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ABSTRACT

The status of experimental investigations of high pr phenomens and jet production in photog-
photon collisions is reviewed. Tuking the challenging questions on hard scattering processes in
“ry reactions as & guide, the experimental approach to these questions is summarized. Results
from the PETRA experiments CELLO, JADE, PLUTO, and TASSO are presented including
preliminary resuits on the @-dependence of jet cross sections. Experimental limitations and
background problems are diseussed,

Zusammenlassung — Es wird ein Uberblick iiber den Stand experimenteller Untersuchungen von
high-pr Phinomenen und der Erzeugung von Jets in Photon-Photon Wechselwirkungen gegeben,
Anband der berausfordernden Fragen beziglich barter Strenprozesse in 4y Reaktionen wird der
experimentelle Ansatz zur Beantwortung dieser Fragen zusammengelasst. Eegebnisse der PETRA
Experimente CELLO, JADE, PLUTO und TASSO werden presentiert. Vorliufige Untersuchungen
der Q% Abbingigkeit von Jet-Wirkungsquerschnitten sowie experimentelle Einschrinkungen ved
Untergrundprobleme werden diskutjert.
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1. INTRODUQTION

This talk reviews experimental results on hard scattering reactions in 77y collisions via high
Pr phenomena.

The talk i» divided into three parts. First 1 shall try to Jist the physics challenges for photon-
photon experiments, in the context of hard seatteriag processes at high py. In the main past the
experimental approach to these challenging questions Is discussed. It will be explained why we
believe that herd scattering processes do exist. Then the explivit jet-searches performed by the
different experiments are reviewed, Finally [ shall conclude with an attempt to assess to what
extent the challenging questions can be answered,

Many theoreticians! believe that photon-photon ¢ollisions and perticularly the high pr hard
scattering phenomeona are perhaps the cleanest laboratory for testing QCD. The arguments are
that there are only fundamental particles involved and the processes are computable in QCD.
Also, when approaching -7y seattering through ete™ —+ e¥¢™ + hadrons in e*e™ storage rings
the corresponding structure functions in the “hard seattering expansion” are relatively simple
compared to hadron-hadson interactions. There are no spectator jets accompanying the leading
order 7y =+ ¢J reaction as in pp scattering which makes the experimental situation much cleaner.
Last, but not least, the photon itself is a very direct probe of matter and the fact that the photon's
&2 can be varied in e*e~ collisions is very useful to disentangle hadronic and pointlike reactions
in 4+ collisions.

I the following [ want to list s not rarcessarily complete set of explicit tasks being formulated
by theory and challenging the experiments.

e -y -+ @ scattering ot kigh transverse momenta allows one to test the quark propagator at
large p2. ‘This should be much cieaner in <y collisions than in ete™ reactions via e¥e™ —
g3 g beecause no uncertainties introduced through the strong conpling coustant o, confuse
the issue. In the same context there is a question whether current or constituent quark
masses appeat in the quark propagator.

o In thelr epochal paper® in 1071 Berman, Djorken and Kogut pointed out that for pointlike
hard seattering processes like vy — g+X the jet {quark)-trigger cross sections shonld scale
as

E ;5’:_' im—jet+X)a p—%: Flzp,Oem) (0]

where zp = 2p7/ /3, fem. = center-of-mass angle of jet, pr = transverse jet-momentum
with respect to the 4y axis. This typical sealing behaviour should be tested in yy —
Jet + X cross sections and in inclusive particle eross sections at high pr.

® -y — gJscatteting provides a useful tool to test the quark charges and resolve the question
of feactionally or integrally charged quarks. Let mespend g few words on why 4y scattering
is unique for this. Quark charges in models which satisfy the modified Gell-Manp-Nishijima
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wbere 75 and ¥ /2 are flavour generators and 2 is an arbitrary number which may depend
on ¢olour, cap be assigned in s very general way®

I 4 d ] e
R | zp zg—1 2p-1 zp (3'
B | 2g zg—1 23—-1 zp
Y | 2r oyr=1 2y=2 oy
where R,B,Y denote differept colours and the constraint that 2 + 2g + 2y = 2, which
follows from the fact that the A**(ug, g, #y) has charge 42, has to be obeyed. In the
fractionally eharged quark model (FCQ), also called Gell Mann-Zweig madel,! one has
3R = 3zp = 2y = 2/%; in integrally charged quark models (ICQ) originally invented by
Han and Nambu® the assignment is 25 =0, zg = 2 = 1. In this somenclature the
photon can be considered as

"y" ~(esq, RR+BB+ YY)+((:R —;)qq, RR- YY)+((:3—§)N. BB-Y?

