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1. INTRODUCTION 

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

The talk is divided into three parts. First I shall try to list the physics challenges for photon-
photon experiments, in the context of hard scattering processes at high VT- u t n e main part the 
experimental approach to these challenging questions is discussed. It will be explained why we 
believe that hard scattering processes do exist. Than the explicit jet-searches performed by the 
different experiments are reviewed. Finally I shall conclude with an attempt to assess to what 
extent the challenging questions can be answered. 

Many theoreticians' believe that photon-photon collisions and particularly the high pj> hard 
scattering phenomena 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. 
Abo, when approaching 77 scattering through e + e - -* e+e~ + hadrons in e+e~ storage rings 
the corresponding structure functions in the "hard scattering expansion" are relatively simple 
compared to hadron-hadron interactions. There are no spectator jets accompanying the leading 
order 77 -• 4$ 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 
Q* can be varied in « +e~ collisions is very useful to disentangle badronic and pointlike reactions 
in 77 collisions. 

In the following I want to list a not r^cessarily complete set of explicit tasks being formulated 
by theory and challenging the experiments. 

• 77 -» ? 9 scattering at high transverse momenta allows one to test the quark propagator at 
large p~. This should be much cSeaner in 77 collisions than in e*e~ reactions via e*e~ -+ 
e/90 because 00 uncertainties introduced through the strong coupling constant a, confuse 
the issue. In the same context there is a question whether current or constituent quark 
masses appear in the quark propagator. 

• In their epochal paper3 in 1071 Berman, Bjorken and Kogut pointed out that for pointlike 
hard scattering processes tike 77 —• q+X the jet (quark)-trigger cross sections should scale 
as 

£ ^ ( 7 7 - ) « * + * > * X f[xT,»etn.) , (1) 

where ry = tyrl >/*< 8c.m. = center-of-mass angle of jet, px = transverse jet-momentum 
with respect to the 77 axis. This typical sealing behaviour should be tested in 77 -» 
jet + .V cross sections and in inclusive particle cross sections at high pp. 

• T7 —• ? 3 scattering provides a useful tool to test the quark charges and resolve the question 
of fractionally or integrally charged quarks. Let me spend a few words on why 77 scattering 
is unique for ibis. Quark charges in models which satisfy the modified GeD-Mann-Nishijima 
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relation 

wbu« T$ and V/2 are flavour generators and t is an arbitrary number which may depend 
on colour, can be assigned in a very general way3 

« d a e 
R *R *H-1 z.R-1 *n 
B *B ffl -1 *B - 1 «B 
Y *r * | T - 1 S j r - l «r 

where RAY denote different colours and the constraint that ZR +• *g + ay s= 4, which 
follows from the fact that tbe A++[uR,uB,nY) has charge +2, haa to be obeyed. In the 
fractionally charged quark model (FOQ), abo called GeU-Mann-Zweig model,4 one has 
*S = *fl = *Y — 2/3; in integrally charged quark models (ICQ) originally invented by 
Haa and Nambu6 the assignment is ZR = 0, ? B = jy = I. In this nomenclature the 
photon can be considered as 

V ~ («/«?, **+f»fi+yf)+((**-|)»4. * * - r ?)+((**-?),«, *f i -yr) 

where tj = flavour-charge of quarks (2/3,-1/3). The notation [qlj,RR+BB+YT) means 
[OR 9R + IB 9B + °Y ?»") u < ' " ̂  e a a v to s e e t h s t u H ) t o e photon is decomposed into a 
flavour and a colour part. Expressing (4) in terms of flavour and colour rmiltipleta we find 
in the particular case of the ICQ-model 

