{2) singlet h
quarks with the ordinary down quarks. Some aspects of this mixing have also
been discussed in refs.13-15,

The Yukawa couplings in the model are limited by E; Invariance and re-
normalizability (possible non-renormalizable terms are not important for the
present considerations). The superpotential contains mass terms for both down
quarks d and singlet quarks h B

f, = g, aaf + k hnCw R @

where il is the standard Higgs doublet and we have suppressed the generation
indices. Other terms relevant for dh-mixing are

£, = a, h°LQ + A, heu® + 2, na®\° ,

3
£, = A, hQQ + A, h%°%d°,

where L is a lepton SU(2) doublet and Q a quark doublet. As has been discussed
in ref.5, the terms in Eqs.{(3) do not violate baryon number separately, but
cnly in combination. The Yukawa couplings in Eqs.(3) can indeed be absent in
the low~energy theory of the superstring because of the topolegy of the inter-
nal manifold, aithough no proof of this exists.

If the right-handed sneutrino gets a vev, d and h will mix, and one has
the following general form for the mass terms:

L = md A nd o mgd 3f of « wpd B af + nee. @

vhere i and j are generation indices. Note that only the right-handed ¢ mixes
with the h. '

In the general case the mass matrix for the Q = — 1/3 quarks is thus a
6x6 non-symmetric matrix which has the pattern

13 i)
m n
M| d .
0 mlJ 5)
h

wnere the basis is (d.s.b.hﬂ,hs. hb)' This can be diagcnalized by a bi-unitary
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transformation PR M D’L = M, where DR and DL are unitary and M is a
diagonal masa matrix. Denoting ] R the ynitary matrices that diagonalize
the 3x3 mass matrix of the Q = 2/‘:4 quark sector, the charged current inter-
actions depend on the following KM matrix

V- ULD* with U = (6)

L L

where the blocks are 3x3 matrices.

Hence the KM matrix is effectively a 3x6 matrix in the case of three
mixing flavors. However, for the clarity of the argument we shall in the
following consider the simplest possible case, when the mixing involves just
one h quark, hb' it is reasonable to assume that h_ couples considerably
~nly with the b quark, since the much lower masses of the d and s quarks
lndlcgt.e that their mixing angles would be much smaller than those of the b
quark °. Of course, all the qualitative effects of the mixing of importance
to phenomenclogy will appear in this simplified mixing scheme.

Starting from a general Ax3 mass matrix M in the down quark system (

13 numbered #) we first apply a bi-unitary transformation which carries the
3x3 submatrix associated with the d,s and b quarks to a diagonal form. The
matrices Dl. and D, generating this transformation are unitary block diago-
nal Ax3 matrices with zeros in the fourth columm and row, and (D, ), = 1.
The assumption that only the b quark has considerable mixing Hith'hb leads at
this stage to a mass matrix of the form

ldo 0O 0

0O =m 0 0
M « pupt, - s 7
L 0 0 m o

0 0 0 ™

in the basis (d.s.b.hh). Let us assume for the time being that M' is a real

matrix. It can then be diagonallzed by a bi-orthogonal transformation
generated by

( )
1 0 1 (]
ML- _-:..-_ . Bn' --:.__- : (8)
o o 0 | 2%
' c a ' saca

*) The case of h -d mixing has been considered in ref.13. The mixing angle

is obviously then very small, and some of the phenomenological consequences
are qutﬁ)dlrrerent. from our case. For instance, the mass 1limit m(h) > 30 GeV,
derived from data on pp + e + 2 (or more) jets does not apply to our

case, where the presence of heavier quarks makes the isolated electron consid-
erably softer.
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Thus the angles-a,B and the masses m_, m_ get determined:

b ‘hb
R 1 1
s = 1y ¢ ——) 7 s = [L(1 « ) 3
) L A L
m 1 (9)
b = [} T O T=ETID ),
m
b
where
- 2 2 o m2 - 2 - 2. m?
R= (M*+y m?)/ my , S=(M u m*)/ My, (10)
T=M2+y? + m?,
The W couplings to quarks are covered by the generalized KM matrix
ULDfLBfL where ULDfL is a matrix with zeros in the fourth column
and row, of the form {(in the KM parametrization) (1)
c, 8,0, LILILE =3,3,3, )
-5,C, c,c,s,-s,c,e“ (c.c,3,+s,c,eu)c¢ -(c,c,a,*a,c,e“)sa
Vv =

-5,8, c,s,c,m,s,el‘s (c,s,s,-c_,c,ehs)c‘l —(c,s,s,-c,c,e“)sa
0 0 ] 0

The zeros in the fourth row indicate that the hb —quark 1s a singlet under
SU(2) and that it therefore does not couple to the up-quarks. The standard
couplings among the conventional quarks are recovered when a + 0.

From the unitarity of ﬁL and DLBL it follows that the non-vanishing
rows of V are orthogonal and normalized to unlty,

y

L
kzl Vi Vi = 15 1,3 = 1,2,3 12)
s can be checked from Eq.(17). The same is not true for the column vectors,
43 it should be if V were unitary. Note that one cannot obtain the matrix (11)
Prom 4xlh generalizations of the unitary KM-matrix by just deleting one row.

From the experimental values in Eq.(1) it follows that the mixing between
4 and h, must be close to maximal: '

I
w

uh

| =Jcot a]< 0.1 (908 C.L) . 3)
s,s,sc

According to the heavy quark search in e‘e- collisions at PETRA 16)
the mass of the hb quark should obey

m > 21 GeV . (14) .

"y
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The signal for the hb product ion would be extra muons from primary (h + )
and secondary (i » q + u) decays and, of course, a step of 1/3 in the R ratio.
1t is intercsting to note that the MARK-J collaboration has recently
reported”_) such extra muons at the topmost PETRA energy Y3 « 16.7 GevV,
although this discovery has not been conﬂgl'm)ad by the other detectors. The
characteristics of the observed muons show that the events are due to a
pailr prciuction of Q = -1/3 quarks rather than of Q = 2/3 quarka or heavy
leptons. Let us also mention that hfi production in pp collisions shculd lead
to final states with a single isolated lepton as already noted in ref.13.

It is easy to convince oneself that the experimental constra;nts'
(13) and (14) do not force us to any extreme corner in the (m,u,M) parameter
space . The hbb-mlxlng considered here may thus appear na_t.urany. For
example, taking m = u we have R « (W/m)? and from Eq.(9) then follows that

™n

2 2
. - LY L.+ 2y . (15
R=tana ~ cot a . .3 (v’R+',i R R) )

Illb

Egs.(3) and (15) then lead to a lower limit for the hb-quark mass

L 2°3.0m « 15 CeV. (16)
b
b
Of course, more precise measurements of the KM matrix elements would allow one
to put more severe limits onm, . It is interesting that such a limit could

conpete with the limit that can obtalned in e‘e— collisions,

The presence of a fourth quark mixing with the first three down quarks of
course explains why the B lifetime 1s so long: its- predominant coupling 1s to
an inert or kinematically disallowed channel. We note, however, that the ratio
(b » ulv)/ T(b » clv) is not changed dve to bh -mixing so that the determi-
nation of the B lifetime from experiment.“) neeg not be reconsidered. The
main decay mode of the hb quark would be to the top channel, if not kinema-~
tically prohibited, but also decays to the u and c¢ channels would be substan-
tial. The lifetime of the appropriate "honium® or "open h" mescn states, H,
would be shortened by the factor ~ cot’a (mg/my)® < 10%(mp/m )*
relative te that of B. Thus hb—nesons would be a copious source of b-quarks.

The structure of the V matrix {11) permits us to make some predictions
for the physics of ¢ and t quarks, The ¢ quark matrix elements have the
experimental values'! lvcdl - 0.20+0.03 ,}v_| = 0.85 10,15,
|vcb| - 0.082 + 0.005 . From the V matrix we have

171 =1vg | tana > 0.37 (902 c.L0) . an

Using the condition

2 2
fv gl vl +|vcb!2.|v -1 (18
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and the experimental values for all the elements except the poorly determined
|‘.'cs| , we can predict
[vgl <o0.90 (903 c.L.) . (19)

For the t quark elements we obtain the predictions
- . L) . (20
Ivtb|/|vth| cot a < 0.11 (90% C.L.) )

Neglecting the (presumably) small values of va | ana 'vts | , we can use
the condition |V 12 +] Ven 12 <1 to predict

|vtb| < cos a < 0.1 (902 C.L.) 1

Thus the t + b decay channel is disfavored in contrast to the 3-family
standard model where | \ltbl = 0,.99. Depending on which of the gquarks t or
hb is heavier, this has dramatic effects on open t or. hb decay wmodes.

In conclu=ion, we have considered the mixing of the conventional Q = -1/3
guarks with the SU(2) singlet quarks h which may exist in the effective low
energy theory of the supersatring models. The mass of these new quarks may be

relatively low and their mixing, especially with the b gquark, can be large.
Roughly, provided that the Nhh® and vCd®h® coupling strengths are about
.equal, the limit from the KM mixing matrix would entall only that <v°> € <N>.
Such a large vev for v would push the masses of the extra Z's to higher
scales; for instance, in an SU(3)xSU(2)xU(1)? no-scale mdels)l’z,uwc)’

+ (N>?, liowever, it should be remembered that a large vev for ve may not be
a2 feasible outcome of a detailed dynamical calculation. As the b quark is
in the standard model, in agreement with experiment. If the h_ mass exceeds
the t quark mass, also the T lifetime is predicted to be much longer than in
the standard 3-family model., For the ¢ and t quarks the model predicts

jv < 0.90 andlvtbl < 0.1 (90 C.L.)

csl d

whereas the standard 3-family model prediction is lvtbl « 0.99. If the h
is heavier tHan the t quark, the decay t + hb is kinematically forbidden and
the dominant decay t + b is slow due to the smallness of |V, | . Then a1l
searches for the t guark have been based on erroneous Monte Carlo calcula-
tions. If the hb quark is lighter than the t quark, the decay chaint + h

proceeds almost as if no hb existed, and present Monte Carlo calculations
are correct.

b * P
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Abstract

The one-loop amplitude of the open bosonic string with M external vector
particles is calculated in the operator formalism.
In the zero-slope limit the model reduces to scalar electrodynamics, pro-

vided the ground-state mass and the dimensionless coupling constant, g, are

kept fixed.
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1. Introduction

We discuss in this talk the cne-loop amplitude of the open bosonic string
containing external vector particles [1], which has not been performed so far
[2,3). This is mainly because of the tediousness of the calculations. The struc-—
ture of the vertex operator, which is linear in the polarisation vector but zot
in the oscillators, qoes not allow a factorization of the trace over the oscil-
lators as for the amplitudes containing external tachyonic states. However, if
it is represented as an exponential of the extermal polarisation vector the
factorization of the trace is recovered. The calculation then follows that of
the tachyonic amplitudes with a simple shift of the external momenta. The terms
linear in each of the polarization vectors are picked up at the end [4]. In a
similar manner we can also calculate the one-loop amplitudes of the nonplanar
‘orientable and nonorientable diagrams. As for the tachyomnic amplitude we find
that in leading order the integrand defining the amplitude diverges like q-3
(for q -+ 0), and that the nonplanar orientable amplitude has "bound-state"
poles for S§/4 = -2,0,2,... ([3].

We further investigate the zero-slope limit of the ome~loop amplitude.

This limit was first analysed by Scherk [53], who showed that the conventional
model with external tachyonic states reduces to the ¢3 Lagrangian in the limit
vhere the groynd-étate mass of the tachyon and gIJE“ are kept fixed (g 1is

a dimensionless coupling constant). Here we find that the one-loop amplitude

of the open bosonic string containing external vector particles reduces in the
zerc-slope limit to the corresponding one-locp amplitudes of scalar electro-
dynamics, provided the ground-state mass and the dimensionless coupling constant

g are kept fixed.
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Z. M-particle one-loop amplitude

As mentioned in the introduction, we write the vertex for the emission or
absorption of a massless vector particle having momentum k and polarisation

n (both transverse) in the following way [4]

Lk£X‘(.r..,t) + ¥Plee) Vo

e 2 02 _:e : l ) m
V(il ) r‘;','l 1 ?rl r‘..
where < - ¢ ¢ . - - DI LYY 4
h X(ﬂ'.o‘t)-¥+pt+cvlu_‘[§‘(%¢ _%c )]
th) = °—-X':ccr.'o, ) 2
7

(g is a dimensionless coupling constant) which yields

. ) ('§i+k" =) g, in? SO ng“,)
e ¢ 2_. haq ill !
Vi k) 7:%"2;‘ [c

e x
o o ¢ Iy - ¢ it (3)
e Z (B g ’
X

vhere normal ordering was used. The main alvantage of this representation is

that the expression ingide the bracket resembles formally the tachyonic vertex
-

C o iaT L il L8 ~ T
Z Virk'd, e cki(x'eprant) -2 Viamk' 2y &
Y)ape™ e e ™™ = )

We note that the coefficients multiplying the oscillator (an . a:) in Egs
(3) and (4) are related by k + +k + ,%" With this observation we can simply
use the expression for the trace over the oscillators in the tachyonic case {3]

with the above replacement. The derivatives with respect to § will be takea

at the end of the calculation.
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To calculate the cne~loop M-particle planar amplitude we ase :

w
A4, M) - [d? T [ava,k)a.. avo k)] )

(A is the propagator and we set 7 = 0 in the vertex operator (3) according
to the “cancelled propagator argument” (3]). With the insertion of the vertex
operator Eq. (3) s the trace part of the smplitude can be easily evaluated
since it factorizes into an infinite product of traces over the single oscil-
lnFors just as in the tachyonic case. After some standard manipulations [3],

ve obtain for the amplitude

ke 728 «{

, M ty -
Ar(a,..,n)-(«,) jdﬂax‘..a’,w 4 (o _,-.”,’j- 5 AL

where
E; = (=K k k&-*‘)
fw)= "7?4 (2-e")
A _": ~aa'k: K. A
= . €
‘:‘J
y T ™ (?-k; §.k)
LCJ L " oo
D = r‘ ”Q C Nea A
c‘J
A«-J Z 4 (C * C Ly 4::-:" ¢
4.
= z' (C" - ) A.w

ey

¢



4 T (7 cont.)
d
M
Bere we used momentum comservation ( § k. = 0) and the mass-shell conditiom,
i=1
,‘2 a 0. Our notations follow those of Schwarz {2]. -
J