(4)
where e = flavour-charge of quarks (2/3,-1/3). The notation (g3, RR+BB+Y ¥) mesns
{9r 3 + 08 35 + 9y Ty) and it is easy to sece that in {4) the photon is decomposed into s
flavour and & colour part. Expressing (4) in terms of flavour and colour multiplets we find
in the particular case of the ICQ-model

9" ~ ({NS}r, {1}c)—{1}F, {8)c) ()

where F,C denote flavour and colour and NS represents ‘non-singlet’ ({NS)p = (8}r in
case of SU(3)p). Note that lor FCQ models 2, — (2/3) = 0 for & = R, B and therelore
there is no colour octet plece of the photon in these models. The colour octet part of the
photon is responsible for & different value of I, in the two quark model alternatives. While
in one photon aunnihilation (Fig. 1) the Gnal state colour singlet can anly be generated by
a colour singlet photon, in two photon reactions (Fig. 2) two colour actet photons can
mee  eolour singlet final state ({8} @ {8} = {1} ® {8} B {3} & {10} ® (W0} B (7).

do/diyr~qd) {3- i e‘.! } (®)

Rt = G Fatorr = )~ 1/3-5i(Sa et )?
where ¢;, I8 the charge of the quark with flavour i aud colour a, is different far the different
quark models while Ry, Is pot. Therefore it is a real challenge to messure Ry in & clesn
way,

{34/27 for FCQ
10,3 for ICQ
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Fig. 1. e*e™ annihilation into hadrons. Fig. 2. Two photon preduction of badrons.

® 7 scattering is a place to study the interplay between hadron-like (VDM) and pointlike
coupling of the photon.

» By measuring the different underlying subprocesses like e.g. 70 — ¢%, vy — Myg§, pp —
47, ... one can test the validity of the CIM-mode)? in 4y reactions.

¢ Finally, a strong challenge for the experiments is to test direct 4¢ — gg and ¢§ — ¢§
scateering®®10 via processes as in Fig. 3 where gg-scattering is accompanied by two

beam-pipe jets.
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Fig. 3. Direct gg-scattering in a two photon reaction.




2. THE EXPERIMENTAL APPROACH

Let me try to describe the experimental approach to the sbove questions in three ateps:
1. Do we have evidence for hard scaitering processes in 4 reactions?
2. Can one separate the 47 = ¢ Born process from background processes?
3. To what extent can one answer the challenge questions?

Since two photon physics became accessible to high energy physics there have been six contribu-
tions o the subject of hard seattering phenomena via high pr jets (Table I},

TABLE I
PLUTO (1880) pnpublished 1980 otag + single tag [2.6 pb~}
JADE s. Lett. 107B, 1981 kingle tag 7 pb?
TASSO Lett. 107B, 1981 fingle tag 0 pb—!
TASSO reliminary 1083 otag 5apb'
PLUTO (1982) preiiminary 1083 ingle tag 30 pb!
CELLO iminary 1083 motag 8!

The published results from JADE!? and TASSO?® using single tag events and the unpublished
PLUTO'! result have been updsted by the new PLUTO detutor!d, dedicated to two photon
physics, with much larger statisties using single tag events i two different Q2 regions. The
problem has also been attacked using notag events by TASSO aud CELLO.W
Primary evidence for hard pointhike scattering in yy-reactions should be seen in:
{2) Jet structure of events eventually seen in single event displays,
(b) l,w2 — contribution in ﬂ'.l,#_.h“ (W),
(¢} inclusive particle py-distribations.
The jet-like character of events seen in 44ecollisions may well be due to the Lorentz-boost of
the 7y-system which makes the events appear jet-like. The presence of a l/Wz-term in the
psrametrization of the total hadrouic 77y-cross section is still under discussion!® and its existence
as well a3 its passible origin is not yet established. Therefore we are left with the investigations
referring to the last point.
As slready mentioned in the Introduction, the suthors of Rel.2 predicted scaling for a pointlike
scattering processa +b — e 4-d

do _ 4ma® %pr
8

Ee m=—;}— f(l']'pac.m.) : 31"-77 (@)

The pr'-term comes from 8 1/9? in do/d! snd describes the epergy depeudence. f(z7,0cm.)
correspands to the angular dependence of the process. In order to “see” p;‘-hehaviour of Edo/d3p




or de/dp% one must either keep z7 and 6., fixed or one has to make sure that the anguler
dependence f(zy,0:m.) does not spoil the prslope too mueh. An example is given in Fig. 4 for
the pointlike process e*e¢™ = p+pu~. The cross section &

a?r 1+ cos?d

di:;(“"’#l')—zp" po— -—;I[zr.ﬂm). (®

but the pT‘ term is completely enoiled by the angular dependence. The cross section even exhibits
a singularity at pp/pF* = 1 due to the Jacobian {cosf)™1,

Usually the pointlike scattering process revesling the pp! is only a subprocess of a more
complex reaction gs sketched in Fig. 5. The “hard scattering expansion”18

do D,
b g (A+B~C+ X)= [ [ dra dn, Goypleath) Gyyslen ) =22 (22 o
do 3 .. .
X5 (c+b—-c+d)-;-5(a+i+ ),