*f ~ i{NS}F, (Dc) - [MF, We) (5) 

where F,C denote flavour and colour and NS represents 'non-aiagtet' ({AT5)f> = {S)p m 
case or SV{3)p). Note that for FCQ models ia - (2/3) = 0 for a *» R, B and therefore 
there is no colour octet piece of the photon in these models. The colour octet part of the 
photon is responsible for a different value of Rfj in the two quark model alternatives. While 
in one photon annihilation (Fig. 1) the final state colour singlet car- <mly be generated by 
a colour singlet photon, in two photon reactions (Fig. S) two colour octet photons can 
produce a colour singlet final state ({B} $ {8} = {1} © {8} © {8} © {10) © {10} © {27}). 
Thus* 

d<r/dl(n-ql) f3-E.«? 1/34/27 for FCQ 
" " W w ^ w f l v i . & I E . ^ r W for ICQ W 

where eia is the charge of the quark with flavour i and colour a, is different for the different 
quark models while R\^ is not. Therefore it is a real challenge to measure R 7 1 in a clean 
way. 
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Fig. 1- e + e annihilation into hadrons. Fig, 2. Two photon production of badrons. 

• 77 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. ip —• q$, TJ —• Mq$, pp —» 
qlj, . . . one can test the validity of the CIM-model7 in 77 reactions. 

• Finally, a strong challenge for the experiments is to test direct 79 —» gq and qq —• qq 
scattering 8 , 9 , 1 0 via processes as in Fig. 3 where q ̂ -scattering is accompanied by two 
beam-pipe jets. 

Fig. 3. Direct ^-scattering in a two photon reaction. 
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2. THE EXPERIMENTAL APPROACH 

Let me try to describe the experimental approach to the above questions in three steps: 

1. Do we have evidence for hard scattering processes in 77 reactionsf 

2. Can one separate the 77 -» qQ 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 to the subject of hard scattering phenomena via high px jets (Table I), 

TABLE I 

PLUTO (IflSO) unpublished 1080 aotag + single tag ZBpb'1 

JADE Phys. Lett. 107B, 1981 single tag B.7 p*"1 

TASSO Phys. Lett. 107B, 1981 single tag 9.0 p*"1 

TASSO preliminary 1983 notag 54 p*- 1 

PLUTO (1082) preliminary 1983 single tag 391*- 1 

CELLO preliminary 1983 inotag 8P0- 1 

The published results from JAI)E12 and TASSO13 using single tag events and the unpublished 
PLUTO11 result have been updated by the new PLUTO detwtor14, dedicated to two photon 
physics, with much larger statistics using single tag events if two different Q2 regions. The 
problem has also been attacked using notag events by TASSO and CELLO.14 

Primary evidence for hard pointlike scattering in 77-reactions should be seen in: 

(a) Jet structure of events eventually seen in single event displays, 

(b) 1/H* - contribution in « * * _ w (VK), 

(c) inclusive particle pj-distributions. 

The jet-like character of events seen in -n-collisions may well be due to the Lorentz-boost of 
the 77-system which makes the events appear jet-like. The presence of a l/W2-term in the 
parametrization of the total hadrouic 77-cross section is still under discussion16 and its existence 
as well as its passible origin is not yet established. Therefore we are left with the investigations 
referring to the last point. 

As already mentioned in the Introduction, the authors of Ref .2 predicted scaling for a pointlike 
scattering process a + 6 -»c +• d 

The pf'-term comes from a if a1 in dojdt and describes the energy dependence, /(xy, 8t.m.) 
corresponds to the angular dependence of the process. In order to "see* p£'-behaviour of Ede/dPp 
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or dff/rfpj- one must either keep xf and 6c.m. fixed or one has to make sure that the angular 
dependence /(*jr, 9c.m.) does not spoil the pj-slope too much. An example is given in Fig. 4 for 
the pointlike process e + e~ -» p+p~. The cross section is 

do . | o ! i l + aupB 1 « a v 
(8) 

but the p r * term is completely spoiled by the angular dependence. The cross section even exhibits 
a singularity at Pr/Pr" •* *due * ° t a e JaeobUui (cosfl)"1. 