We perform the momentum integration and putting everything together we

obtain for (o)

4
M
Ar(4,..,M) = (¥9) J 1 oy ) f(w)

LR
— 'k ['-&-w(f..%){at_".)*Aj.] - -rl:k;
x e . C.. x
(94 Jl
%;— ) ? [—,;- W‘Kk( RURCR LIS R il ®
2 %0E |
4
x e{"%(l‘] b J
§ -0
(4
i.npi
where we introduced i = Fre

Ia (8) we dropped all the factors in the exponent involving comtracticns

Eiki since they vanish after differentiation due to the transversality con-

o

dition, “iki = (0. We also neglected quadratic terms £. in the exponent, as

[

they do not contribute to the amplitude. Multiple use of the Leibniz rule and

the observation, that the term proportional to :igj in the exponent has to

be differentiated an even number of times in order to get a nonvanishing con-
-
tribution, show that we obtain at the end a sum of kinematical terms of the

form

Cog )k ) (ne b ) g ng ) (o)
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vhere all the n; appaar exactly once; il $ jl » T; < S. and M =1 + 2k.

i
Each such term is multiplied by a product of factors coming from the exponentials.
Introducing q = exp(Zﬂzllnu) and using the properties of the Jacobi theta-

functions [8] we obtain for the amplitude (6) (with i kik. =0),
i<j

s Mg 2 -2 v (M
M0 (o [T 90, 00 et (2

s {Sm‘(" )T,-(4-11“¢aflﬂi-‘:')+1“.)k (10)
L<1 el J
w'kky

xexr[ ("”"-- .}"f‘)] T F(? ' cJ) )

where F is the sum of terms (5) resulting from the differentiations. Each
-such term is multiplied essentially by a product of B'j . Dij'
The expression for Bij and D in terms of the v, q variables are {7)

& - 1 Cin
I”:‘j"%*(?'“' ?‘L[c,t u(ﬂ-v )+ ¢§“_1 Sim (0 (V- ,,))]

a)
D,-J.- Leg -( L) [ s -j—cp!(!l‘u(i‘-n)!'l';'l
W T s...",,—(.;_\{) et -

We see that the general kinematical term (9) is multiplied by a function con-
taining terms proportional te (inq)". (Enq)u-l,...,l. The term (ﬁ‘.nq)H cancels
the (i/inq)H appearing in (10) so that the leading divergence in the integrand
of (10) is of the type q_3 (for q + 0) as in the corresponding tachyonic
amplitude.

Ir. a similar way, we can also study the nonplanar one-loop amplitudes. The
integrand of the ronplanar orientable amplitude has poles, when the limit q + G

is performed, which can be interpreted as closed string bound states as in the
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tachyonic case [3].

3. Zero-slope limit of the loop amplitudes

In this section we discuss the zero-slope limit of the Bne-loop amplitudes
with external vector particles.

For clarity, we present here in some detail the calculations for the am-
plitude with two external states. This can be easily gemeralized to amplitudes
with any number of external vector particles.

The compactified [2] (from 26 to 4 dimensions) plamar one-loop amplitude

is obtained from Eq. (6) :

4
v, . < (premt)-1 f .(((p-k)fu.) 4
Ar(t,t) = ju _11"' Id,. -(J'dx‘ dx
° w'k kg

n * _u: t
%(ol%fzﬂ)f(w) T [4-a™E - ) I
. 2‘ CC -’ c, )

(12)

-+
4-a"

"'(‘l‘k Z' (C W' C ll‘r)(‘ll 2‘ (cg4 - ""L,_(r-k ))]

LX) hed (

2
<

2
ey ' . .
with w =x x2 » C,,' bd Xz » wC‘z = x1 y 2 = Q /R and R 1s the radius of

compactification. The dimensionless coupling constant in 4-dimensions is defined
as [2] : g = 32611( The only contributions to Ap(1,2) in the zero-slope

limit come from the corners of the integration regiom in the %, X, plane.

The cormer x, ,xz-»I (or w=~+1)

divergent wvhen w + 1.

can be neglected since the amplitude is
Here one should consider the renormalized quantity, which

turne out to be proportional to a' and thus vanished when &' + 0 [5]. For

the corner X, !2 + 0 we get :
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-_3 jc{" Co,p (v, Cp-K))
(P fm”((P-k)+ua)

(13)

which corresponds in scalar electrodynamics to the amplitude of the following

Feynman graph : MAO\M .

From botn corners x1 -1, x2 + 0 and X, -0, x2 ~+ 1 wec obtain the same

result, which is :

J“= "'14'21 d? r's + 'l."L;_ fJ'l (14)
i (prrmt)

where the first term corresponds to the amplitude of the Feynman diagram :
NVQ\/V\ .

The second term in Eq. (14) results from the infrared divergence; in order

to avoid it we had to give a small wass u2 to the "photon".

~ This additional term can be interpreted as being originated from a mass
counterterm of crder g2 in scalar electrodynarics with mass 6m2 = 21 {dl'p.
We note also that this problem does not arise, when one considers amplitudes
with more than two exterual legs.

Similar to the analysic of the planar zmplitude, we can study the nonplanar
orientable and nonorientable one-loop amplitudes.

In conclusion we find that, taking into ;ccount all the one-loop amplitudes
of the string. model, the relative weights of the Feynman diagrams we obtain are
the correct omes for scalar electrodymamics.

Note that one has also to sum over all the cyclically inequivalent permuta-
tious of the external legs. This is important because for the amplitudes with
more than two external vector particles one finds terms, which dec not correspond
to ordinary Feynman graphs in scalar electrodynamics, and once the sum over all

permutations is performed they cancel.
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Two-dimensional a-models have recently become important in the context of string theory as
they provide a description of strings moving on some curved background space-time. From the
other point of view (which | will follow) one can also consider the o-model as a generalization of
string theory.

The two-dimensional o-model as well as a string theory can be considered as a theory of
mappings from the/a two-dimensional manifold into some higher (usually 26- or 10-;
dimensional one. The underlying geometric picture is rather simple (ses fig. 1).

XNaM(m=1..D)
D-dimensional manifold D scalar fields on S providing coordinates on M

called a target space

2-dimensional manifold called a world-shee
with co-ordinates g (may be compact)

We can define a string mods! os a one gavemedbythelagrang'anm
L= V2 43V 3 XM 3 X (1)

where y{©HY is a metric of the world sheet and Timn @ flat metric of the target space. This mode!
possesses a two-dimensional reparametrization and even conformal invariance. From the firs
sight it may look somehow trivial (as a free scalar fields theory), however since 1) is considerec
as an independent field its field equations provide constraints (energy-momentum tensor Tu‘,
of X™'s is zero) which make a theory highly non-linear.
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Observe that since leso its 4,arealso vanishes which is equivalent to the above mentionec

conformal symmetry of the theory. This symmetry however becomes anomalous on the
+

quantum level unless D=26.

Theretore the theory can be consistently quantized only il the dimension of the target manifoid
is exactly 26. The dimension for which conformal anomaly is absent ig usually called a critical
dimension.

A usual way of generalizing of some physical theory is to enlarge its symmetry. The theory

described by (1) has symmetries: a conformal symmetry on the world sheet and a local Lorentz
one on the target space.

The obvious way of extending the world shest symmetry is to have it supersymmetrized, i.e. to
introduce a two-dimensional superconionnal supersymmetry.

it can be done easily by extending the variable of (1) into corresponding supermuitiplets:
TEHY (P, B,

plus the field which gauges a superconformal symmetry which, however, decouples from the
lagrangian;

XM, M, AM, FT) @
where v, (%) is a two-dimensional gravitino, A™ a Majorana spinor and F™ an auxiliary field. it turns
out that a superconformal invariance of the resulling theory is again an anomalous one uniess

D=10. The theory govemed by supersymmetrization of (1

Ly=Ly+°SUSY"



378

is called superstringsm or heterotic stringslz] depending on some additional assumption we
" make. These theories are expected to be finite and since their low-energy limit seems to be ¢
D=10 N=1 supergravity coupled to Yang-Mills fields (which is anomaly-free for Yang-Mills groug
EgxEg or (S0O(32)) we can consider them as (an) ultimate unification theories. Also 2
dimensional reduction down to 4 dimensions is expected to be consistent with
phenomenoiogyla].

Even it one could consider the theories described above as quite satisfactory we can go furthe:
in generalizations of L,. It can be done by extending a globai Lorentz invariance in the target
space into a local one i.e. by replacing a fiat target manifold by a curved one with metric tensor
Smnt®) point-dependent. Then the lagrangian Ly, (2) changes into

Ly = 7RV ¥y 3, XM 3, X" g (x) + “SUSY". ®)
Lagrangian (3) is invariant under the general coordinates transformation

XM 5 XM 4 EMiy),
Omn g@ap Smn + gmp angp + gm am§P @

and the theory described by (3) is called a two-dimensional supersymmetric a-model. if we
quantize it by using the background field rnelhodm. the effective lagrangian is an Einstein one
plus terms proportional to the higher powers of Riemann tensor.

We can further modify a lagrangian (3) introducing two new fields that together with g, are
contained in the bosonic spectrum of ten-dimensional supergravity namely the two-index
antisymmetric tensor field A, and the scalar ®. The resulting lagrangian reads )

Ly =3, X™ 3 X" g + BV 3 XMa XM A +
+®R2Vy+=SUSY", (5)
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where R(@ is a curvature scalar of the world shest. it turns out [5] that the eftective quantum
fields equation resulting from (5) are those of the bosonic part of D=10, N=1 supergravity with
the additional terms nonvinear in Riemann tensor and a field strength Hpg of A Observe
that it we do not introduce the additional scalar field 18] the term <DR(2F breaks a superconformal
invariance down to super-Poincaré symmetry. Tii@ former can be, however, re-established on
the quantum level.

The reason of constructing o-models described above was to have a direct correspondence
between the resulting efiective theory on the target space and the ten-dimensional
supergravity.

Since the ten-dimensional supergravity contains also a fermionic part we should make a
one additional generalization replacing the fields X™ by XM = (x™, x®) ] (x® . anticommuting),
which means that we assume a target space to be a supermanifold, and change gp,,; and A,
by corresponding superfields. # follows that we can drop the last term in (S) since there is
anough room for the field ® in the superfields below and thus we have a final lagrangian (71

LGy 3,53 XN ™My s Ay 3, )Mo xN ™ L susy. ()

The eftective theory coming from (6) is not in direct correspondence with ten-dimensiona
supergravity. The reasan is that if we assume two-dimensional SUSY which is crucial from the
point of view of superstrings, the supergeometry of the target space must be Riemannian
{without torsion). Thus the effective model corresponds more to the Arnowitt-Nath approach tc
superspace 8 rather than to the direct Wess-Zumino one {9,

The first problem one should solve in our model! is to find what is a critical dimension. To do s¢
let us assume that the super target space is fiat, i.e. GmN = Mimne CaB) where CaB isa
charge-con- jugation matrix. Then using the Fujikawa method [10] we find that the contribution
from D commuting fields X™, D' anticommuting fields X®.and the ghosts to the factor that
muttiplies anomaly are respectively 3/,D, ~ 3, D", - 15/,. it foliows from the fact that

anticommuting variables give the same results as commuting ones except for sign-flip. Thus
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5. COHCLUSION

The result clearly shows that cosmic ray data contradict
the assumption of the validity of scaling in the
fragmentstion region. The scaling is violated in such a wey
that the spectrum of the secondary particles becomes softer.
This effect goes in the same direction as that following from
the above given formula. The increase of the invariant
cross-section in the central region is followed by a decrease
of it in the fragmentation region. Somewhere in between there
mist be a cross over point. The accelerator observations
practically 4o not pass that point and that fact sometimes
leads to the statement about the existence of scaling in the
fragmentation region eimply Dbecause the invariant
cross-sections for different energies appear to come
together. In actual fact a closer look in the data shows that
on the contrary they indicate a tendency to cross over saince
the slopes are different. The existence of the cross

over
point is strongly required by the cosmie ray data.
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. ABSTRACT

‘Expected flux of high energy neutrinos from

Cygnus X-3 is calculated on the basis of
the model dJdeveloped for the ultra high
energy - rey emission.The expected “luxes
are on the limit of the detectabili+ 7 by the
existing underground devices sand would e
easily detectable by the future large
detectors. The phage profiles of the
expected neutrino fluxes are

shown. The
differences are pointed out

between the
ratios of the elect.x-onl 1o muon neutrino
fluxes in the case of the atmospheric

nemrinos and those originated in Cyenus
X-3.

In that paper under the term electron neutrino y

together j

+ Ye . Similarly for muon neutrmo.

we understand
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INTRODUCTION

The discovery of the ultra high energy ¥ - ray from Cygnus X-3 /
semorski and Stamm 1983 / and the latter indications at some
underground proton decay detectors / Battistoni et al 1985 / of the
existence of some sort of signal associated with Cyg X-3 phase caused
very great excitement about thet source. In particulsr a number of
theoretical papers about the source itself and about the carrier
particles have been published.

At the present moment only the photon hypothesis has some degree of
understanding of the possible scenario. That hypothesis however is
also facing several difficulties and is in clear contradiction with
the underground observations. The last fact may not be 80 serious a
drawback as the fact that the uvnderground cbservations are still not
well founded atatistically. It should be remembered that this effect
is not confirmed by other experiments for instence Baxan array /
Chudakov 1986 / .