(#,%,% == Mandeistam variables of the subprocess, 7,4 == 9p,4/ /8, 6 = total center-of-mass
energy) parameterizes this reaction in terms of structure functions Gy and [ragmentation
functions Dy, in order to copvolute the subprocess and the initial and final state distributions.
In the case of 44 — hadron + X the “outer” process is e¥e™ — e¥e™ + A + X. Note that for oy
reactions also the processes with more than two quarks in the fingl state obey the p} scaling law
since the a, in the subprocess reaction cancels against the a, in the photon structure function
as Arst noticed by C.H. Llewellyn Smith.? Brodsky et 213 and Kajantie et a).1? have performed
the convolution of photon-photon flux @, (z) and fragmentation function Dy o(z,) with the
subprocess eross section of -y — ¢§. They have shown that the p. -dependence is preseyved for
moderate zp
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Fig. 4. do/dp% ss function of pr/pP%* Fig. 5. The pointlike scattering process
for the pointlike scattering process a+b — ¢+ d embedded in the reaction
ete™ — ptu~. A+B=C+D.
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The angular dependence fizr, 9c.m ) only slowly varies with =p.

This means that the experiments may integrate over Py not keeping 2y, 0 2. fixed without
affecting the g7 -behaviour too much. Thus we would expect a flattering tail in p3-distributions
of ete™ — ete™ + b+ X which goes like p3*, = ~ 4. Let me remind you that for the QED-
process et~ — ete~p*y™, which only has the photon structure functions in the initial state
but po fragmentation in the final state, MARK J17 and PLUTO?® have measured a py-slope of
pr", With n ~ 4.2 — 4.5, in agreement with the corresponding QED* Monte Carlo caleulation.

In Fig. 6 inclusive particle pp-distributions are shown for the TASSO and PLUTO data.
The TASSO data have been selected requiring > 3 charged tracks in the final state. They are
corrected for acceptance and compared to different slopes in pr, normalized to each other at
pr = 1 GeV/e. The data at high py agree with pp-slopes of p5° and pz!. A 6t of the type
eyezp(—apr) + czpi-"’ yields a = 7.4 £ 0.3 and b = 3.9 & 0.6. Although this ft result erucially
depends on how the fi: funetion is set up and how the transition between low pr and high pr date
is parametrized, one can, [ think, conclude that the data clearly break off from the exponential
ezp(—Bpr) behaviour, expected from a purely hadronic reaction, at pr ~ 1 GeV/c and the tail at
high pr is consistent with a power law p7", n < 8. In Fig. 6(b) preliminary data from PLUTO
plotted as a function of p% are directly compared to model predictions from a vy -+ ¢§ model
{see below) and a VDM prediction which includes a limited transverse momentum phase space
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Fig. 6. (s) Inclusive particle do/dp3. cross section observed by TASSO compared to different
pr-slopes (see text). (b) pg-distribution observed by PLUTO (LAT). The curves represent expec-
tations from a 45 — ¢§ model (solid line) and 2 VDM model (dashed line). The dashed-dotted
line represents the 14 background.




distribution of particles about the v axis. The matrix element for the lattes is proportional
to ezp(—6p7). These data require a tag in the PLUTO large angle tagger (LAT) resulting in a
Q?%raoge from 1 to 15 GeV? and are selected demanding at Jeast 4 charged tracks and a visible
~-ecergy, Wy;,, of more than 4 GeV. The above conclusion is confirmed by the PLUTO data. The
high pr tail cannot be accounted for by the VDM prediction. Since the data are not yet corvected
for acceptance no attempt was made to fit the pr-slope. The data eve however consistent with
5 es 5.9

A major concern is pussible background from 14 annihilation which may become very large
a! high pr even for single tag events. In Fig. 6 this background has been computed by Monte
Carlo and has been subtracted from the data. The subtraction amounis to about 15% for py > 2
GeV/c in the TASSQ data. For the PLUTQ data the 14 background is shown by the histogram
10 be very small because of the excelient tag identification capability of the new PLUTO detector
in the LAT.

For notag data the one photon background is a sesinus problem as shown in Fig. 7. Plotted
are T;pi/Eveam (TASSO) and W,,;, (CELLO) respectively, with compa-isons to Monte Carlo
generaied 14 evenis. For the TASSO data some cuts for selecting high py events have been applied.
At the bigh eed of the distributions the data are completely explained by the annihilation process
¢te™ — hadrons when energy is lost by initial state radiation or if the £nal state is only partizlly
detected, The total amount of 17 background is ~13% for the CELLO duta bu? increases to
over 50% when high py jet events are selected. The TASSO date include ~30% 14 backgrouzd
when a cut 9/ Epgm < 0.4 is applied.
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Sy {prehrunary){ and (b) Wy;, (CELLO). The background
g I {notog} from ete~ ennibilation is indicated by the
§ w'y 3 solid fine {a) and the shaded area (b). Note
& i E that some cuts for selecting high pr events
-0°¥- i -; have been roade iv (a).
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There is po other cholee for notag events than to subtract the computed amount of annihilation
background in all distributions. The 1y subtracted p3-distribution of single particles is shown in
Fig. 8 for the CELLO dats. Within statistics and despite the above mentioned difficulties the
notag data agree with the conclusions drawn from the single tag data p%-distributium.