Usually the poiotlike scattering process revealing the pf* is only a subprocess of a more 
complex reaction as sketched in Fig- S. The 'hard scattering expansion"16 

BC j ^ [A + B*C+X)=j fdxadxtG^iXtoftGyrtXkft) ^ (*,) 

X ^ («+v-»e+d)£*(i+i+«), 
w 

ii,'t,ii — Msndebtam variables of the subprocess, z0>4 = 2j30ij/ ^/s, * ™ total center-of-mass 
energy) parameterizes this reaction in terms of structure functions Gxix and fragmentation 
functions &yiv in order to convolute the subprocess and the initial and final state distributions, 
la the case of 17 -» h&dron + X the "outer" process is e+e~ -* e+e~ + A +• X• Note that for 77 
reactions also the processes with more than two quarks in the final state obey the pj scaling law 
since the at in the subprocess reaction cancels against the at in the photon structure function 
as first noticed by C.H. Llewellyn Smith.9 Bxodsky et a]. 8 and Kajantie et al. 1 0 have performed 
the convolution of photon-photon flux O^/Jfl) and fragmentation function £>ft/?(«ft) with the 
subprocess cross section of 77 -* 99. They have shown that the p^-dependence is. preserved for 
moderate zj 

6o/»l".) t>c/« (%) 

0.4 0.6 
P-Vp^** 

I.It I' i .1*1 

Fig. 4. da/dpi as function of pr/pfa 

for the pointlike scattering process 

j - t l Gb/B<"b) I».JI..> 

Fig. 5. The pointlike scattering process 
a + 0 -»e + d embedded in the reaction 
A + B-*C + D. 
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^{e+e-^e- + h*+X)^(«,g§--l+..) . (10) 
The angular dependence f{ex, ^m.j only slowly varies with * j \ 

Tub roean3 that the experiments may integrate over p̂  not keeping a?r.*c.m. fixed without 
effecting the p^-behaviour too much. Thus we would expect a flattening tail ID ^distributions 
of e*e~ -* e+e~ +h+X which goes like pj", n =2 4. Let me remind you that for the QED-
process e+e~ -* e+e~{i+ji~, which only has die photon structure functions in the initial state 
but no fragmentation in the 6nal state, MARK J 1 7 and PLUTO18 have measured a py-slope of 
pZn, with n ~ 4.2 - 4.5, in agreement with the corresponding QBD Monte Carlo calculation. 

In Fig. 6 inclusive particle pj-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 pj, normalized to each other at 
pj- = 1 GeV/c. The data at high pr agree with py-slopes of pjP and Py4. A fit of the type 
ejcaspf—apj) + QPy*1 yields a = 7.4 ± 0.3 and b = 3.9 ± 0.6. Although this fit result crucially 
depends on Low the fi: function is set up and how the transition between low pj and high fix data 
is parametrized, one can, I think, conclude that the data clearly break off from the exponential 
«p(—fy>r) behaviour, expected from a purely hadronic reaction, at pj- ~ 1 GeV/c and the tail at 
high pr is consistent with a power law pj", n £ 6. In Fig. 6(b) preliminary data from PLUTO 
plotted as a function or py are directly compared to model predictions from a T» - ' 9 9 model 
(see below) aod a VDM prediction which includes a limited transverse momentum phase space 

, . , "r «5«wtf PT Ifev/el2 . M J . „ 

Pig, 6. (a) Inclusive particle <&r/dpf. cross section observed by TASSO compared to different 
py-slopes (see text), (b) p^-distribution observed by PLUTO (LAT). The curves represent expec­
tations from a 77 -» q !j model (solid line) and a VDM model (dashed line). The dashed-dotted 
line represents the 17 background. 
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distribution of particles about the 77 axis. The matrix element for the latter is proportional 
to «p(-6pj*). These data require a tag to the PLUTO large angle tagger (LAT) resulting in a 
Q2-range from 1 to 15 GeV2 and are selected demanding at least 4 charged tracks and a visible 
77-energy, W„>, of more than 4 GeV. The above conclusion is confirmed by the PLUTO data. The 
high PT tail cannot be accounted for by the VDM prediction. Since the data are not yet corrected 
for acceptance no attempt was made to fit the pj-slope. The data are however consistent with 

A major concern is possible background from If annihilation which may become very large 
at high pf 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 amounts to about 1595 for Pr > 2 
GeV/c in toa TASSO data, For the PL!TO data the 17 background is shown by the histogram 
to be very small because of the excellent tag identification capability of the new PLUTO detector 
in the LAT. 