The scensario which seems to be the best 1is that based or the
picture of the binary system with 8 compact object 88 one of the
companions and relatively massive star as the other / Vestrand and
Eichler 1932 /. The cosmic rays accelerated somehow by the compsct
object .sfterwards interact with the massive companion and produce
secondaries which partly turn into ultra high energy 1{ - rays. In
those interactions are also produced different particles. In appears
that anong those an important role cen be played by neutrinos firstly
becouse in pi-inciple they can be detected at the Earth and secondl'y
since there exists the possibility that they can play ah important
role in the stabilisation of the star as whole / Stecker et el 1985 /.

The possible flux of neutrinos has been calculated by Gaisser and
Starev 1985 using some sort of semi - scaling model. In the present
work we describe results of calculstions based on a model which better
describes both accelerator and cosmic ray data.

ASSUMPTICNS ABCUT CYGNUS X-3 SCUECE

It has been 8ssumed that the parameters characterising Cyg X-3 were
as follows:

R=2R,=1.4100n : r=1.28=17107n



observer

Fig.! The schematic view of the Cygnus X-3 binary system. The symbol
used in the paper are indicated.

= 9 ° °
l=2le-4'|° kg : -57 £ 6 £ 57

The distence Cygnus - Earth ~ 10 kpe.

The density of matter in the companion as a function of distance is
taken as

¢ =?°exp(-12 x/R) : Q,= 18 g/cmd

In the center of the star there is a regicn with density of order
of Qo-

In the present calculations from the two discussed spectra the
power law one has been chosen; the other being the monoenergetic one
proposed by Hillas 1984. )

It was aasumed that the total energy output of the cosmic source is

2 1040 erg/s for the energy above 10° eV. The actusl shape of the
energy spectrum is ’

- i(e)aE = a2 ae
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where A is obtained from the expression
10¢
fe-5(E)aE = 1.25 10*3 Gev/e .
-

The distribution of the matter as function of the angle between t:e
direction of the beam and the straight line connectirg the center of
stars is ghown in figure 2. It ranges from O to 1.9 10'2 g/cm2 .

L L] L ]

0° 14° 28° 42° 56°
§]

Fig.2 Column density of the metter in the ster along the direction
towards the Earth as the function of the angle 6 .

THE MODEL OF HIGH ENERGY INTERACTION

The model spplied in the calculations is based on the scaling
violation picture suggested by Wowczyk and Wolfendale /1984/ . The
parametrization of the formuls is teken from the accelerator date up
to s = 900 GeV / 4.5 10'4 ev in 1ab system /.

That model has been verified in cosmic ray investigations . In
particular the verification has been done in our work / Kemps snd
¥dowczyk 1985 / in respect to cosmic ray muons in the etmosphére . In



B L IR

U i ety e

485

observstiona.
The flux of the horizontal atmospheric neutrinos

-1, / chudakov 1986 /

.iy" ~ 1077 cn™2 &

ia in good agreement with the calculations.
It cen be concluded that the discussed model gives a description of
the experimental daté on cosmic ray muons and neutrinos produced in

the atmosphere .
THE RESULTS

As it was stated earlier the objeci of the present zalzulations is
to obtaimr the expected flux of the neutrinos from Cyg X-3 . The
calculations were performed assuming that the companion is 8 source of
cosmic rays with a flat spectrum / J(E) dE ~ E~° / extending up to at
least 1018 eV. The transport equations of the cosmiec rays in the
matier of massive companion have been sclved by the aame method as
that used in the calculatidn of the aimcspheric muons and neutrinos /
details can been found in Kempa and Waowczyk 1985 /. All the deray

3 \ ~
“F . after \
— 1 '3_ .\/- .
u_a} \ absorption ]
= ! °

4 . 0

10

10 168 10° 100 10
EYH,GeV

Fig.4 The neutrino produstion spectra at Cyg X~3 , for & °

The spectrum modified by the ebsorption in the star is alsc
marked . .

= 0" and 56?
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GeV

-2 -1

3
,;,rn S ST

(ExDE

j

¥ig.3 Atmospheric muon energy spectra for various =zenith sngles.

Figure is taken after Kempa snd Wdowczyk 1985. The experimental_ data
are taken from following works:
at 8 = 0° Thompson et al /1977/,Allkofer et al /1271/,Knhalchukov
et al /1985/,Khrenov /1977/,Ivanenko et 8l / 1985 / ,
. Krishnaswamy et al /1983/;
at ® = 79° Jokish et al /1979/, Allkofer et al /1981/;
at @ 88.8° Matsuno et al /1984, .

figure 3 taken fror that work the results of calculetions are compsred
with the data from various experiments. The agreement with the
predictions is really very good. It should be of course rememberei
that the agreement is also dependent on assumptions concerning primary
rass composition. However the mass composition taken is based on EAS

date / Gawin et 8l 1984 / and is in good sagreement with JACEE
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-]
processes which can be sources of neutrmos /ot K‘ ,K~ / and have

probability of occurence higher then 10 were taken into account .

The cascades originated in-' the external part of the star are
absorbed not far from the surfece with exception of the neutrinos
which penetrate deep into but eventually are also absorbed / the
exceptiona here are only the most outer parts of the atar where tfxe
thickness -of the matter traversed is relatively smsll eee figure 2 / .

The effect of the neutrino absorption in the companion star is
shown in figure 4. For the neutrinos crossing the central part of the
star, the atar ie practically opaque for all. neutrinoe with energies
" above 10° GeV . The absorption haa been calculated assuming that the
crosa section for the neutrino interaction iz increasing with  energy
according to the formula / Gaisser and Stanev 1985 /:

tot 0740 °%
& S R v (e/50

L Ev,=10°GeV .

j(=Eyu JEp m2s'Gev
2

10° ék.
-56° -28 0° 28 s

Fig.5 The neutrino curves as a function of the angle ® and neutrino
threshold energy .
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A similar formula is used to described the total cross - section of
the antineutrino interactions. Those assumptions are indentical with
those taken by Gaisser and Stanev .

The analysis - has been done 4lso for the hypothetical 1linear
increase with energy of neutrino cross - section /64/ E = const. / .

The obtained results are bsassically the sume. The difference
concerns only the spatisl distribution of the deposition in the star .

In figure 5 there is shown the dependence of the muon neutrino
fluxes 88 the function of the pulsar positicn on the orbit .The latter
is described by the angle between the earth direction and the line
joining the centers of the stars. It is seen that for relatively 1low
energy thresholds Cyg £-3 is emitting neutrinos semi-uniformly for
about 40% of its orbital period. For the higher energy thresholds the
neutrinos are emitted more in the form of two epikes graduslly
becoming narrower when energy increases .

The obtained estimation of the flux ~ 8 10°C co 2 g~} gives some
hope for the possibility of the detection by the large undergrouni
detectors / Baxan , IMB / .

~ THE RATIO OF ELZCTRON / .’g / TO KUON / Y./ NEUTRINO FLUXES

The large size detectors allow one to observe neutrinos interacting
inside of them / or very close to their surface /. That in turn gives
a possibility of detection and identification of the -two types of
neutrinos / Ve and Yu /.

The ratio of Ny, / l‘!g" appears t6 be an interesting parameter as
it allows for differentietion of the atmospheric neutrinos from those
coming from Cyg X-3. For the atmospheric neutrinos that ratio in the
case E 21000 GeV, is clearly below 0.1 . Cur calculations here are ir
good agreement with cslculations of other authors / Osborne
1966;Mitsui and Minorikawa 17%85;Volkova 923/ for different models. 30
that conclusion appears to he model inlependent. In figure 6 we show
Lhe depenience of the ratio R = H\’e/ Ng',_ on rneutrino energy both for
atmospheric neutrinos and for Cyg X-3 neutrinos.It is seen that for
Cyg X=3 that ratio is at least 5 times higher then in the case of the
Aatmospherie neutrinos .
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Fig.6 The ratio of the number of electrons neutrino to muon neutrinos
as the function of neutrino energies / —=——==— Osborne 15666
------ Mitsui and Minorikawa 1985, Volkove 1683 /

CONCLUSIONS

The flux of neutrinos averaged over the c¢rbtital period of the Cyg
X-3 of order of 107/ cm™2 s~ for 100 GeV threshold is on the liri®
of jetectibility for the existing underground detectors. The flux
would be detectable for larger detectors planned in future .

The detection of the neutrino flux from Cyg X-3 end its phase

dependence could provide important informstion about model of the ¥ -
rey and neutrino emission .



490

It is worthwile to notice that the results presented here are valid
also in the case when the cosmic ray emissivity of Cyg X-3 is much
lower and the high observed ¥ - ray intensity is due to strong beaming
of the emission towards earth .

An additional possibility of verification of theoretical moce-s and
jdentification of neutrinos from point sources is the measurement of
the ratio.of the electron to muon neutrino.

In the coasidered scenario for Cyg £-3 and any other scenerios
where'the high energy photons originate as the result of n° decay the
ratio R = Ny / Ny, must be a few times higher then that expected for
atmospheric neutrinos .
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Albslnact

We show that in the framework of ihe supersymmetric standarqd
@odel, masses of light quarks and leptons together with mixing

angles can re generated by radiative corrections . The raiio of

the eiectron mass to the up/down masses as well as the hierarchy
of mixing argles are obtained i1n a natural way.

* Supported :n part by Polish Ministry of Sclence, Hagh

Education ana Techinology, Froblem CPEPGL. O3,
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Introduction

The well Known arguments suggest that the supersymmetric ex-
tension of the s’.andard model may be a reasonable iow energy
theory (see Ref. [1] and references therein). In a widely accepted
class of such mcdels supersymmetry (SUSY) is explicitly broker by
the additional soft terms in the Lagrangian. One can regard these
terms as emerging from a theory with local suypersymmetry at very
high energies [2) but it is not necessary and we allow for the
most general soft SUSY breaking.

All possible soft SUSY breaking terms have been classified
{3). They belong to one of the following classes:

m, (12)€ \3 - Hajoranpa mass term for gauginos

md, (313" gJa - mass term for left sfermions

1] L L

2 el v =)

m” (sR) SR - mass term for right sfermions

K ,,a ,~i ® ~ja. _ .
h” hK (sR) sL + h.C. coupling of left and right sfermions

to Higgs bosons (generates mixing
matrices for left and right sfermions).

The avove terms aliow practically arbitrary mass matrices for the
up- and down-type squarks and sleptons. The only limitations come
from .experiment which suggests that sfermions of a given charge
are almost degenerate in mass (differences ao not exceed few GeV
whereas masses nust be larger than 20 Gev) [1,4]).

Models with softly broken SUSY differ in a certain important
aspect both from models with exact supersymmetry and those
without supersymmetry. In the limjt of exact SUSY all the masses
are not renormalized, 1.e. radiative corrections are zeroc [5]. On
the other hand, when SUSY is absent, radiative corrections to
masses are divergent and must be absorbed by renormalizstion
pracedqure®. In the intermediate case considered by us,
corrections are neither zero nor divergent. Rather they are
finite and calculable. This suggest that some elements of the

* This is a general statement. Additional symmetries (e.g.
chiral symmetry) can protect some masses from getting divergent
contridutions (see e.g. {[6}).
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tree level fermion mass matirlx can be significantly modified by
radiative corrections. We discuss this problem 1n the one-liooy
approximation.

GQuark masses

Let us assume for simpllcity that we have only one quark ¢
and tiwo squarks gy and Jp with masses mg, 2y and mp,
respectively (mg « my, mp). In general, the physical states <:'1
and @ are different from the interaction states g and Jg
which are associated wiih two possible chiralities of the quark.
The two sets of fields are related by an orthogonal matrix:

r

g !' cos @ sin € a

q" = l LR LR L (1)
c - cos O q

o) Sin 6 p LR T

The leading correction to the quark mass comes from the
SUSY QCD and is given by the limit p - mg of diagrams de-
picted in Figs. 1 and 2. Due to supersymmetry, divergent contribu-
tions from these two diagrams cancel each other. The crosses de-
note the places where the helicity flip must occur. In the
diagram of Fig.1 the helicity flip is related to the mass ¢f the
quark, so this diagram is proportional to gsamq/mr? (where gg
1s called the strong coupling constant rencrmalized at the gluino
mass scale) and can be neglected in comparison wiih the tree-
level mass mg . In the diagram of Fig.2 the helicity flip must
occur on the gluino line. Also, the mixing beiween gy and Jg

states is required. The mixing is effective only when physical

squarks differ i1n mass. Thersfore, the finite contribution t¢ thec

quark mass from the second diagram is proportional to the mass
difference between squarks and to the gluino mass, but not to *he
quark mass itself. Observe that the J; - Gp mixing violates

the generalized chiral symmetry (for which chiral rotations of
quarks are associated with identical transformations of gp and
ar states) Thus, it 15 pessibie to gensrate noen-zerc cne-loop

contribution te the quark mass even if it vanisnes at the tree
level.

In the 1imit 2w : my~mp & m : {m+mpa}/2 the contribuilen

to the guark mass from the diagram in Fig. 2 hasz the form:
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.4t 2 - i
qu =3 -l-é—“—" €s sln(29u;; am f(?) » (2)

where the dimensionless function

X-i-1n x

fixy = 27% (1-%)2

has been plotted in Fig. 3. To estimate the value of qu. we put

Lo <%, i .
f(g) s 1, remi 0.1, sin(26gp) = - (3

and obtain
. . am
emq £ 7.5 Hev ‘——asev’ .

This value is close to the current masses of the up and down
quarks. Thus, it 1s possible that the masses of quarks from the
first family come entirely from raadiative corrections.