It is worthwhile to notice that one would expect from a hadzonic behaviour of the photons
(62— pp, w0 — 1p)

Eﬂ—, (09— 8) ~ 72 flo7, form)

B s 15 o o)

as predicted by CIM model couniing rules.?® These py-slopes are mmuch steeper than those seen
in the data of Figs. 8 and 8.

Let me add two experimental poiuts here. We have required the covered 27 renge to be mod-
erate in order to have the fragmentation functions and photon fuxes not affect the pp dependence.
The z7-range covered by all experimen?s lies between ~ 0.1 snd ~ 0.25 for high pr tracks, i.e.
moderate values. The second point is the question whether detector inefficiencies could change
the conclusion. The TASSO data in Fig. 6(a) are corrected for acceptance. But apart from that
the detection efficiency for high pr tracks is almost constant sbove pr ~ 0.5 GeV/e due to the
fact that the detector acceptance is good at large angles where most of the high py tracks come
from.

Nevertheless, before we definitely conclude that the features discussed so far give evidence
for underlying bard scattering processes in e¥e™ — ete™ + A + X we want to directly compare
to hadron-hadron data. This has been done in Fig. 9{a). The same dsta as in Fig. 6(a) taken at
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g0 i Fig 8 p3-distribution for the CELLO
? notag data after subtraction of 17 events.
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1ot expectation (solid line) and a fit with
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8n average ete™ c.m. energy of ~30 GeV are compared to ISR data from pp — 7% 4+ X P st a
c.m. energy of 23 GeV. The two sets of data are normalized at py ~ 200 MeV/e. The agreement
at low pp is striking. At pp ~ 1.5 GeV/e however the ete™ data (L.e. 7y — h+X) clearly break
off from the hadrou-badron slope. In Fig. 9{b) a similar comparison is made for pp — h + X
taken by the UA1 detector 22 at a centre-of-mass energy of 540 GeV at the SPS collides. The
data are again compared to data from ISR measurements.?! A similar deviation from the lower
energy ISR data is observed revealing a flat high pr tail which extends to pp ~ 8 GeV/e. This
effect has been atiributed to underlyiug hard scattering subprocesses (¢§ — ¢3) buried in the
pP-reaction which become relevant at high energies and high pp. In fact the observed pr-slope
for the UAI data is p7®, 0 5 5.3

‘Therefore we conclude that for the vy data the high pp tail observed ix da/d'p;. distributions
csnaot be attributed to badron-like scatteriag of the photons. The alternative explanation would
be to assume pointlike 1y — g+ X subprocesses to be responsible. This would give rise to events
showing a jet-tapology.

Before 1 report on jet-searches I would like to add that for a complete understanding of the
inclusive particle pr-spectra one would like to nnderstand the following questions:

1. What is the m, K, p particle decomposition at bigh py? licw many particles are p's?

2. The highest py bins correspond of course to low multiplicity jets due to simple kinematics.
How much is just 44 — pp scattering where the p's are interpreted as two particle jets?
How much is due to 49 — 7 + X where no jets are formed?
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Fig. 9. {a) Comparison of the TASSO single tag data with data from Ref. 21 for pp — 2% + X.
(b) Edo/dp cross sections for UAl-data at /s = 540 GeV and ISR-data from Rel. 21 at /o =
88 GeV for pp — 7 + X and pj — 1+ X, respectively.
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3. Although we roncluded that integrating over rapidity or casf was allowed for vte™ —
ete” + A + X, one would nonetheless like to investigate the dependence on rapidity, i.e.
measure the jall differential cross section de/dy; d2prdys. 10

3. SEARCH FOR ICTS

From an experiuental and also theoretical poini of view it is most interesting to Erst look
for evidence for the Born term process 4y — ¢ (Fig. 10). One expects about 20-40 events per
10 pb~! for tag and about 200-400 events per 10 pb~! for notag events at /3 = 30 GeV for
p#‘ ark 2 2 GeV/e after corvecting for acceptance.

The four experiments employ two different jet-finding aigorithms. PLUTOQ zad ‘TASSO use a
“Tarust' or “Twoplicity’ method?®13 which always finds two jets per event. JADE and CELLO
employ o cluster seatch zigorithm2%12 which finds 0,1,2,3,... ot events corresponding ¢o the
number of distinet elusters found. Both methods provide jets with jet axes strongly corrclated to
the original quark exes as demonstrated by MC studies in Fig. 11.