For notag data the one photon background is a serious problem as shown in Fig. 7. Plotted 
are EiPi/^6eam (TASSO) and Wvia (CELLO) respectively, with comparisons to Monte Carlo 
generated If events. For the TASSO data some cuts for selecting high pj- events have been applied. 
At the high end of the distributions the data are completely explained by the annihilation process 
e+e~ -»hadrons when energy is lest by initial state radiation or if the final stats is only partially 
detected. The total amount of I7 background is ~139S for the CELLO data but increases to 
over 50% when high pj> jet events are selected. The TASSO data include ~309S I7 background 
when a cut JZiPi/Eitam ^ ^ a applied. 

*» 

Fig. 7, Energy distributions of notag 
events plotted as: (a) T.V,lEbeam (TASSO) 
and (h) Wvi, (CELLO). The background 
from e+«~ annihilation is indicated by the 
solid line (a) and the shaded area (b). Note 
that some cuts for selecting; high pj- events 
have been made in (a). 

9 10 19 JO 
W,„ (GeV) 
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There is no other choice for ootag events than to subtract the computed amount of annihilation 
background in all distributions. The If subtracted j^-diatributioa of siagfc particles is shown in 
Fig. 8 for tbe CELLO data. Within statistics and despite the above mentioned difficulties the 
notag data agree with the conclusions drawn from the single tag data pj-dtstributions. 

It'» worthwhile to notice that one would expect from a hadrontc behaviour of the photons 

E~¥p to -• rt») ~ Pr K • ̂ * T * ' t m * 

as predicted by CIM model oounUag rules.20 These pp-stopes are much steeper than those seen 
in the data of Figs, ft and 8. 

Let me add two experimental points here. We have required the covered *r range to be mod­
erate in order to have the fragmentation functions and photon fluxes not affect the «r dependence. 
The ij-range covered by all experimen'j lies between ~ 0.1 and ~ 0.25 for high pj 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 fnr acceptance. But apart from that 
the detection efficiency for high pr tracks is almost constant above pj- ~ 0.5 GeV/c due to the 
fact that thi detector acceptance is good at large: angles where most of the high py tracks come 
from. 

Nevertheless, before we definitely conclude that tbe features discussed so far give evidence 
for underlying hard scattering processes in e*e~ — e+e~ + h + X we want to directly compare 
to hadron-hadron data. This has been done in Fig. fl(a). The same data as in Fig. 6(a) taken at 

Fig. 8. pf-dbtributk>n for the CELLO 
notag data after subtraction of If events. 
The curves represent the Yl -*• 0? 
expectation (solid line) and a fit with 
«ip(—4.Bpy)to t n e data. 

(•*%») 
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an average e + e~ cm. energy of --30 GeV are compared to ISR data from pp -»• ir* +Jf 2 1 at a 
cm. energy of S3 GeV. The two sets of data are normalized at pj- — 200 MeV/c The agreement 
at low pf is striking. At py ~ 1.5 GeV/c however the e + e~ data (i.e. 77 -» A+JQ clearly break 
off from the hadron-badroo slope. In Fig. 9(b) a similar comparison is made for pp -• h + X 
taken by the UA1 detector m at a centre-of-mass energy of 540 GeV at the SPS collider. The 
data are again compared to data from ISR measurements.21 A similar deviation from the lower 
energy ISR data is observed revealmg a flat high pj> tail which extends to pj> ~ ft GeV/e. This 
effect has been attributed to underlying hard scattering subprocesses (qq -» qq) buried in the 
pp-reaction which become relevant at high energies and high pj>. In fact the observed pj-stope 
for the UA1 data is pj", n «* S. 2 3 

Therefore we conclude that for the 77 data the high pj tail observed in do-fdpfy, distributions 
cannot be attributed to badron-like scattering of the photons. The alternative explanation would 
be to assume pointlike 77 -» q+X subprocesses to be responsible. This would give rise to events 
showing a jet-topology. 