Lepton masses

Since leptons do not intesract strongly the whole one-loop
radiative corrections to their masses must be of electroweak
crigin. Therefore, we may expect them to be naturaily one order
of magn:tude smaller than those for quarks. Similarly to the
quark case, lepton mass corrections are dominated by diagrams
analogous to that of Fig.2 with quarks {(squarks) replaced by
leptons (sleptons) and the gluino replaced by one of the
charginos or neutralinos. In the minimal supersymmetric extension
of the standard model there are two physical charginos and four
neuiralinos which are the mixtures of the following interaction
states: gaugines B® (bino), w° #! [winos) and higgsinos
A%, A°, £? [1]. Of course, the contributions to lepton
masses depend on these mixings. To estimate the leading
corrections, lel us notice that higgsinos interact very weakly
wierea2s winos do neot interact with right-handed leptons. Thus,
the deminating contribution 1s given by the diagram with the
Pimo. Let us assume for simplicity that the bino is the physical
pariicle with the mass mp Then, we get

1

m
amy o= e £'2 sin{aerg) am ﬂﬁ) ) (4)

e
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where g’ 1s called the coupling coastant of the U(1) gauge group.
Under the assumptions analogous to Egs. (3):

= . 1
f(".:) s 1, sin(29Lp) = -"=2' .
[

together with

‘,JE_ o ’E 1
4w ~ cos? 6y 3 137 °

Eq. {4) taKes the form

am; s 0.27 MeV . (Té%%)

Once again, we have been able te preduce a nunber cliese to the
physical mass of the first family fermion {in this case - the
electren). Therefore, it 1is natural to assume that the masses of
first fam:ly fermions are of the radiative crigin. This way, %o
get the proper mass hierarchy. The experamental values of ihe
masses can be e3sily oblained by appropriate adjastment o
sfermion parameter

Mix:ng aneles

8o far, we have been neglecting the existence of various
families of fermions and the mixings between them HNow, we are
going to relax this limitation. To simplify cur discuscion,
us assume the existence of only two generatjons.
case can be worked-out i1n a similar way

lev

The more general

We assume that the tree-level quark mass matrices are
diagonal but there is non-zero mixing between squarks of various
families. Together with our earlier discussion,
the tree-level quark mass term has the form

thils means that

I -

- = o o u - - o o d
fu ¢} + [d s (%)
0 n e o m s
¢l . s J

whereas the physical squarXs are expressed in terms of right and
left fields by the formulae (replacing E3. (1))
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In gereral, m:xing matrices (U;;) and (D;j) are arbitrary.
However, in the supergravity models they are determined by the
tree-level quark mass matrix [2). In particular, the diagonal
quark mass matrix ic. f. Eq. {5)) would imply the lack of famiiy
mixi1ng (both in the gquark and squark sectors) up to all orders oi
perturbative expansion. Thus, it 1s essential for our approach to
censider a medel 1n which squark mixing is independent of the
mass term $0Or QUarks.

Up to terms of order O(gsz) there are two types of diagrams
renerzting non-zero <uark mixing. Diagrams of the first type
({shiown 1n Fig. (4)) contribute direcily to the quark mass matrix.
They are of the same order of magnitude as the diaeram depicted
in Fig. (2} (discussed previously), 1.e. g¢€ams/16r€.  The other
Lype of corrections 1o the quark mass mairix is generated ry the
¢d1fferent rencrmalization cf the left- and right-handed wzv
functicens (¢. £. Fi1g. (S)). These corrections are Suppressed in
comparison with those of Fi1g. '4) by the factor u@/m; ® Within
ith= apprcximation employed by us, they can be safely neglecied.
The resulting quark mass term at the one-loop level has the
following structure:

- ot Cams1672)  Olg Cam/1692) u
[u C]* S S
otg Cam/161°) owm ) c
S [
{6)
_ olg Camr1692)y Ot Cam/1699) a
+ {d s s s .
owsc"mfwv-?) otm ) s

* Dragram in Fig. (5) can be also drawn as a direct mass cor-
rection. One should add a cross denoting helicity flip on cne of
the external lines. In this case the proportionalliy to the quark

ma3s is obwvious.

-
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Diagonalizing mass matrices of Eq. (6), we can find the quark
mixing angle 6.~ It is of the order o(csa/lsn? am/mg}. Since the
masses of the up and down quarks are generatied radiatively we get

O = OlgsZ/1692 amymg) = Olmg/mg) = O(1/20) . (M

The last number should be compared with the experimental value of
the Cabidbo angle, sin 6, 5 0.22. The agreement isn’t striking
but we should remember that Eq. (7) gives only an order of magni-
tude estimate. It 1s unnatural to expect that am;; for each pair
of squarks is exactly thz same. With different am's the factor of
4 can be easily generated leading to a good agreement wlui the
experimental value ". '

Eq. (7) is only slightly modified if more families are taken
into accouat. In this case the mixing of the n-th quark with
lighter quarks is of the order

otg 2/16v2 amym, ) = Olagm, )
{ ]

Thus, mixing angles of heavier quarks are naturally smaller then
those of lighter ones. This way we reproduce the observed pattern
of the mixing matrix.
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Lifetimes of Heavy Mesons
and the
Kobayashi-Maskawa Matrix

Bernd Lohr
DESY, Hamburg, FRG

N 1. The Kobayashi-Maskawa Matrix ; Part 1

Throughout this talk the expression “heavy meson” is used for mesons containing at least
one charm or bottom quark or the respective antiquark. In general quarks are not stable.
They decay by their couplings to the weak charged current. The inass eigenstates of the
quarks are however diflerent from the weak eigenstates to which the charged current couples.
The relation between these two sets of eigenstates is given by the Kobayashi-Maskawa matrix.

(),(2),(6), = (2),- ()6,

weak eigenstates mass eigenstates

By convention the mass mixing in the left handed weak isodoublets is chosen to accur only
between the charge -1,3 members of the isodoublets.

‘f Vud Vun V-b d
s = 4 Vo Va $
v Vu V,, Vu b

~ For the presently known three generations of quarks the matrix V is 2 unitary 3 » 3 matrix
with four real parameters. M. Kobayashi and K. Maskawa parametrized this matrix 1 in
terms of three real angles and one compiex phase.

(5} —38)C3 — 835y
V =] 8162 €106y — 5183¢%  ¢;6383 + Speze”

8183 €533 + c;s,c“ €18283 —'CQCSC“ y

& = sinb;, ¢, = cosb,; 1=1,..,3

v, TP

The parameters of this mixing matrix can be determined by analyzing processes which involve

1
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weak charged current interactions. From the experimental point of view there are two kinds
of such processes.

o The "weak production” processes, like e.g. deep inelastic lepton nucleon scattering,
shown in fig. 1a. The measured quantity is the cross section.

o Decays of quarks, as shown in fig. 1b. In this case the experimentally determined
quantity is the lifetime.

In both cases a straightforward extraction of the K.-M. matrix elements is not possible because
free quarks don’t exist. In deep inelastic scattering experiments the target is always a nucleon
and one has to know the structure functions of the bound quarks. The decays of guarks cannot
be observed directly. Only the lifetimes of visible hadrone can be measured and it is a priori
not clear how to relate them to hypothetical quark lifetimes.

For the determination of the matrix element V,, mainly data on nuclear 7 decays and a
comparison to the y-decay have been used 2. In the u-decay the virtual W-boson couples
to {#.1+,} with fuli strength, as shown in fig. 2a. In a nuclear §-decay the W couples to the
v quark proportional 10 V. as indicated in fig. 2b. The result of a recent analysis {3 is

iVua! = 0.9729 3 0.0012

The determination of V,, involves processes with strange quarks. An analysis {4] of Kpy
and hyperon decays leads to
V,,! = 0.221 £ 0.002

Under the assumption that only three generations of quarks exist one can determine Vol
from unitarity, once [V 4i and {V,,} are known.

WP+ Vil + Vull=1 = [Vul? =0.005+0003

The disadvantage of this procedure is that the large relative error, which makes the result
compatible with zero. is mainly given by theoretical uncertainties in extracting {V,4} and 'V, !
from the data. Thus an improvement can only be achieved by the determination of |V,,i from
the lifetimes of botiom hadrons. ’

For the determination of K.-M. matrix elements involving charm quarks one can use
lifetime measurements of charm and bottom hadrons and charm production in deep inelastic
scatiering processes. In the rest of this talk I will report on lifetime measurements and
concentrate ma'inl) on results from e~ ¢~ storage ring experiments.

I1. Lifetime Measurcments of Charm Mesons at PEP and PETRA

The typical lifetime 7 of charm mesons is of the order of 107"% to 10~'3s. In the laboratary
the mean decay length ! of a hadron is | = 4f¢cr, with v = p/E and v = 1//1 - 5%. At
the center of mass energies of the PEP and PETRA storage rings one finds for the produced
charm mesons a value for 73 of 2 to 5. This leads 1o decay lengths of approximately 0.1mm to

2
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1.0mm. High precision drift chambers offer a spatial resolution which is adequate to measure
the tracks of the decay products and reconstruct the decay vertex for such decay lengths.
In the following 1 will describe the experimental methods applied to measure the lifetimes

of various charm mesons in e* ¢~ storage ring experiments and present results.
L] .

Measurement of the D’-Lifetime

For the identification of D° mesons in e¢*e” annihilation events one takes advantage of the
charged D" decay into D° mesons [5].

D™ — D°s*; BR= (491 8)%

The D° mesons subsequently decay mainly into the following final states

D - Kt ; BR = (54x04)%
K- =xtx° i BR = (17.3x1.7%
K%zt ; BR = (10911.0)%

The mass difference Am = mp.. —mp- is hardly above the charged pion mass. This results in
a very small Q-value for the D" decay. The distribution of calculated mass differences between
reconstructed D* and D’ candidates exhibits a narrow peak for real D, D° combinations.
This can be seen in fig. 3, where TASSO data on the decay D° — K~ 7" are shown. The
small Q-value for the D" decay not only facilitates the identification of D° mesons but also
helps in the reconstruction of the D° decay vertex. It allows only a very small transverse
momentum for the transition pion which therefore passes through the D° decay vertex within
the measuring accuracy. The situation is visualized in fig. 4. The transition pion can thus
be used as an additional track in the fit for the decay vertex and for the determination of the
D° decay length.

Most of the present detectors at ¢*e¢™ storage rings measure much more accurately the
coordinates of a reconstructed vertex in a plane perpendicular to the ¢* ¢~ beams (x-y plane)
than in a plane containing the beam axis. The primarily measured quantity is the x-y
projection I, of the decay length I. The direction of the D° momentum can be determined
sufficiently well.to calculate the three dimensional decay length according 1o

I
I=—~"— with fp = polar angle of the D° direction
amﬂp

Technically the determination of the decay length for an individual decay proceeds as follows.
First the decay vertex is reconstructed and fitted in the x-y plane using the identified decay
products and including the transition pion. Propagation of the measuring errors for the
tracks results in an error matrix for the decay vertex position in the transverse plane. Second
the origin of the D° meson in this plane has to be determéned. This is the decay vertex
of the charged D* meson which for all practical purposes coincides with the event vertex
because the D* lifetime is very short. The event vertex could in principle be determined
from all tracks not coming from decays of long lived particles, e.g. K°,A. However, given
the measuring accuracy of present detectors, it is preferable 16 use a nominal event vertex
determined by averaging over many events. The beam profiles in the x-y plane determine

3
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then a probability distribution for individual event vertices around the nominal interaction
point. This can be well described by a two dimensional Gaussian distribution with variances
0y,0, which are calculable from the storage ring parameters. Typical values are o, = 500y
and o, ~ 10u. In this way one determines origin and decay point of the D". both with
uncertainties described by error ellipses. The geometrical situation is shown in fig. 5. The
most probable two dimensional decay length comes out to be

L = ZuOpyle + $O0sly — Ogy(Tely + Yo¥:)
i 1304y — 20,1ty + 12,05,

with :
T, Y, : coordinates of decay vertex
t, t,, direction cosines of the D’ momentum
: quadratic sum of the error ellipses of decay vertex and event vertex

The individual decay time 7 of the D’ is then

_ ‘" 1 . _ PDe
~ sinfp fe’ with = Ep.

Fig. 6 shows a distribution of individual D” decay times measured by the MarkIl experiment
{6:- The shape of this distribution is a result of a convolution of several contributjons.

e The "prompt” D° decays: These are the genuine D° decays . Thev give rise to an
exponential decay time distribution, folded however with a2 Gaussian distribution due
Lo measurement errors.

e Background under the D” signal: This amounts to approximately 10% to 30% depending
on the decay mode. Its contribution 1o the decay time distribution is a Gaussian.

e D* mesons coming from B meson decays: Approximately 5% of the identified D° mesons
originate from B meson decays via the chain B — D* — D°. Their cortribution to the
decay time distribution is a convolution of two exponentials and 2 ™ _ussian.

e Background containing tracks from B mson decays: The contribution of this back-
ground gives a non zero average decay time. Its shape is derived from a Monte Carlo
simulation.

The lifetime 75 of the D° meson is determined from the measured decay time distribution
by a maximum likelihood fit taking into account all the above listed contributions. Fig. 7
shows the collection of measured D” lifetimes as they were presented at the 1985 International
Symposium on Lepton and Photon Interactions in Kyoto |7 |. Includsd are also measurements
from fixed target experiments. The only new resuit from an e*e” experiment since the
Kyoto confetence comes from the TASSO eollahonuon {8]. Their updated value is rp. =
(43737 £ 0.8) - 10735,
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Measurement of the D* Lifetime

For the charged D lifetime there exists up to now only one measurement from e*e~ storage
ting experiments. This is the MarkIl result i9]. It was derived using the decay sequence
D” -D'x; D= K nr*x".

The difficulty with this final state is the detection of the low momentumn neutral transition
pion which is necessary to make use of the mass difference distribution for the identification
of the D%. All other results for the charged D lifetime come from fixed target experiments.
Fig. 8 shows a compilation of D* lifetimes as presented at the Kyoto conference 171

Measurement of the F* Lifetime

The productior of the charmed strange meson F* in ¢*e” interactions has been reported
by several experiments [10]. The only published F* lifetime mezsurement from storage ring

experiments comes from ihe HRS collaboration {11i. The F mesons were identified by the
decay

F* w¢5*; o~ K'K".
In total 17 F-decay vertices have been reconstructed. The result is
1r= = (3.5234 2 0.9)- 1075,

Fig. 9 shows this result together with two other values from fixed target experiments.