There are two major concerns when searcling for jets. The first cone:. n is jossible background
from 14 annihilation. This background can be reduced by requiring f . the detected invariant
muzs of the final state must pot exceed a certain maximum (ususlly about 40% of the eTe™ -
c.m. energy). A very efficient tool is <iso to require a tag in the forward spectrometer which
is even more powerful the better the tagging particle (¢*) can be identified. The new PLUTO
deiector has the capability to associate a tagging et with its track measured by forward drift
and proportional chambers. For a LAT-tag it is also possit-le to measure the sign of the charge
of this track from left or right bending in the forward septum magnet. This drastically reduces
possibie confusion by hadronic tags or v conversion in 17 events.

The second convern is whether one is able to extract the Born process 4y — ¢ § irom competing
processes such as higher twist reactions® and 3- and 4-jet processes.3%1% Bagger and Gunion®®
recently have shown that the normalization for higher twist processes, as quoted in Ref. 8, has
tn be corrected by a factor ~ 1/130. They quote for the ratio of (higher twist/minimim twist)
~ 10% at /Bere- = 30 GeV and p'%-d 2> 2 GéV/c. This new understanding makes life easier io

the experimentalists,
q
y »\/\/\A]———CE

, IE'OE

s-83 4502

Fig. 10. The Born diagram for
vy — et + X reactions, 77 — ¢§.
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Possible identification and separation of 3- and £-jet reactions which also scafe like pr* has
been discussed by J. Stirling at this conference.?” From an experimentalist’s polnt of view, &
major improvement has been made by adding forward devices to detect two photon events more
completely. About 70-80% of the total 4y c.m. encrgy is now seen by most of the detectors for
bigh vy events. This is demonstrated in Fig. 12 for the PLUTQ detector comparing the ratio
W . Wirye fof the old PLUTO without forward spectrometer sud the new PLUTO inclading the
forward spestrometer.

A very pice handle to suppress competing nob-Bern processes is to make nse of large angle
tags which corresponds to the photon having high Q2. This suppresses all kinda of 1 — jet + X
background whenever there are form factor-like effects {(hadronization) invnlved at the high Q%
photon vertex, Naively one would expect to redue all higher twist and 3,4 jet backgrounds by
ot least about a factor of 2.

The following basic cuta were applied by the experiments when looking for jets.

o Wnin € Wiy < Wimoer — This cvt limits the detected W,;, range in arder to suppress
1y background contributions (Wmoez-cut) and to provide enough energy for the quarks to
develop as jets (Wpjn-cut). Wiy, is usually ~ 4 GeV, Wz ~ 0% -, /G-

® n4 2> 4 Bjg 2> 2 - This cut limits the jets to contain st Jeast two particles.

80 T T T
(a) PLUTC
80 -
Without Forward Spectrometer
50 -
20 -
w
s [+ . 1 1
g ) PLUTO
w g L Including Forward Spectromater |
40 |- -
20 | -
o = [+] 0 1 I}
O 45 90 35 160 o 1] 20 ] 0.3 0.6 0.9 L2
501 Bquars  ldegrees) % (TRUST.JET! (degrees) - Wos / Wirue aseian

Fig. 11. MC-studies to compare jet axes and quark  Fig. 12. W, /Wirye for the PLUTO data
axes by {a) TASSO, (b} PLUTO and (c).{d) JADE without (a} and iucluding (b) the forward
employing diflerent jet-Goding methods: (a).(b)} spectrometer.

Thrust-method and {c),(d) cluster alrorithm.
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s Charge balauee, pr balance, p; balance — Incomplete events especially from the 1+ process
tend to be unbalanced in charge, transverse and longitudinal momr ~tum. These cts are
therefore very useful to reduce this background.

. p}“ > pg'-""' — At least one detected jet has to have a transverse momentum greater than

~2GeV/e.

o Different tagging requirements — JADE and TASSO analysed single tag events using their
small angle taggers. PLUTO distinguishes between small angle tags (SAT) ard large angle
tags (LAT) and additionally requires that the other electron cr positron is scattered under
07 i.e. is not detected in the opposite forward spectrometer (anti-tag). Data without tag
requirement were analysed by CELLO and TASSO.

Note that the first and third cui ase crucial for notag data in order to reduce jet-like 17 haek-

ground.

Background from beam-gas seattering, 1 annihilation and 4y — 77~ kas been computed
and subtracted in all distributions. The number of events found after cuts is given in Table I

Table 11

Tagging Experiment Events MC., fLdt '
SINGLE JADE 42 9.7 ph~!
TAG TASSO 43 45 9.0 pp—!
PLUTO  SAT 84 5 28 pb~!
LAT 71 2 39 pb™!
NOTAG TASSO 624 211 54 pb—}
CELLO 128 57 6 pb~!

In Fig. 13 the average transverse momentum of particles with respect to the jet-axis, gr, is
plotted. It is known from e*e™ annjhilation jets at PETRA and PEP that this variable should
peak at around 0.3 GeV/ec. This is observed for the 2+ jet-events, too.
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Fig. 13. Average transverse momentum ¢
of particles with respect to the jet axis.
Expectations from a 77 — ¢§ model

with different types of fragmentations
{shaded area} and from a VDM model,
extended sach that it fits the single
particle pp-distributions, are also shown.