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

1. What is the IT, K, p particle decomposition at high pjr? How many particles are p's? 

2, The highest fp bins correspond of course to low multiplicity jets due to simple kinematics. 
How much is just 77 -* pp scattering where the p's are interpreted as two particle jets? 
How rauch is due to 77 -» JT + X where no jets are formed? 

, 1 

TASSO 
• e V - e V * h 4 . X 

(single ftql 
Boeftgranrf Sabf meted 

V!'Z3CeV 
, . 0 

Fig. 0. (a) Comparison of the TASSO single tag data with data from Ref. 21 for pp - • jr*+X. 
(b) Eda/ftp cross sections for UAl-data at ,/i = 540 GeV and ISR-data from Ref. 21 at y/i = 
63 GeV for pp —• * -I- X and pjl -» v+X, respectively. 
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i. Although we concluded that integrating over rapidity or co$8 was allowed for e + e ~ -» 
e+e~ +• k + X, one would nonetheless like to investigate the dependence on rapidity, i.e. 
measure the iull differential cross section da/dgitPprdtfo.10 

3. SEARCH FOR JETS 

From an experimental and also theoretical point of view it is most interesting to first look 
for evidence for the Born term process 77 -* f 5 (Fig. 10). One expects about 20-40 eventi per 
10 pb~l for tag and about 200-400 events per 10 p t _ 1 for notag events at y/i = 30 GeV for 
pj." > 2 GeV/c after corseting for acceptance. 

The four experiments employ two different jet-finding algorithms. PLUTO and TASSO use a 
'Thrust' or 'Twoplicity* method 2 4 , 1 3 which always finds two jets per event. JADE and CELLO 
employ c cluster search algorithm 2 5' 1 2 which finds 0,1,2,3,... j«t events corresponding to the 
number of distinct clusters found. Both methods provide jets with jet axes strongly correlated to 
the original quark axes as demonstrated by MC studies in Fig. 11. 

There are two major concerns when searching for jets. TLe first cone. a is possible background 
from If annihilation. This background can be reduced by requiring I i\ the detected invariant 
mas* of the final state must not exceed a certain maximum (usually about 40% of the e T e~ -
cm. energy]. A very efficient tool is <<so to require a tag in the forward spectrometer which 
is even more powerful the better the tagging particle (e*) can be identified. The new PLUTO 
defector has the capability to associate a tagging e± with its track measured by forward drift 
ace! proportional chambers. For a LAT-tag it is also possible to measure the sign of the charge 
of this track from left or right bending in the forward septum magnet. This drastically reduces 
possible confusion by hadionic tags or i conversion in 17 events. 

The second concern is whether one is able to extract the Born process 77 —• g 9 from competing 
processes such as higher twist reactions8 and 3- and 4-jet processes. , 9 , 1 Bagger and Gunion 2 6 

recently have shown that the normalization for higher twist processes, as quoted in Ref. 8, has 
to be corrected by a factor ~ 1/130. They quote for the ratio of (higher twist/minimum twist) 
~ 109S at Jtg*z- — 30 GeV and p%? > 2 GeV/c. This new understanding makes life easier ioi 
the experimentalists. 

'\z\yvr\J- Ot" ' 
S - H *5«3A2I 

Pig. 10. The Born diagram for 
77 —* jet +- X reactions, 77 —» 5 
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Possible identification and separation of 3- and 4-jet reactions which also scale like pf* has 
been discussed by J. Stirling at tbis conference.27 FVom an experimentalist's point of view, a 
major improvement has been made by adding forward devices to detect two photon events more 
completely. About 70-80% of the total *n cm. energy is now seen by most of the detectors for 
high VT events. This is demonstrated in Fig. 13 for the PLUTO detector comparing the ratio 
w„;.!Wtnt for the old PLUTO without forward spectrometer and die new PLUTO including the 
forward spectrometer. 