I11. Lifetime Measurements of Bottom Hadrons at PEP and PETRA

At ¢” £” storage rings individual B mesons have been identified up to now only by experiments
at CESR at Cornell and DORIS at DESY {12]. These storage rings operate at center of mass
energies near the 5 production threshold. The boost parameter ~ for B mesons is very smal!
and the decay lengths in the iaboratory system are too short to be resolved by the used
experimentai technigues. At the PEP and PETRA storage rings no experiment succeeded
so far in reconstructing izdividua) B hadrons. For the measurement of B hadron lifetimes
methods other than in the case of charin mesons have to be appiied. Mos: methods 10
determine the hotiom lifetime start with a procedure 10 select a data sample with enriched
B hadron content. One way to achieve that is 1o exploit the fmnomentum spectrum of leptons
from semiieptonic B hadron decays. Because of the high B hadron mass their transverse
momerta w.r.t. the jet axis. which is approximately ihe B hadron Right direction. are large.
Fig. 10 shows 2 Monte Cario simulation result for lepton p; spectra from decays of charm and
botiom mesons. By selecting evems containing identified leptons with p, > 1.0GeV ‘¢ one

5
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arrives at a data sampie which is enriched with B hadrors. Other procedures for enrichmen:
use the event topology of bb events which is determined by the large niass of B hadrons. A-
an exampie I will describe here the “boosted splericity product”™ method used by TASSO
:13,. Hadronic events from ¢ ¢~ anrihilations are devided into two jets. Each jet is then
boosted approximately to its rest frame. A value of , = 0.7 has been found appropriate by
Monte Carlo simulations for this transformation. For the particles of each jet the sphericity is
calculated in the hoosted frame. Jets containing bottom hadrons will have a large sphericity.
By requiring that the product of boosted sphericities of an event is bigger than 0.1 one arrives
at a data sample which contains approximately 32% bb events. 35% ¢z events and 33% u.d.s
events. In addition one can prepare with the same method a B hadron depleted data sample
by demznding the sphericity product 1o be less than 0.1. This is of advantage for comparison
and studies of sytematic errors.

Once the enriched data sample has been prepared the most common way to determine the
bottom lifetime is the impact parameter method. The impact parameter is the distance of
clozest approach of a track to the event vertex. Tracks originating from decays of long lived
particles have large impact parameters. High transverse momentum tracks coming from the
decay of heavy particies enhance the effect as shown in fig. 11a. Tracks from deceys of long
lived particles in general intersect the sphericity axis in that hemisphere which contains the
jet the particle belongs 10. For such tracks the impact parameters are positive. Because of
measuring errors the intersection can be in the opposite hemisphere in which case the impact
parameters are given a negative sign. The procedare is explained in fig. 11b.

Experiments which use the semileptonic decays of bottom hadrons to enrich the data
sample generally analyze the impact parameter distribution of the lepton tracks. Fig. 12
shows such distributions {from several experiments. The mean values of these distributions
are positive and indicate contributions from long lived, heavy particles. In fig. 13 an im-
pact parameter distribution is presented which was obtained by TASSO using the sphericity
product method for enrichment and plotting the impact parameters of all tracks in an event.
For comparison the same distribution is shown also for a bottom depleted data set. A clear
difference can be seen.

A measurement for the bottom lifetime is obtained by comparing the mean value of the
impac1 parameter distribution 10 Monie Carlo simulations with different bottom lifetimes
as input parameters. Such a comparison is shown in fig. 14. Results for botiom lifetime
measurements are coliected in fig.15 which was presented at the Kyoto conference |7;. A
weighted average of 2l results gives

7 = (1.26 £ 0.16) - 107 s,

One remark is appropriate concerning this result. The experiments use diflerent bot-
tom enrichment procedures. This can result in different mixtures of various bottom hadron
species in each data sample. If the different botiom hadrons have different lifetimes then the
experiments do not measure all the same quantity. Fig. 14 shows that within the present
cxperimental errors all results are still consistent with a unique bottom lifetime.

in addition to the impact parameter method several experiments trieu alternative pro-
cedures to determine the bottom lifetime. Although individual bottom mesons cannot be
identified vet at PEP and PETRA one can try to find candidates for decay vertices of long
lived pariicles by combining a certain number of tracks. Tbe so derived unspecific decay

6
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length distribution is still sensitive to the contribution of bottom hadron decays. By » com-
parison with a Monte Carlo simulation the bottom lifetime can be extracted. This has first
been demonsirated by the Mark 1 experiment [14]. They used their dats sample enriched
with battom hadrons by selecting high p: lepton events. In each jet secondury decay vertices
were searched for by combining at least three tracks with momenta p > 600MeV/c. The
obtained decay length distribution is shown in fig. 16. The Mark H result for the bottom .
Tifetime from this method is

n = (1257013 £ 0.23) - 1075
This value is in good agresment with the world sverage. = _

The TASSO experiment used the same method of vertex candidate reconstruction but with
an unbiased data sample, not enriched with bottom hadrons [15]. This avoids the systematic
uncertainties in modelling the enrichment procedure in the Monte Carlo simulation. They
took all combinations of three tracks not having the same charge. If several vertex candidates
in one jet were found the one with the lowest x* was chosen. From the obtained decay length
distribution, which is shown in fig. 17 , they obtained the preliminary result

n = (1201331030 - 107,

.The TASSO experiment applied still another method. It exploits the fart that if one

bottom hadron is present in & jet the other jet must contain also one. This is because at
PEP and PETRA energies bottom hadrons are the primaty hadrons in the fragmentation
chain. A simplistic picture of a typical e*e~ annihilation event containing bottom mesons
is shown in fig. 18. The B and B mesons, together with some other tracks, emerge from
the event vertex. After some time each bottom meson decays into a charm meson and other
particles at a sscondary decay vertex. The charm mesons in turn decay to complete the
observable final state. The sphericity axis of the event is a good approximation for the flight
directions of the bottom mesons which are almost back to back. The intersections of tracks
from the two jeis with the sphericity axis claster therefore at separate positions for events
with bottom hadrons. The situation is illustrated in fig. 19. The average cluster positions
) and r; alang the jet axis define & distance p = r;, ~ ry, which is called the dipole length of
the event. Cluster positions can be positive or néegative depending on which side of the event
vertex they are located along the jet axis. In detail the detetmination of the dipole length
procedes in several steps. First one determines the sphericity axis in the ususal way. Then
tracks are given weights '
o sintey
== '
where q; is their angle with the sphericity axis and o; is the error of the track fit. With these
weighted tracks the sphericity axis is redetermined such that

)'f - ()?

=] 6"’ ’

bec'a'nslminimnm. N is the number of tracks in the event. In a second step new cluster
positions and the dipole length are recalculated using different weigths for the tracks

=0
7
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where y; is the rapidity of a track. This emphasises tracks from bottom hadron decays
‘because of the hard bottom fragmentation function. The reésulting dipole length distribution
is shown In fig. 20a. A comparison of the average dipole length with results of Monte Carlo
simulations using different bottom lifetimes as input is displayed in fig. 20b. It yields a
prelimimary value [15} of

= (1.62*38 + 0.25) - 10"’

well in agreement with theothc: values quoted by the TASSO experiment.

IV. The Kobayashi-Maskawa Matrix ; Part 2

In the previous chapter it was explained how lifetimes of charm and bottom hadrons were
measured in e*e” experiments. In this chapter we will discuss how the Kobsyashi-Maskawa
matrix elements can be extracted fram the experimiental results.

The simplest picture for the detay of & heavy meson is the spectator madel. The meson is
a bound state of, let's say, a heavy quark and a ligth antiquark. It i¢ aisumed that irrespective
of the strong binding forces the heavy quirk deciys independently into a lighter quark and a
virtual W boson and the light spectator antiquark does ot irifleence this protess. The lLighter
quark and the antiquark fragment into final state hadrans. The virtua] W boson decays into
a pair of lepions or quarks, the Iatter fragmenting into hadvons as an independent systetn.
“This is illustrated by the diagram in fig. 21. The spectator mode! prédicts that the Fifetimes
of all hadrons containing the same species of heavy quarks shoul@ be equal. In the case of
charm, where the lifetimes of individual types of particles have been niexsured, one finds
however that the lifetimes of the D° and the D* difler by foughly s factor of two. This
means that processes other than those described by the epectator diagrams must contribute
significantly. )
Fig. 23 shows a collection of diagrams which in sddition to the spectator diagrams can
contribute to the D° an@ D* decays. The exchange diagram exiits otly for the D® decay
and the annihilation diagram only for the D* decay. It is at présetit not clear to what extent
these processes are responsible for the different Jifetimes. The color fixing disgiam exists
for both decays. In the case of the I/ mesons the final state quisk configuration is the same
- a8 for the spectator process, The two processes therefore interfere. A quantitative analysis
shows that this interference is destructive. This increaves the D* Lifetime w.r.t. the D*. We
mthatmemnthastqﬂhathdyummdiﬁumhlmdthchnﬂ
and neutral D mesons.

mmwuw&mmdumdabmbmmphmw
of D* and D" mesons. Then at least the semileptonic decay rates should be equal. For the
semlleptomcdeuyhrmhm;nbuoneﬁndr

BR(D* — ¢*vX)
BR(D* — etvX)

With the ratio of measured lifetimes

™ 2071023
Tp-

=23%%101

‘l
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one gets .
T(D- — e 1 X) = (1.14 = 0.20) - 107" Mel’

T(D* — e*vX) = (1.24 £ 0.18) - 107 MeV

Within the quoted errors these partial decay widths are indeed equal. This suggests that the
respective K.-M. matrix elements can be obtained from: the ser:ileptonic decays of D) mesons.
The spectator model predicts:

S
T{D - CUX) = r(“ — eﬁy) ﬁ} ifvsi‘ruiz -+ iV:;i!Ti . fG('D
my;

with
Joe =0.53=0.1 ; phase space factor
Jocp = 0.8510.05 ; QCD correction facter
Since there is only one measured value, the partial decay width, but two quantities, 'V,3 and
‘¥,'. to be determined, one needs extra information. The ratio {V;i/.V,' can be obtained
from an analysis of the momentum spectrum of Jeptons from charm decays (see fip. 10).

Accounting for al} unrertainiies in the analysis, and using alsc data on charm productior. in
neutrino nucleon scattering [16. one arrives at .17’

0.219 < V.4 < 0.225

0.973 < [V,,i < 0.975

In the case of the bottom quark matrix elements cne proceeds very similar. Here we do
not have the problems of differert bottom hadron lifetimes. The spectator mode} prediction,
with all the numbers inserted already. is:

(2.78 = 0.18) - 1015

Wail = 1+Rg -1
Wyt = Rp(1.23 £ 0.09) - 107 .
. ‘ 1+ R L
where 7, is measured in seconds and
Ry = 1B — evu)
’T T(B — evc)

The ration Rp can again be extracted from the lepton momentum spectrum of semileptonic
bottom decays. Up to now only upper iimits have been derived experimentally. Taking the
limit Rp < 0.08, which was reported at the Kyoto conference {7; one finds, accounting for all

uncertainties
IVal < 0.008
0.037 < |V,,! < 0.053

Using unitarity and the assumption that there are only three generations of quarks, one

can pow calculate the whole Kobayashi-Maskawa matrix. The present siate of our knowiedge
on the matrix elements is summarized in 17..

After the determination of the K.-M. matrix elements for charm and botiom qunarks nne
can make the following remarks:
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1. The fact thar the bhotiomn quairk lives much longer then the charin guark. inspite of its
A!'

much Digger mass, if related W6 Vg, being very smail and V. < 1,

2. We recogn:ize that

This means that the mixing is smaller in the higher generation.

Concluding t1his talk one can siate that our knowledge of the Kobayashi-Maskawa matrix
has very much improved with the resuits from lifetime mesurements of heavy quarks.
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Figure Captions

Figure 1 a.} Diagram for the "weak production process” in deep ineiastic lepton nucieon
scettering.
b.) Diagram for the decay of heavy quarks.

Figure 2 a.) W-bason coupling in u-decay.
b.) W-boson coupling in nuclear §-decay.

Figure 3 Mass diflerence plot for reconstructed D*, D° combinations.

Figure 4 Geometry of the D* — D°x™ and subsequent D° — K~ n" decays.

Figure 5 Schematic picture of the reconstruction of the most probable decay length.

Figure 6 D decay time distribution measured by Mark]l.

Figure 7 Compilation of measured D" lifetimes.

Figure 8 Compilation of measured D™ lifetimes.

Figure 9 Compilation of measured F*lifetimes.

Figure 10 Monte Carlo simulation of lepton p; spectra from charm and bottom decays.

Figure 11 a.) Schematic drawing of bottom decays leading to tracks with large impact pa-
rameters.
b.) Definition of the sign of an impact parameter.

Figure 12 Impact parameter distribution for identified leptons.

Figure 13 Distribution of impact parameters from all tracks in an event as measured by
TASSO using a data sample which is enriched by the spkericity prodoct method.
For comparison also the result from a depleted sample is shown.

Figure 14- Determination of the bottom lifetime by comparing the measured average impact
parameter with Monte Carlo simulations by TASSO.

Figure 15 Compilation of measured bottom lifetimes.

Figure 16 Decay length distribution obtained by Mark]l for secondary vertex candidates;
enrichment of bottom content by high p, leptons.

Figure 17 Decay length distribution obtained by TASSO for secondary vertex candidates; no
enrichment procedure.

Figure 18 Simplistic picture of an e*e~ annihilation event containing bottom mesons.

Figure 19 Definition of a dipole lengih of an ¢ ¢~ annihilation event.

Figure 20 a.) Dipole length distribution measured by TASSO.
b.) Determination of the bottom lifetime from the measured average dipole length
by comparison with Monte Carlo simulations.

Figure 21 Spectator model diagram for the decay of heavy mesons.

Figure 22 Non spectator diagrams contributing to the D* and D° decays.