In order to simulate the reaction e*e™ — e*e™ + jot + jet oll experiments employ Ver-
maseren's QED program® to generate e¥e~ — ete™ +¢7 according to QED and then fragment
the quarks about the ¢§ direction in the vy c.m.-system using the standard Field-Feyoman frag-
mentation l.lgt'n'itl:m29 or a phase space model with limited pp about the quark axis. The latter
has been successfully employed when e*e™ jets were first discovered at SPEAR.3" The experi-
ments claim that the results are fairly insensitive to the details of the fragmentation. Apart from
fragmentation parameters the model has only two free parameters, the explicit quark mzsses and
Ry, the effective coupling strength. Using constituent masses for udsc-quarks (mg; = 300, 300,
500, 1500 MeV/e?) one can in turn determine Ry, by direct comparison between data and model
predictions assuming that for high py events the choice cf constituent masses over ¢urrent masses
plays a minor role.

In Fig. 14 the thrust distribution s weasured by PLUTO is plotied for two different Q2
ranges corresponding to tags in the SAT and LAT, respectively. The dala are compared to the
Born term prediction. ‘The agreement is much better for the high O events indicating a better
background suppression for these events a: mentiosed above,

The most relevant plots are shown in Figs. 15 to 17 which show the direct comparison of the
data with the Born term expectation on an absolute scale (i.e. not normalized to each oth :).
The published results from JADE and TASSO (single tag) are shown in Figs. 15(a) and 12{b). In
both figures data snd model approach each other at high ps;? Note however ¢ jat the statistics
is poor at high p{-“ Fig. 18 shows the results for the notag approach by CELLO and TASSO.
Although the same approach of data and model prediction is seen the absolute ratio betw2en data
and mode} is about 2 for the CELLO data whereas it is about 5 for the TASSO data. This dis-
crepancy may be aitributed to substantial difficulties in normalizing and subtracting the 17

PLUTO

{preleunory)
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Fig. 14. Thrust distributions as measured
by PLUTO compared to & MC ecalculation
of the process 7y — gq for (a) SAT events
0r<ge< 1 GeV%) and (b) LAT events
(@2 > 5 GeV?).
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background. It seems unlikely that the different cuts and event selection methods can account
for this effect. Very important progress has been made by PLUTO in Fig. 17 showing the same
distributions for eveats with high (LAT) and low @2 {SAT) photons. Again, s already seen for
the thrust distributions, the sgreement at high pr between data and the Born term reaction is
much better for the high @2 events. The data ave not yet carrected for seceptance. The indicated
amount of 1y beckground demonstrates bow clean these measurements are.

We now define

R.. = Fldly — jet + X)
T dofdl{ry = pp)

which is always greater than or equal to

_ dr/df{ry — q5)

Pt = o [ty = )

since otker (non-Born term) hard scattering 4y reactions are likely to contribute. For increasing
p¥' {rT — L) we evpect f?.,r, to approach Ry as the competing processes die faster with pp at
fixed s.

In Fig. 18 fi.,-, is plotted for the TASSO sirgle tag data as a function of the pr-cut. Also
shown are the predictions from the naive ICG model {10/3) and the FCQ model (34/27).
Figures 18(a) and 18({b} show f?-n for the PLUTO Jow and high Q2 data respectively as a funetion
of pr (not p'T"""!). In all three figures the data approach the FCQ model expectation at high
pr where R,y is expected to be closer to Ryy. The naive ICQ model seems to be ruled out
although the errors are large, It is remarkable that for the high Q@ events R, is almost flat and
is always close to the FCQ expectation, agein reflecting the fact thet competing subprocesses are

Q%-suppresaed.
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are shown as horizontal lipes. expe:tations from FCQ and ICQ models.

4. ANSWERS AND CONCLUSIONS

In this eonelusion, I want to assess to what extent we heve been able to approach the chal-
lenging questions phrased in the beginning.

1. I think we can say that hard seattering processes in 4y-reactions probably da exist. The
ecidence is most convincing from inclusive particle de/dp§. distributions, particularly when
camparing directly to hadron-hadron data, and from jet searches. The observation of
high pr particles cannot be explained by VDM model calculations nor by extrapolating
hadron-like behaviour of the photon from hadron-hadron reactions. Substantial progress
bas been made to establish the Born term process 4y — ¢J by suppressing competing
processes through a selection of high Q2 events.