A very nice handle to suppress competing non-Born processes is to make use of large angle 
tags which corresponds to the photon having high Q*. This suppresses all kinds «f TT -• jet + X 
background whenever there are form factor-like effects (hadronization) involved at the high Q* 
photon vertex. Naively one would expect to redu :e all higher twist and 3,4 jet backgrounds by 
at least about a factor of 2. 

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

• Hfliifl £ Wm; < Wmm - This cot omits the detected W^ range in order to suppress 
IT background contributions (Wm M-cut) and to provide enough energy for the quarks to 
develop as jets (Wmivc>Jt). wmia is usually ~ 4 GeV, Wn„ ~ 40% • ^/»e+g-. 

• «di > 4, n ^ > 2-Thbcutlinutsth«jetotocontain ttleasttwopartkks. 

43 90 135 te(t 0 10 20 
•* (TRUST. JEH IdegtM) 

Fig. II. MC-studies (o compare jet axes and quark 
axes by (a) TASSO, (b) PLUTO and (c),(d) JADE 
employing different jet-finding methods: (&Mb) 
Thrust-method and (c},(d) cluster algorithm. 

80 

60 

4 0 

20 
w 
l~ 
* 0 
w 

60 

40 

20 

0 

1 1 1 

(o> PLUTO 
Without Forward Spectrometer 

(b) PLUTO 
Including Forward Spectrometer _ 

Fig. 13. K^b/tVtruc for the PLUTO data 
without (a) and including (b) the forward 
spectrometer. 
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• Clar^bBlftiice.PrhalMMiPj btlwce-Incomplete events especially f'Min the I T process 
tend to be unbalanced in charge, transverse and longitudinal momr '.turn. These c-*s are 
therefore very useful to reduce this background. 

• p^' > pj? l n - At least one detected jet has to have a transverse momentum greater than 
~2GeV/e. 

• Different tagging requirements - JADE and TASSO analysed single tag events using their 
small angle taggers. PLUTO distinguishes between small angle tags (SAT) and large angle 
tags (LAT) and additionally requires that the other electron or positron is scattered under 
0", 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 cut are crucial for notag data in order to reduce jet-like 17 back­
ground. 

Background from beam-gas scattering, it annihilation and 11 -» r"* T~ b&s been computed 
and subtracted in all distributions. The number of events found after cuts is given in Table D. 

Table H 

Tagging Experiment Events JWC',, ILdt 
SINGLE JADE 42 0.7 ph-1 

TAG TASSO 43 4.5 0.0 p * - 1 

PLUTO SAT 84 5 28 pD"' 
LAT 71 2 3 9 p 6 - ' 

NOTAG TASSO 624 211 54 p*" 1 

CELLO 128 S7 6p6"' 

In Fig. 13 the average transverse momentum of particles with respect to the jet-axis, qj, is 
plotted. It is known from e + e ~ annihilation jets at PETRA and PEP that this variable should 
peak at around 0.3 GeV/c. This is observed for the 27 jet-events, too. 

Fig. 13. Average transverse momentum qT 

of particles with respect to the jet axis. 
Expectations from a ->-) - » ? 3 model 
with different types of fragmentations 
(shaded area) and from a VDM model, 
extended such that it tits the single 
particle By-distributions, are also shown. 
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In order to simulate the reaction e + e - -» tyc~ + jet + jet all experiments employ Ver-
DBseren's QED program28 to generate r+e~ - • e +e~ + ^f according to (JED and then fragment 
the quarks about the qq direction in the 77 c.m.-system using the standard Field-Feynman frag­
mentation algorithm29 or a phase space model with limited px about the quark axis. The latter 
has been successfully employed when e*e~ jets were first discovered at SPEAR.30 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 masses and 
Rfj, tbe effective coupling strength. Using constituent masses for udsc-quarks (m4 = 300, 300, 
SOU, 1500 MeV/e2) one can in turn determine JZ^ by direct comparison between data and model 
predictions assuming that for high pj- events the choice of constituent masses over current masses 
plays a minor role. 