12
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Fig. 2a) W-boson coupling
in y-decay

Y!
I'
W™
L
{ 1’ \\ -
N, M. N,
]
Vud

Fig. 2b) W - boson coupling
innuclear B-decay

915



Events in 2 MeV
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INFRARED FIXED POINT STRUCTURE OF THE FERMION MASSES

[

IN THE STARDARD.MODEL: THE TWO-LOOP ANALYSIS

P. Erawczyk and M. Olechowsk\,
Institute of Theoretical Physics, warsaw university,
HoZza 69, 00-681 warsaw
POLAND

(presented by P. Krawczyk)

ABSTRACT

In the standard model, the renormalization
group equation for the Yukawa coupl ings has tne
infrared fixed point which determines the upper
bound for the masses of fermions present in the
theory. We reviewy this effect within the two 100p -
‘approximation and Treport the 107 increase of the
bound compared to the one loop results. We also
notice and investigate the strong dependence of tre
.bound on the precise value ot.the Weinbery angle.



530

In this talk we presert a brief and preliminary survey
of our original paper [1] to which an 1interested reader

should refer for more detalled discussion.

None ¢of various intriguing features of the fermion mass
spectrum has bDbeen fully understood or explained. Thus, 1t
seems extremely interesting that some of them may result
from the infrared ﬂxed‘ point structure : of the
renormalization group equations within the standard model.
Thls possibility has been pointed out by Pendleton and Ross
[2) who noticed tiiat in gauge theories, the evolution of the
YukKawa couplings 1S determined Dy the competition between
diagrams with gauge hosén and scalar loops. This competition
leads to the occurrence of tﬁe infrared fixed polnt in the
evolution equations. If the fixed polnt were reached, it
would determine the Yukawa coupl ings and ('afte_rvspontane_ous

symmetry breaking) also Atne fermion masses. .

This line of reasoning has been followed by several
authors [2~7]. Up to now, the most extensive anzlysis has
been perf‘ormed by Bagger et al. [5]. They noticed that since
the gauge group is spontanecusly broken at the energy scale
of order of the weak boson mass My, the evolution equations
as given .by the unbroken grocup become invalid and thus, the
mathematl;:al fixed polnt is never reached. In some cases,
the evolution of the YuKawa couplings may last long enough

to pull them close to the fixed point (so called "physical
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fixed point®™), in some others the 1nitial values of the
couplings may Dbe 1ef§. unchanged. After the detailed
numerical "experiments® the authors of Ref. [5] have showed
that uynder the assumption of the validity of perturbative

unification, one can get the upper 1imit on masses of

fermions present 1n the theory:
L mg2 ¢ (355 GeV)? (¢3!
for quarks and

£ m?2 ¢ (330 Gev)2 2)

for leptons. Similarly, if the theory. contained HNy+3
families, the masses of the lightest newvw particles would

satisfy the inequalities
mg ¢ 250/{Hy GeV ' (3. a)

my, ¢ 235/{Hy GeV ‘ (3.1)

VWe have refined the analysis of Ref. [5] using the two-
loop renormalization group equations ([8). Although we

confirm the general features of the results of Bagger et

al., we find that some of thelr conclusions are scmewhat

premature and must be corrected.
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The inclusion of the two-loop radiative corrections
leads in general to 5-10% relaxaticn of the bounds (1-3). We
1llustrate this fact in Fig. 1 which shows the quantity

Tg = £ Yg°
(Yg 1s the YuKawa couPling of a quark q; we assume the lack
of mixing) taken at the weak scale as a funcilon of its
in1t1al value TQ(H,;). The two-loop curves has been obtained
by the numerical integration of the evolution equation as

given in Ref. [8].

There 1s also another effect which acts in the same
direction as the inclusion of the two-lcop corrections: the
bounds show strqng dependenc-e on the value of the Weinberg
angle. The main cause "for this dependence 1is the relation
between the unification mass scale Hy ana the Veinberg
angle: smaller: 6y requires larger Hy and- thus' longer
evolution time [9] '

ty = -1/(a4m@ log (My/My).
Of course, this effect 1is present already at the one-loop
level but 1t has been overlooked 1in Ref. [S] (ty has been

fixed with the value ty = 0.2).

With the present data (see for instance [10])

s1n26y(My) : 0.215 ¢ 0.015 1)

and the weaKest limit on fermion masses 1s obtailnea for

s1n2@y=0.20. Since the relations (1-3) have been calculated
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for siney 1 0.215, one has to correct them by anc:her 10%.
This can be easily seen in Fig.2 1n which we have plotted
the bound on the quantity Tg(My) as a function of siney (My)
for the case of 4, 7 and 8 families (the curve for eight
generations do not cover the full range of sinfey; 1t coula
not e continued for szuaew < 0.215 since 1t would violate

the assumption of perturbative unification).

Inspecting Fig. 2, we can’find the corrected bounds on
the quark masses in the standard model (mgq : Yq 175 GeV).

The relation (1) has to be replaced by
T mg® ¢ (400 GeV)2 (5)

whereas instead of Eq. (3. a) we get
mg ¢ 285/{Ny GeV (6)

If however the Weinberg angle were found close to 1ts

Present upper 1limit, the bounds would be much tighter. For

instance, for the lightest new quark

mg ¢ 215/4Ny . (73

Similar considerations would give as the

cerrecred lim.izs

for lepton masses. Since trhey are of rather little Practica:

importance we do not 1ist them here.
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FIGURE CAPTIONS

Fig. 1 The quantity Tg(My) versus Tg(My) for 4 and 8
families within the two-loop (s0lid 1ines) and one-loop
(dashed l1ines) approzimation. The Veinberg angle has been

defined at the weak mass scale.

Fig. 2 The upper bound on the quantity To(My) as a
function of sSim Oy(My) for 4, 7 and 8 families. Solid lines

denotes the two-l00p results and dashed lines denotes the

' one-100p results.
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NEW BOUNDARY CONDITIOE IN THE BAG MODEL¥1)#2)

pawel Gérnicki¥3), anarzej szymacna¥®4)

The aim c¢f thls papsr 15 to irnvestlgale 5
modification of the NIT Bag Model :i,2]., namely, a
possible change of the linear boundary condition:

“ingvt v - v €]
We propose 1ts generallzation:

14gy°
-yt vz ———— v (2)
r(1-¢2)

where g€]-1,1{ 18 a parameter we are goilng to

determine. For the purpose of the quarkK confinement any
value of g€l1-1,1[ 1s acceptable.

The boundary condition (2) has an interesting
pnysical interpretation.

Let v+ Dbe a Dirac fleld inside a fixed finite
square well formed by a migture of the scalar and vectior
("electric’) potentials#5) witn the ratio (vector
potential)/(scalar potential) equal to ¢. The
equation of motion for the quark field ¥ has the form :

1yHo e - YOcSy - S¥ = 0 (3)
where

[»} inside the well
8 = [

Sp>0 outside the well

1f |&]<1 and the well is not too shallow

#1)work supported in part by the Research Program Oi. 03,
Abbreviated from P. GornickKi, A.Szymacha, Phys.lLett.B
(1986)

#3)Institute for Theoretical Physics, Polish Academy of
Sciences, Lotnikew 32/46, PL-02-668 Warsaw, Poland

#3) 1nstitute for Theoretical Physics, Warsaw University,
Hota 69,PL-00-681 Warsaw, Poland

The mixed scalar-vector potential was considered by many

authors in a somevhat different context ([3,4,5].
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there exists the bound state for the Dirac particle in
this well. Note that the Klein paradox is avoided here as
for the discussed range of ¢ the scalar potential is
dominating. Thus, the barrier may be arbitrary high and one
can take Sg->®. In this limit solutions (continuous) of
the eq. (3) corresponding to the bound states are the same
as solutions of the free Dirac equation 1nside the cavity
with the boundary condition (2) at 1ts surface. The
derivation of the modified boundary condition 1s analogous
to that of the original MIT one, where only the scalar
potential! was considered -~ see [!]

one could bde worried by the fact that the
boundary condition (2) 1s not Lorentz covariant (for
€30). However, there is nothing wrong in 1t. The
condition (2) 1s applied 1n the fixed cavity approximation
where the frame of reference 1s already chosen by the
cavity 1tself. Then the proper treatment of the CH motion
allows us t¢ relate quantities obtained in this
approximation to the relativistlically covariant quantities
describing the physical hadron.

The more serious problem is that the condition
(2) seems %o break the charge conjugation symmetry. It
would be the case 1f the bag potential is produced by the
vacuum itself. However, the bag describes the effective
field acting on quarks inside a given hadron. If properly
2pplied the C operator will act not only on the quark field
but also on the effective confining field i1tself (this
results in the change of ¢ to -¢)#%). 1In this
situation the charge conjugation symmetry of the model will
not dbe broken.

we come to the conclusion that the bag model with
the modified boundary condition does not contradict any
general theoretical principle. There is no good reason to
put ¢ : 0 (a priori) as this was done in the MIT model.

unfortunately, we are not able to predict the
£ value directly from GCD. Instead, we shall try to
determine it by fitting the model to the experimental data.

We propose to see what value of ¢ fits the
static propertiies of nucleon - ie. two magnetic moments
(Bp, Bp). two mean charge radii (rp,rp), the axial
formfactor (g,) and the Roper resonance mass (Mpoper)-

For simplicity we put quark masses equareto Zero.
Calculations of all the nucleon properties are rather
straightforward and analogous to the £:0 case, 30 we
will not discuss them here in detatl.

#5)compare (6] .
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In order to take care of the CH motion the point
of viev presented in (7,8) 1s adopted. We assume that the
bag state describves the physical nucleon confined in an
£ictious, sultably chosen potential well. For the
simplicity the potential is taken in the form of an
infinite square well of the radius Rye))-

The pionic c¢loud effects were treated within the
framework given in (9, 10). The pionic cloud correction was
applied additively which means that no mass and pion
coupling constant renormalization was performed and the
boundary condition was not changed due to the interactions
with pions. Those effects are relatively small for the bag
radii considered. Besides in our philosophy the bag
pressure describes all the forces acting on quarks, also
those resulting from the interactions with pions. Values
of the parameters necessary to perform the pionic clcud
calculations ie. the A and ¥ masses and coupling
constant £y were taken from the experiment.

The constant B 1s determined by the proton mass
wnich fizes the scale, hence, the ¢ is the only free
parameter of our model. The Table 1 shows all six
quantities 1n question as the functions of ¢. In
adadition, the quantity {(<rp2> + <rp®>) 1s shown as 1t 1s
not influenced by the pionic corrections and thus
independent of that part of the model. we observe that for

:-0.20 all siz quantities come particularly close to
their experimental values.

Authors would 1ike to thank d4r. J. Bartelski and
dr. S. Tatur for many very interesting discussions.

References

{1} A.Cnodos et al. :Phys.Rev.D9 (1974) 3471 .
{2) A.Chodos et al.:Phys.Rev.D10 (1974} 2599 .
{3) G.B.sSmith,L.J.Tassie:Ann. Pnys. 65 (1971) 352 .
{4} P.L.Ferreira,R. Zagury:Lett. Huovo Cimento 20 (1977)
514; P.L.Ferreira et al. Ruovo Cimento $%A (1980) a1=.
{5) H.Barik, M. Das:FPhys.Lett. 120B (1983} 403;
Phys. Rev. D280 (1983) 2823 .
(6] H.Vvillani:Phys.Rev.D30 (1984) 206;
(7) A.Szymacha:Pnys.Lett. 146B (1984) 350 .
{6) A.Szymacha, S. Tatur:Phys. Lett. $146B (1984) 353 .
{91 C.E.DeTar:Pnys.Rev.D28 (1981) 762 .
(10] S. Theberge et al.:Can.J. Phys. 60 (1982) S9 .
Phys. Rev. D34 (1985) 645 ,



Table 1. Parameters and results of the model as functions of g .

units.

E -.30 -.25 -.20 -.15 -.10 =-.05 .00 .05 .10 experimental
Parameters:

% 1.72 1,78 1.83 1.89 1.94 1,99 2.04 2.09 2,13

R m "} 5.52 5.77 6.00 6.23 6.46 6.67 6.8 7.09 7,29

bag P

R m "1 3.73 3,86 3.98 4.10 4,21 4.32 4.42  4.52 4,62

well p

Results:

Ve s (mp"] 3.95 4,05 4,15 4,25 4,36 4,45 4.54  4.66  4.74 (3.99)
~<r % [Lp"] 2,00 1,92 1.85 1,77 1.71 1,65 1.59 1.54 1.49 (1.62)
<r z>+<rnz> (mp"] 3,40 3.56 3,71 3.86 4.00 4.13 4,26 4.38 4,50 (3.64)
b le/(2a))) 265 273 2,82 291 2.9 3.08 3.6 325 3.32 (2.79)
uy [e/(2a))]  =1.81 -1.85 =1.30 =1.95 -2,00 -2.05 -2.10 -2.15 -2.19 (-1.91)
8, 1,32 1.29 1,26 1,23 1.21 1.18 1.15 1,13 1.10 (1,25)

-Ropcr [Ipl 1,67 1,63 1.60 1,57 1.55 1.52 1.50 1,48 1.47 (1.49 - 1.58)

07s
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"At present our experimental understanding of CP violation can be
summarized by the statement of a single number. If we state that the mass

matrix which couples K and l-( has an imaginary off-diagonal i:em.given by
Im M" = - 1.16 10°* ev.

then all the experimental results related to CP violation can be accounted

for".

This sentence is part of the conclusion of the Nobel price lecture
of J.W. CRONIN (10.12.1980 - Stockhclm). What a striking conclusion after 16
years (1964-1980) of very hard and beautiful work of the physics commmity!

I would like, in the status report I am presenting today, to cast a
glance at the parameter Im Mu , and see with you that J.W. CRONIN was indeed
right. Ir the second part of this report, we shall see what has triggered a
revival of activity in the CP problem, since 1981, and where we stand today.
In the third part, we shall see which experimental results we can expect in
the next 3 years.

1—Ih'I'K)DUCI'IONOFTHEPARAME1‘E?.ImM' : FORMALISM OF THE K SYSTEM

The time evolution of a state ¢{t) of a neutral K system, which can
be characterized by time dependent amplitude a(t)} and b(t) for the |K*> and

]I?) components
-
$(t) = a{t) |E*"> + b(t) IK >,
is given by the Schrodinger equation

i -,
dt

where H, the Hamiltonian describing the decay processes, is not Hermitian
because of the decays.