2. At first glance the measured values of Ry, particularty at bigh p{.. seem to rule out the
1CQ mode] values of quark charges. But this is only true for non-gauge ICQ models of
the naive Hon-Nambu-type. For so-called gauge-JCQ models™ this statement no longer
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holds.32 We have seen that the {8}, part of the photon is responsible for a larger value
of B¢ in ICQ models. But this allows direct photon-gluon coupling to occur in 4y —
g scattering (Fig. 20) which modifis the effective quark charge seen by the photon by
introducing a propagator-type suppre.sion

2
9

Qesrld®) = Q. + m—;;n:? Qsic an
where Q). = colour singlet charge, @g). = colour actet charge, ¢° = photon 4
momentum squared and my = gluon mass. This means that for qg = 0, i.e. notag
events, @.rr is equal to the sum of Q{!)c and ch. For ¢% 3£ 0, i.e. single or double
tag events, the colour-octet charge is suppressed. In the limit of ¢ — oo Q. becomes
2(1), end therefore R{‘,’Q will approach R—f—?q when ¢° increases. The authors of Ref.
32 estimated the gluon mass my using the JADE and TASSO single tag data. 1213 They
concluded from these data that

my < 200 — 300 MeV /c?

Untagged data {©? = 0) will be required to decide whether the ICQ models are ruled out

or not.
9
LA T - Fig. 20. Feynmen dizgram for direct photon-gluon
coupling in 4y — ¢§ reactions. This diagram
requires the photon to carry colour-charge.
yANAN i

[T asddan

No real test has been performed so far on the magnitude of the quark propagator in
Fig. 10. All differences between data and model predictions were attributed to R.y. On
the other kand, no dramatic deviations from the standard QED propagator have been
observed which would imply that QED is not valid for photon-quark interactions. Most
of the experiments are insensitive to whether current or constituent masses are the right
quark masses in the propagator. At high pr the quark mass is only a small correction.
Experiments with forward angle coverage (PLUTC and PEP9 at PEP) should be able to
attack this question looking for small angle jets.

The predicted scale invariznce of pointlike scattering processes is strongly indicated in
inclusive particle da'/dp%- distributes at high pp. The direct comparison to pp and p p data
shows very nizely that scaling is achieved at much lower energies than in badron-hadron
reactions. The errors are still too big for a firm conclusion on this issue for the jet-trigger

da/dp%(jet) cross sections.
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5. Data at difierent Q7 are very important and helpful to disentangle the different contribu-
tions of the subprocesses to the -y — jet + X reaction. Encouraging preliminary results
from PLUTO have been shown in this talk. 1 think it is the theorists’ turn now to tell us
what impact the PLUTO data bave on the urnderstanding of how ke different underlying
subprocesses contribute.

8. A positive identification of CIM-subprocesses is stilt lacking. There is also only little hope
that this will be achieved very soon because our understanding of the relative importagee of
these processes bas been modified quite & lot. This is, on the other hand, very fortunate if
oue is concerned about processes confusing a clean measurement of the Born term process.

7. A big challenge for the dedicated two-photon experiments PLUTQ and PEP is to look
for direct 4¢- and g F-scatiering subprocesses like the oue in Fig. 3. A major warning has
always been that it is extremely difficult to identify beam-pipe jets. But a very nice indirect
approach would be to perform 2n “anti-beam-pipe-jet” cut, i.e. requiring that the forward
spectrometers did noi deteet hadrons. Just comparing the vy — jet + X cross sections
with ar * without this cut would already provide a first result Ior the retative importance
of these 3- and 4-jet processes.

Let me finish with a word of caution. As first noticed by Berends et 213 and recently
worked out in more detail by Kang?® using the Stermai -Weinberg definition3® of jets, the QCD
correctiona to the Jowest order process 44 — g are expected to be large in the pr and /3 range
of the present experimental data. This would pot modify the experimente] observations presented
here but would change the interpretation of the data in terms of By,.

ACKNOWLEDGEMENTS

1 am very grateful for private communications and discussions with S. Cartwright and A.
Tylka (PLUTO), D. Cords (JADE}, H. Lierl (CELLO) and E. Duchovni {TASSO) on the special
aspects of the diffzrent experimental data and for prov:..ung preliminary and unpublished results
for this report. | would like to thank S. Brodsky and A. Janah for valuable discussions. 1 very
much appreciate the support I bave received from my colleagues at DESY, BONN and SLAC
while preparing the talk and finishing the manuseript. Finally I want to thank Prof. C. Berger
and his staff for the hospitality extended to me at this interesting conferenece.

19




‘UI

10.

1.

12.
18.
14.
15.
16.
17.
18,
10.
20.
21.

REFERENCES

For instance, J. F. Gurion, talk given at the 3rd International Colloquium on + Collisions,
Amiens, 1080, Lecture notes in Physies No. 134 (1980); 8. Brodsky, talk presented at the
4th Internationsl Colloguium on Photon-Photon Interactions, Paris, 1081, World Scientific,
Singapore {1081).

S. M. Berman, J. D. Bjorken and J. B. Kogut, Phys. Rev. D 4, 3388 (1971).

See e.g., F. E. Close, An Introduction to Quarks and Photons, Academic Press, London,
1979.

Y. Ne'eman, Nucl. Phys. 28, 222 (1081); M. Gell-Mann, Phys. Rev. 125, 1067 (1062); O.
W. Greenberg, D. Zwanziger, Phys. Rev. 150, 1177 (1068).