In Fig. 14 the thrust distribution ts measured by PLUTO is plotted for two different Q2 

ranges corresponding to tags in the SA'i and LAT, respectively. The data are compared to the 
Bora term prediction. The agreement b much better for the high Q 2 events indicating a better 
background suppression for these events as menliosed above. 

The most relevant plots are shown in Figs. IS to 17 which show the direct comparison of the 
data with the Born term expectation on an absolute scale (i.e. 3Qt normalized to each oth -). 
The published results from JADE and TASSO (single tag) are shown in Figs. 16(a) and lc(b). In 
both figures data and model approach each other at high p^?. Note however ' iat the statistics 
is poor at high pf*. Fig. 16 shows the results Tor the notag approach by CELLO and TASSO. 
Although the same approach of data and model prediction is seen the absolute ratio b»t^eu data 
and model is about 2 for the CELLO data whereas it is about 5 for the TASSO data. This dis­
crepancy may be attributed to substantial difficulties in normalizing and subtracting the 17 

PLUTO 
(prelmnory) 

Fig. 14. Thrust distributions as measured 
by PLUTO compared to a MC calculation 
of the process 77 -+ qq for (a) SAT events 
(0.1 < Q* < I GeV*) and (b) LAT events 
(Q2 > 5 GeV2). 
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Fig. IS. Jet-py cross sections for the JADE (a) and TASSO (b) single tag data, xT = 2pr/ y?. 
(a) The solid line represents the 77 -• 95 MC calculation, (b) The shaded area represents a XI — 
qq calculation using for the fragmentation the standard Field-Feynman model and a limited-?]' 
phase space model with different parameter sets. The dotted line represents the VDM model 
prediction. 

Fig. 16. Je'.-pJ distributions for notag 
events from (a) CELLO and (b) TASSO 
compared to models. 
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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 eveate with high (LAT) and low Q2 {SAT) photons. Again, as already seen for 
the thrust distributions, the agreement at high PT between data and the Born term reaction is 
much better for the high Q2 events. The data are not yet corrected for acceptance. The indicated 
amount >>f I7 background demonstrates how clean these measurements are. 

We now define 

R-n — 
dc/dt^^jei+x) 

d<r/dt(-n — fft) 
which is always greater than or equal to 

R, 7 = <trtjdl[n — <?g) 
d<r/dt{-n -»fin) 

since other (non-Born term) hard scattering -J-J reactions are likely to contribute. For increasing 
pj. {xj —r 1) we e-rpect R^ to approach R^ as the competing processes die faster with p-p at 
fixed s. 

In Fig. 18 fl17 is plotted for the TASSO single tag data as a function of the pj-cut. Also 
shown are the predictions from the naive ICĈ  model (10/3) and the FCQ model (34/27). 
Figures 19(a) and 18(b) show Ry, for the PLUTO low and high Q2 data respectively as a function 
of pp (not pj"M)- In all three figures the data approach the FCQ model expectation at high 
PX where K 1 7 is expected to be closer to ftj 7 . The naive ICQ model seems to be ruled out 
although the errors are large. It is remarkable that for the high Q2 events i ? 7 7 is almost flat and 
is always close to the FCQ expectation, again reflecting the fact that competing subprocesses are 
Q2-suppres3ed. 