If one writes H = M - il[, then the two matrices M (mass matrix) amd
[ (decay matrix) are 2 x 2 HERMITIAN matrices.
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The Hermicity of the M and [ matrices implies :

HI.H",F ' T real

1 1n' 22
12 -
12 H;x

and 80, expressed in terms of their elements, the matrices are :

Hll Hll rll rII
and
w’.’ HII r:l rll
A - Consequences on M , ggl', of symmetry invariance principles

General symmetry principles corresponding to C (particle-antiparticle
conjugation), T (time reversal), and P _(parity), and to combinations of
them, such as CP or CPT, constrain the M and [ matrix elements, in ways
vhich are fundamental for the formalism of CP.

CPT INVARIANCE

Hll = HII
r =

=C
11 22

T INVARIANCE

l'", l'.l real

H“,H" real

CP INVARTANCE

ru -l"" and l"", l"“ real
Hl‘ =H’. and Hl,l H!l real

The above demonstrate that CP violation can be due to CPT or to T violation
or to both,
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B - The CP eigenstates K°, K°, and definition of the eigenstate of H, K* K°
“—a“———"_——_‘—'&*—'“"——s—z

With the following conventions :

-
CPIK®> = - |K>
-9
CPIE > = - |[K°>.
. 1 -
the two states K:=_(K'+K)
'H
l e
K: =__- (K -K)
{z
are eigenvectors of the CP conserving Hamiltonian :
even for R: CPIK:) = |K:>
odd for K; CPIK;.‘ - -:!-;)

The discovery, in 1964, of the decay of K; in ' (even under CP,

CPix'® > = |®°T>) gave evidence that CP was not conserved in K° decay. The
eigenstates cf the weak Hamiltonian H, not CP invariant, were then redefined
us Ks and K'_.

The eigenvectors K, and K of the diagonalised matrix I' + iM define
physical states with definite mass (m) and lifetime (A) :

®(t) = e 9

The Schridinger equation can be written :

.

(C+iM) & = - ¥ = 2
at

i

tLd
"

T,/2 + im,

with eigenvaluves

>
(]

T2+ im
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K = 1 [(14€45) [E°> + 1-€<3)|E >)
foap(l + jesd ()2

and eigenvectors
1
2[(1 + Je=Bj?))t73

[(1+e-3) |K°> - (1—e+3)ll-{°>]

A
"

¢ is the CP violation parameter with T non-invariance ;
§ is the CP violation parameter with CPT non-invariance.

-WmM_ +iIml,,

i(ms - m:.) + ('.'s - T‘)/Z

. € =

C =1, +iM =M )

11 22

[ :l
2 1(m' - m‘) + (Ts - TL)/Z

The non orthogonality of the two eigenvectors Ks and KL :
<K‘;IK‘I'->=2Re£ -2iland®

can be interpreted as the "impurity” coming from the CP-non-conserving part
of the Hamiltonian. The impurity is small (found experimentally tc be a few
per mill), and the goal, since 1964, has been to find vhere this CP viola~

tion originates : ImM”, In l'“, (r“ -fn), (M“ -Mu') ?

2 - THE PARAMETER ¢’
The general form of the M and T matrix elements is the following :

: <E° |H_in> <n|H {K*»
M =m 8j+<gi'm'm:>+?z et nl.,,!.r

1d | S

n lnl' - ml

(H.‘iHJK:) are AS = 2 transitions

G:!H_tm are |K':> transition to virtual state n

r = ES(E -m ) <K {H |[F> <F|H K>
ij F r [ 3 [} L] w §

G:IH'IFJ‘ are OS = 1 transition to real final state.
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Since CP violation has been found in the ®% channel, we are inte-
rested in the contribution of this violation to the imaginary part of l‘“ R
the so-called direct CP viciation.

o
One projects the K and K states of the strong interaction onto the
fit iscospin base. Because of Bose statistics and because of the pseudoscalar
character of K and ®, the two allowed values of isospin are I = 0 and 2.

One defines :

i

<on, IO(TIE> = A e °
id

<mn, I=2{TIK°> = A e z
~o - i§

e, I=0{T|K > = A e ©
~o - il

<un, I=2]TIK> = A, e 2

when 6° and 82 are the i scattering phase shifts.

CPT invariance implies the following relations :

Js b

- if one defines CPT|K®> = - [K >

>0
"

-~ A*
2 2

CP and CPT invariance implies :

Im A
I.IIIAz

"
[~ 2 -

The experimental amplitudes that one measures are :

_ (400 o ITIR:)

' TIED>

_ 14 ot of ITIK:)

(9 of of ITIK:)

vhich can be expressed, (using the K, and K definitions and the appropriate
Clebsch—-Gordon coefficients, and assuming CPT invariance (3 = 0)) as :
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e Q+w/ {2+t +t w/2)

n,_=
Mo/l +ieqt +t 0/{2)
e(l-ﬁw)+i(t.-ﬁwtz)
= ]
o l-ﬁw+ie(to-ﬁwt')
Im A Im A Re A (8 -3 )
where t = 2, t = 1, ws 1 20,
°* " Rea 1 ReA Re A

Using |uj =.;_0(give.n fram K* — T°%°) and the AI = 1/2 rule :

. 4 iw o _
n_zTed+it (L t)

s -
¥z
q“2£+ito-i2w(t!-to).

If there is CP invariance in the decays, the amplitude Az and Au are real,
thust' =0 t°=Oand:

Mo "R =€

Phase conventian :

The definition of the parameter €’ depends on some phase convention.

1. WU and YANG have defined the K°, l? phase guch that A ig real,
thusto = 0and :

n - e +i_. IIIIAz ei(iz-io)
iz 4
n o =e _zi—IIIIA’ l(i’-lo)
o0 :
2 A
'
Im A ¢85 -5
With : e’ = e 32 0
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we have : n € + ¢’

e=-2¢’

R

2. The Kobayashi-Maskawa model introduces snother phase convention,
in the "quark base” : A is real (t’.z = 0), a.m:lA'J has a phase §, s0 one has
the reletion :

el /4 s
n,_=—N__.-(e_+2E.)+e
2
ﬂu _ el (e +2E) 2 e
(] -
2z
Im M
€ = 12 calculated in the "quark base”
“ ReM, "
and €' =~ L =~

Re A eutz_io)
[}

zRea 5

This second definition is used to calculate €’ in the Kobayashi-
Maskawa model, and we shall see the results later.

In both cases, the phase of €’ is given by the f phase shift
¢ =F. (5.
2 2 o

«r

.

3 - THE EXPERIMENTAL RESULTS IN 1974 : THE "SUPER WEAEK MODEL® OF L.
WOLFENSTEIN (5]

An extraordinary experimental programme was launched after 1964 and
continued until 1974. All the parameters of CP violation in the K* system

were determinated, and we give the results quoted by Particle Data group [1])
in table 1.



S49

TABLE I

A =m -m = 0.535 ¢ 0.002 . 10*° g}
- L 3 .
r, = (1.120 ¢ 0.003) 10'® s-!
Asymmetry 8. = {3.33 £ 0.14) 107?
3, = 13.19 % 0.24) 10°°
tn,_| = (2.274 £ 0.022) 10°°
P, = (4.6 £ 1.2)°
|i|';| = (2.33 ¢+ 0.08) 10°?
f,, = (54¢5)°
%ol - 1.015 + 0.04
TIO-
k]
F_" = - 0.005 + 0.014
€
t Calculated from : BANNER et al. [2] 1.03 + 0.07
HOLDER et al. (3] 1.00 ¢ 0.06
CHRISTENSON et al. {4] 1.00 + 0.09

In parallel with the experimental programne, theoretical speculations
fluorished. Among many hypotheses, the model proposed by L. WOLFENSTEIN (5]
wag compatible with the experimental parameters. He proposed the “super
weak” model. In this model the CP violation is due to a AS = 2 transition.

]
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One writes the weak Hamiltonian in the form :
H =afd +pH
L} L ] [ W 4

vhere H." is the normal weak interaction (AS = 1, CP invariant), and l-l's v i8
4As = 2, CP violating.

The amplitude of the violation is of the order of €, and is used to
fix the ratio a/B by assuming it is due to the interference term between the
first-order "super weak" interaction and the second order "Fermi” interac-

tion.

~ - B
€ _F“/G’ -;xlo'

~ 1077

Ri®

Expressing the formulae for Hu and l'..;- in terms of these
quantities, one finds : )

InM_cB <K |H _[K >
12 sw

Re M. o ol
Iml'n =0 "no direct CP violation". €' = 0
Rell «a?
12
which means :
n_=m, =¢ P, TR, =F =43.7 £ 0.2° €' =0,

vhich is quite compatible with the data of table I.
Going back to the expression of € :

~Im Hll +i I-rll

:i.(llls - IIL) + (Tl - Tl)lz

one finds :
-Im H“

i(m - -‘) + (T' -T2
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So, having wmeasured €, @ -m, T, =T ane can calculate
~Im M = -1.16 x 10-%ev. This only parameter contains all the information
12

we have an CP violation.

Since no occurence of CP violation has been detected in any other
process, we understand Cronin’s 1980 statement, with which I started.

4 - THE KOBAYASHI-MASKAWA MODEL : LIMITS ON ¢’/e CALCULATIONS

The proposition, by Kobayashi and Maskawa in 1973, of a “natural” CP
violation in a model employing the gauge group SU(2) x U(1) with three pairs
of quarks is remarkable. It has started a new the calculation of the CP-vio-
lation parameter.

The weak hadronic current, in this model, is :

c@e BT, (1-7)U (@ s b,

M

where U is the famous K - M matrix :

ud Ull Ullb
U= cd U:u U:b
L N

The U‘.i are functions of 3 angles ("a la Cabibbo") lil liz 8., and the L’fj
are, in addition, functions of "8", which is interpreted as the CP-violation
phase.

If 3 is non zero, the U:j matrix elements, in coupling s — c, s — t,
b— ¢y b— t, will result in CP violation due to imaginary terms coming
from 8. CP violation will not be confined to K system (s —» c and s — t},
but can, at least, be expected in association with other flavour particles,

B, for instance. These new effects, whether detectabie or not, is something
which must be considered, but which will not be treated here.

Such an explanation of CP violation is all well and fine, but the
next question is can the parameters 8, ¢, €’ be evaluated ? Many detailed
papers [6] have been published on this subject.

The two main diagrams, ld:xchmneeessarymﬂneuﬂerstmﬂmof'
these discussions, are shosm in figures 1 and 2.
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FIG. I FIG. 11

Figure 1, called a “"box diagram”, is a A4S = 2 transition, and
dominates the M mass matrix element calculation.

Figure 2, the so—called "Penguin diagram”, is a AS = 1 transition.
It can be used to evalunte l"u decay matrix element, and to introduce tbe
strong interactions via the gluon exchange.

A detailed calculation of diagrams in figures 1 and 2 is not trivial,
but the main point we want to stress is that the calculation, though
involving perameters which are not known precisely, will, nevertheless,
predict results in a quite large range. We give the main hypotheses and
conclusions of some such calculations [6].

1. One still needs more precise values of 0.. 8‘. The B lifetime and
the branching ratio I'(b — a) / I'(b — ¢) are important as input.

2. Obviously, the ¢ and t quark messes are needed to calculate
diagrams of the type of figures 1 and 2. The biggest uncertainty
is now the t quark mass.

3. QCD calculations are not done following a unique hypothesis. A
big factor - which can be as large as a factor 3 - is still
questionable.

The conclusions on € and €’ are the following :

Using the new phase definition of the E* and l.(' base, which keeps Ao
real, one introduces :

or (A)) — exp (-i E)(A.) A
quark base ~ quark base
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1 - Result on €
lel = 2%/2 je_+2E]

with € :I.mM"/l'\‘el'l“=28z c, 5, sinSP(ﬂzaﬂ)

s (1 + (/(1-n)] lnw) - ¢} (m+ [(m/(1-n)] In M)

2
L
2
1]

e} n+s) -2s; ¢} (w(ln)] lnn

g:fs’cas sin & in n
In (@¥/p?) - s} Inm

Here, f is the fraction of the effective "Penguin" Hamiltonian contribution
toﬂ;erealdec:ayampliudel\n when the phase 3 is equal to zero.

Reasonable hypotheses for B, @, and f gives comparable contributions to €

and to 2 with the opposite sign. But, since these two terms are functions
of 8, no definitive conclusion can be drawn for 3 and for the value of €.

2 - Result on [e’/e/
In the new base defined earlier, (€’/e| can be written :
lersel = L |28 / (e + 28)]
20 -

The cancellation of the factor 2 s, ¢, s, sin 8 in the ratio of ¢’
to € allows us to predict |e'/¢|.

These results are in the form of limits, and a lower bound on je’/¢]
has been calculated by F.J. GILMAN and J.S. HAGELIN [7] : |e'/e| > 2/1000.

As we said, large variations are .possible in the determination of
|e’/€|. Some models even predict even a negative value of €'/e.
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Using the lower bound of Gilman and Hagelin, one can contrain €’/e
to the range :
2 < |£.'_ < 20
1000 € 1000
The conclusion is clear : if we want to contribute to the progress
of the CP understanding, we would like to have a measurement of ¢’/¢ at a

N 1
level of precision of ——.
1000

5 - PRESENT EXPERIMENTAL STATUS OF |e'/e¢| MFASURFMENT

The relations n_ =€+ €’
€ -2¢€'

LY

allow us to determine Re €'/e :

| 2
_nﬂL=1—6Ree'/e, (if we neglect temm in w').
fn,_1*

Since the phase of €’ is (48 + 8)° [8], ¢ and ¢’ are almost collinear. This
is why we usually state that we measure €'/e.