M. Y. Han and Y. Nambu, Phys. Rev. 1398, 1006 {1965).

M. Chanowitz, Proceedings of the 12th Rencootre de Moriond, 1077, ed. Tran Thanh
Van; S. J. Brodsky, talk given at the J. Weis Memorial, Seattle, 1078, SLAC-PUB 2240;
P. Landshoff, Proc. Lep Summer Study, Les Houches, 1078, CERN 79-01, P. 555; H. K.
Lee, ICTP Preprint, 1C/78/05, Trieste, Italy.

R. Blankenbecler, 5. Brodsky sad J. F. Gunion, Phys. Rev. D 18, 980 {1973).

S. Brodsky, T. A. DeGrand, J. F. Gunion and J. H. Wels, Phys. Rev. D 19, 1418 (1979);
and Phys. Rev. Lett, 41, 672 {1078).

C. H. Llewellyn Smith, Phys. Lett. 79B, 83 (1878).

K. Ksjantie, Proceedings of the 4th International Colloguium op 4y Collisions, Paris,
1981, World Scientific, Singapore (1981); K. Kajantie and R. Raitlo, Nucl. Phys. B158,
528 {1970).

W. Wagner, Proceedings of the International Conference on High Energy Physics, Madison,
1980, p. 576.

W. Bartel et al,, Phys. Lett. 107B, 183 (1981).

R. Brandelik et al., Phys. Lett. 107B, 2690 (1081).

See also: H.Spitzer, sutamary of discussion sessions, this conference.

H. Kolanoski, talk given at this conference.

W. Caswell, R. Horgen and S. Brodsky, Phys. Rev D 18, 2415 (1978).

MARK J Collaboration, B. Aderva et al., Phys. Rev. Lett. 48, 721 (1082).

M. Pohl, talk given at this conference.

8. Cartwright, PLUTO Collshoration, private communication.

S. Brodsky and G. Farrar, Phys. Rev. D 1], 1309 {1078).

B. Alper ¢t al., Nucl. Phys. 5100, 237 (1975).

Dmin getemny memim e,



R

3t

82,

33.

34.
35.

G. Arpison et 2], Phys. Leit. 118B, 167 {1982).

M. Yvert, talk given at the Intern. Symp. on High Energy Physics, Vanderbilt (1982!.

S. Brandt et al.,, Phys. Lett. 12, 57 (1964); E. Fabri et al., Pbys. Rev. Leit. 30, 1587
(1977).

K. Lanivs, prepriot DESY 80/36 (1980); H. J. Daum, H. Meyer and J. Buerger, Z. Phys.
C=, 167 (1981).

4. A. Bagger and J. F. Guoion, University of California, Davis, Preprint UCD-83/1.

J. Stirling, talk given at this conference.

1. A. M. Vermaseren, Proceedings of the International Colloquium on 4y Collisions, Amiens,
1680, Lecture notes in Physics No. 134, Springer, 1980.

R. D. Field and R. P. Feynman, Nucl. Phys. B135, 1 {i978).

G. Hausen et al., Phys. Rev. Lett. 35, 1689 (1975).

I. C. Pati, A. Salam, Phys. Rev. D 8, 1240 (1073), Phy=. Rev. D 10, 275 (1974); J. C. Pati
and A. Salam, Phys. Rev. Lett. 38, 11 (1676); G. Rajasexcran and P. Roy, Phys. Rev.
Lett, 38, 365 (1976).

A. Jaush and M. Ozer, University of ! faryland, PUB-81-221; A. Juuah, Doctoral disserta-
tion, University of Meryland (1982).

T. Jayaraman, G. Rajasekaren and S. D. Rindani, Phys. Lett. 118B, 315 (1982); K. H.
Cho, 8. H. Han and J. K. Kim, Phys. Rev. D 27, 684 (1983).

F. A. Berends et al,, DESY 80/80 (1080); F. A. Berends et al., Phys. Lett. 92B, 188 (1080).

1. Kang, Preprint Oxford TP 50/82; see also J. Stirling, talk given at this conference.

38. G. Sterman apd S. Weinberg, Phys. Rev. Lett. 39, 1436 {1877).

DISCLAIMER

This report was prepared 23 ao sccount of wark spoasored by an ageacy of the United States
Governwent.  Noithor the United States Governmeat 0o any agency thereof, nos any of thelr
employces, makes say warranly, expiess or implicd, or assames any legal Hahility or responsi-
bility for the scouracy, completonsss, of uscfulncss of any information, apparatus, product, or
mwummbmmﬂmu{mpmmmm
enx berein to any specific P or scrvice by trade name, trademark,
munufacturct, o otherwise dosy mol Mnmmwm
sendatios, of favoriag by tbe Usiied Siaies Govemment or auy agency thereol, The views
and opinjons of authors expressed hercin do not pecessarily stale or reflect those of the
Uniter! States Governmont or any sgency thereof.

21

e muidn