Zxperimentally, one detects the %% and f*%* decays of Il: and K;.
and then :

Frg —2%) (K -.rr)|
E!/E - L 3

-1 )

r( —2%) I (K _.:'r)l

The most difficult sample to obtuin is K: — %*%*, for obvious reasons :

the small branching ratio (equal to €) ; the detection of £ ; and the 3 %°
background subtraction. )

Around 1972, results were obtained on |'|1"II|._| with
= 200 h“l‘. — TR,
I“!“/"'I'_I
1972 Banner et al. [2] 1.03 £ 0.07
1972 Holder et al. [3] 1.00 t 0.06
1979 Christensen et al. [4] 1.00 £ 0.09

These values averaged give je'/¢} = - 0.005 £ 0.014.
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We have seen that theoretical predictions of |¢’/¢| require the
results of more precise measurements. In 1981, a new series of experiments
started, and gave results in 1985 based on 2000 to 3000 K‘;—- .

li'/il stat Alylt
1985 - BNL-YALE [9] + 0.0017 £ 0.007 * 0.004
1985 - CHICAGO-SACLAY [10] - 0.0046 * 0.005 % 0.002
El
004 — e
003 |- BANNER
002 et al
w72 BNL -YALE
0.01 - 1985
0 | .
' 1
0.01
1 CHICAGO-SACLAY
002 +~ . 1985
HOLDER
003 - ~ etal
1972
.04 - C'/RISTENSON
: etal
1978
FIG. III

€’/¢ measurements - statistical errors only

We see in Fig. III the improvement since 1972, but even thi
is effort
has not been sufficient. '



556

6 - FUTURE EXPERIMENTS : e'/e WITH A PRECISION OF 1/1000

To answer the challenge of a measurement of :’/€ at an accurzcy
1/1000 we need :

~ Firstly, at least 100 000 events in the most difficult channel :
K"’. — T°n° ; and

-~ secondly, a lnowledge of systematic errors at a level of 10°® or
better !

Two experimental groups are now undertaking this work : the Chicago-
Fermilab-Princeton~Saclay group {11} and the CERN-Dortmund-Edinburgh-Orsay-
Pisa-Siegen group [12]. In what follows, I shall call these the FNAL 2 and
CERN experiments respectively.

The first part of the challenge (100 000 K: — K°N°) can these days

be attained, because of improvements in particle flux, in acceptance, and,
mainly, in the speed of data recording. If reasonable running time is
aliocated to both groups, the first goal will be reached.

The second part (reduction of systematic errors) is the key point of
the experiments. It so happens that the two groups have chosen different
means of obtaining m“/q._ {?, and the different systematics will reinforce
the combined result.

One needs to measure & ratio, R, for a given momentum bin, 8P, in a
decay zone, 8Z, i.e. :

N (0)

R (&P,8Z) = S

This can be done in one of two ways @
NL(O) . Ns(+-) or NL(O) . Ns(4~)
Ns(O) N (+) Nl(h) N _{0)

L s
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The FNAL 2 experiment is using the double-beam techni.te, and will
run alternatively in neutral and charged mode. One regenerator produces the

l(‘; sample ir one beam ; the free decay, KL. being observed in the other
bean.

run Neutral mode N0l

Ns{0)
splitting
m k! alternated m
e G N
SR n lead glass
Kl pe ki ne detectar
—- K<
L “0

Run charged mode Mef+-!

Ns{+-)
Ko alternated ™
— ] < detector
3% L magnet
K K . m™ spectromefer
—_— K L<: »
¥ % “-

The CERN experiment has chosen not to use a regenerator, but to run
with K"'_ » detecting both the charged and neutral modes, ard to produce K‘; in
a subsequent run from targets stativned at different positions in order to
have a relatively fiat R: vertex distribution.

Run k{ neutral and charged mode ::L((o))
Li+=

— k! <$<‘;%

L J
OFift chamber —
Pb,Argon liguic calorimeter— 1277
Fe/scintillator hadron calorimeter — =
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Run kO at different stations Msf*=i
- Nsl0)

n ]
Drift chamber /

Pb,Argon liquid calorimeter
Fe/scintillator hadron calorimeter — -

A very detailed comparison of the two experiments is not the purpose
of this talk. From this brief description, one sees clearly that the two
techniques are sufficiently different that the same systematic effects will
not occur with the same emphasis. In both cases, however, the calibration
of the calorimeters must be to better than 1 part in 1000.

The present status of these experiments and their future plans are
the following :

FNAL 2 CEBN
1986
10 0CO K‘; — n°n° no results 25 000 l{‘: — n°%°
analysed this sumer enalysed

results December 1986

June 1986 Running time
December 1986 expected 250 000 K‘L —
Running time
March 1987 Analysis
expected 100 000 li‘l‘_ — TN
Analysis July 1987 N

i

You can guess from this schedule when you may expect a result on €'/e
at 1/1000 precision ! I think that results from both sides will be given in
the summer of 1988. And if these results are not too different, the physics
community will really know €'/e¢ to a precision of 10°°.
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7 - A NEWCOMER, LEAR

In 1987, the Low-Energy-Antiproton-Ring (LEAR) =at CERN will be able
to deliver tagged antiprotons at a rate of 10° per second.

K and i‘ production will occur through the reaction :

KoK (2 x107?)

/'
™~ KxE (2 x 10°%)

The detection and identification of K' and K will fix the strange-

ness of the K*. It is unique tool, with which physicists will have the best
opportunity for CP studies in the neutral K system.

P+p

a) The CERN/PSCC/86-6 - PSCC/P82 proposal
(Basle, CERN, CEN-Saclay, DAFP Athens, Democrites, ETM, Fribourg,
Liverpool, SIN, Stockholm, Thessaloniki collaboration)

This group proposes to measure the interference effects and the
asymmetries of different decay amplitudes in the neutral kzon system.

The 3ain point is that the technique is entirely different frcz tle
"old classical” studies using Ks or K.. beams, &and one expects that the sys-
tematic errors will also be of a different sort. Statistics is not the pro-
blem in this type of experiments, the problem is non to hardie so =
events (more than 10° events to analyse).

The particular asymmetry

Ir(r —2r) -[ME — 21)
A2 &)y =

J‘ru{v —2m) + T(E — 2r°)

-:4Re~r|"-2Ree

should allow a determination of €’/e with ¢ 1.5 10°? error. .

With data taking expected in the middle of 1988 and with the time
necessary to learn about the experiment, results will come late compared to
those of FNAL 2 and CERN, expected in 1988. Nevertheless, the difficulty of
the latter experiments and the possibility of some discrepancy in their
results still make the LEAR measurements useful.
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More interesting is the general improvement on all CP parameters we
can expect from the Lear experiment, as shown in table 2.
Table 2

The 1o precision of the parameters including
statistical and systematic errors

CP-violation present
parameters precision 10'? p
@, _ -8 | 5° 2° — 1°
L X4 90
e /e 7x10°2 2x10-2
am 4.1x10°? 1.2x10°3
,_, ! <1.2x10°! <6x107*
N -1 4
muoo | <10 <8x10°
Re X <2x10°2 <5x10°*
Im X €2.6x10°2 <Tx10°4

Such precision may investigate some new ideas on the CP problem.

5 - A proposil for test of time reversal and CPT invariaace at LEAR
(Zurich, William and Mary Cellege, University of Oxford, University of
New Mexico, Ljubjana, Delft, Coimbra University, Birmingham collabora-

tion)

It is worthwhile to quote the authors of this proposal : "Given CPT
invariance, CP vioclation and T violation are equivalent. However, although
the K° violation of CP has been known for a long time, no experiment has yet
demonstrated an explicit T violation, and the argument advanced for CPT in-
variance are indirect and not altogether unambiguous”.

It is true that no experimental proof of T violation has been found,
and that only limits on the electric dipole of the neutron and on the trans-
verse polarizztion of the muons in K“ decay have been given. Nevertheless,
as we shall see later, the Bell-Steinberger relation helps by telling us
that T violation is consistent with the experimental data on E° system.
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In the case of this group, it is a direct measure of the T or CPT
violation which is proposed.

The measurement of @

~ the sum of the KL decays ‘l‘.'ie;u, ttp.;v and ®' %" w°
- the K’ decay to 'R
~ the separate Kl: decay, ®'e’v and we'v

will determine the real and imaginary part of the parameters € and §, i.e.,
the T or CPT contribution to CP violation. An improvement of the limit on
the AS = AQ (Im X, Re X) rule will also be possible, through the measurement
of K'e v and Te'v.

All this formalism is correct. If the exweriment is possible at the
proposal level of precision, then it will be =a wonderful way to use the
powerful tool provided by Lear : to sample the strangeness of E°'s and to
follow their evolution in time. In addition, the group propose a measurement
of the difference of the K* and K lifetimes at a level of 10°*, compared to
the present value of 15.107%.

8 ~ CPT_SYMMETRY

In an analysis of CP asymmetry, Bell and Steinberger [13] have
derived a sum rule for the conservation of probability in neutral kaons
decays, also called a unitary condition. No assumption of symmetry with
respect to T, CP, or CPT are required. The sum rule is :

N+itgd ) (Ree-ilmb)zz A(K;—Of)A(h“L—of)
f

where f represents the common decay channels for h’: andK: po2n, M, W

‘l'"...

!"

Such a relation allows us t- study the contribution of T (parameter
¢) and of CPT (parameter 4) to CP violation.

Successive analyses have been performed, and give results compatible
with CPT invariance and T non-invariance. In 1981 for example,

J.W. Cronin
[14] gave the following results :
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A(K‘; — 2 1=0)

whereE:A—a, a ; and € and A are projected onto

A (!\"" — 20 1=0)
axes parallel and perpemdicular to tg Q“ .

'e, = (2.57 ¢ 0.19) 10°3
T

e, = (0.14 £ 0.18) 107

’E, = (0.10 ¢ 0.14) 10-?
cPT

‘3¢ = (-0.02 + 0.20) 10°?

Such results show the predominance of the T violation and leave the
CPT non-invariance, if any, at a level a factor 10 smaller.

A more recent comment on CPT symmetry has been given by V.V. BARMIN
et al. [15] [16].

We will only summarize the conclusions given in this paper :

1. Any CPT violation in the direct channel A4S =1, i.e., through the
parameter €’, is only compativle with experimental dataata 15 %
confidence level or less, and hes as its most probable cause the
measured difference in the phases ¢  and ¢, _.

2. CPT conservation in the 45 = 0 and 84S = 2 channels, i.e., through the

parameter 4 (or 3),' ig inadequately demonstrated. The situatiom can
be improved either by assuming strong CP violation in the 3 &
channel, or by assuming AS = 4Q rule breaking and CP symmetry inl{“
decay, or both. Again, this conclusion is mainly due to the poor
measurement of ¢ .

The authors of this paper were complaining im 1984 that they knew of
no proposal to measure the phase difference ‘l’o e =%,

Since then, two proposals to measure the phase difference to a pre-
cision of 1° have been submitted and accepted (in March 1986) : one by the
NA 31 collaboration at CERN {17] ; and the other by the E 731 collaboration
at FNAL {18]. These two groups will be running in 1987 and 1988 (?) respec-
tively, and, recalling the precision of 1 or 2° in phase measurement of the
LEAR p:roposal, we can expect very precise results on this topic in 1989.
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CONCLUSION

The Kobayashi-Maskawa proposition of natural CP violation has
provoked a new activity in K° experimental physics in 1981. A good and
correct answer to the question raised requires very precise, meticulous
measurements.

Several experimental groups are active in this task, and, in 1990,
a complete new set of CP parameters will be on the market.

Will these new measurements bring discovery, or a better under-
standing of the CP violation problem ? While surely desirable, it is not
certain.

I would like to thank the organizing committee of the KAZIMIFRZ
Conference for their invitation. Let me also wunderline the excellent
organization of Dr. Z.AJDUK, who made this conference so lively.

To write this talk, the CERN academic training lectures given by
A. ZYLBERSTEJN at CERN (1984), was of great help to me.

D. LLYOD OWEN carefully read the manuscript, J. THIOLIERE tiped it
and H. de LIGNIERES made the drawings. I thank all of them very much.



564
REFERENCES

[1] Particle Data Group, Phys. Letters 111B (1982) 1
[2] M. BANNER et al., Phys. Rev. Letters 21 (1968) 1103
[3] M. HOLDER et al., Phys. Letters 40B (1972) 141
[4] J.H. CHRISTENSON et al., Phys. Rev. Letters 43 (1979) 1209
[51 L. WOLFENSTEIN, Phys. Rev. Letters 13 (1964) 569
[6] M.K. GAILLARD and B.W. LEE, Phys. Rev. D10 (1974) 897
J. ELLIS et al., Nuclear Phys. B109 (1976) 213
R.D. PECCEI and H. QUINN, Phys. Rev. Letters 38 1:77) 1440
M.A. SCHIFMAN et al., Nuclear Phys. B120 (1977) 3i6
F.J. GIIMAN and M.B. WISE, Phys. Letters 83B (1978) 83
B. GUBERINA and R.D. PECCEI, Nuclear Phys. B163 (1980) 289
F.J. GILMAN and M.B. WISE, Phys. Rev. D20 (1979) 2392
[7] F.J. GIIMAN and J.S. HAGELIN, Phys. Letters 126B (1983) 111
{8} T.T. DEVLIN and J.O. DICKEY, Rev. Mod. Phys. 51 (1979) 237
[39] J.K. BLACK et al., Phys. Rev. Letters 54 (1985) 1628
[10] R.H. BERNSTEIN et al., Phys. Rev. Letters 54 (1985) 1631
{11] G. GOLLIN et al., E 731 proposal - FNAL Fev. 83.

[12] D. CUNDY et al., NA 31 proposal - CERN 22/12/83

{131 J.S. BELL and J. STEINBERGER, Proc. Intern. Conf. Elementary
Particles, Oxford {1965), p. 195

[14] J.w. az.mm. Rev. Mod. Phys. 53 (1981) 373

[13] V.V. BARMIN et al., Nuclear Phys. B247 (1984) 293

[16] L. ORUN, F.ivate commmication

[17] Addendum to proposal P 174 - CERN/SPSC/86-6 (10 March 1986)

[18) Measurement of the phase difference between m,, and m _ - FNAL PAC -
March 9'® 1986 - presented by G.D. Gollin, Princeton University.

ummu.undhiphiw_m