— rr-~-as MC 

PLUTO 
(preliminary) 

— GenerolizedVDM I r MC 

5 10 15 
( p f T ) 2 (GrtSt)* 

S 10 !S 
J E T ) = (GeVPc)* 

Fig. 17. Jet-pj distribu­
tions for different Q2 

ranges of the tagged 
photon made by PLUTO; 
(a) 0.1 <Q2<t GeV1 

and (b) 1 < C 2 < 15 
GeV\ The solid line re­
presents the 77 —• q q 
calculation. The histo­
gram represents the 
amount of I7 background. 
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Fig. is. kn -|Ar/rfi(rr - >«<+X)\l 
\dff/dt(ii — /i/;)] plotted as a function of 
the pf-thresiold P? , B (TASSO). The 
expectations from FCQ and ICQ models 
are ihown as horizontal tines. 
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Fig. 13. « „ = IntyeMf/n - fr + X fl/ 
[rfir/d<(T> -• w)] for the PLUTO data; 
(a) 0.1 £ 9* < 1 CeV2 and (bj ^ 2 > 5 
G«V2. The horizontal lines represent 
expectations from FCQ and ICQ models. 

4. ANSWERS AND CONCLUSIONS 

In this conclusion, I want to assess to what extent we h&ve been able to approach the chal­
lenging questions phrased in the beginning. 

1. I think we can say that hard scattering processes in 77-reactions probably do exist. The 
evidence is most convincing from inclusive particle dff/dpfy distributions, particularly when 
comparing directly to hadron-hadron data, and from jet searches. The observation or 
high pr particles cannot be explained by VDM model calculations nor by extrapolating 
hadron-like behaviour of the photon from hadron-hadroo reactions. Substantial progress 
has been made to establish the Born term process 77 -* fl? by suppressing competing 
processes through a selection of high Q2 events. 

2. At first glance the measured values of Rllt particularly at high Py* seem to rule out the 
ICQ mode] values of quark charges. But this is only true for non-gauge ICQ models of 
the naive Han-Nambu-type. For so-called gauge-ICQ models3' this statement no longer 
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holds. 3 2 We have seen that the {8}c part of the photon is responsible for a larger value 
of R^j in ICQ models. But this allows direct photon-gluon coupling to occur in y j —• 
qq scattering (Fig. 20) which modifrs the effective quark charge seen by the photon by 
introducing a propagator-type suppression 

2 

where <9{i}c = colour singlet charge, Q[s)c = colour octet charge, q- = photon 4-
momentum squared and m 9 = gluon mass. This means that for g" = 0, i.e. notag 
events, Qtf! is equal to the sum of Q\\\c and Qt&)c- For q2 fl 0, i.e. single or double 
tag events, the colour-octet charge is suppressed. In the limit of q~ —> oo Qejj becomes 
Qtiic

 aa<^ therefore Ryj will approach R^-j when (j2 increases. The authors of Ref. 
33 estimated the gluon mass mg using the JADE and TASSO single tag d a t a . 1 2 ' 1 3 They 
concluded from these data that 

m a < 200 - 300 MeV/c2 . 

Untagged data {Q = 0) will be required to decide whether the ICQ models are ruled out 
or not. 

Fig. 20. Fcynmui diagram for direct photon-gluon 
coupling in "fir —» qq reactions. This diagram 
requires the photon to carry colour-charge. 

S-HJ 

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 Rrt. On 
the other hand, DO 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 pj- the quark mass is only a small correction. 
Experiments with forward angle coverage (PLUTO and PEP9 at PEP) should be able to 
attack this question looking for small angle jets. 

The predicted scale invarifjice of pointlike scattering processes is strongly indicated in 
inclusive particle dtr/dpj- distributes at high pj. The direct comparison to pp and pp data 
shows very nic-ely that scaling is achieved at much lower energies than in hadron-hadron 
reactions. The errors are still too big for a firm conclusion on this issue for the jet-trigger 
dir/rfpyljet) cross sections. 
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5. Date at different Q2 are very important and helpful to disentangle the different contribu­
tions of the subprocesse* to the 77 -»jet + X reaction. Encouraging preliminary results 
from PLUTO nave been shown in this talk. I think it b the theorists* tun now to tell us 
what impact the PLUTO data have on the understanding of how the different underlying 
subprocesses contribute; 

6. A positive identification of CFM-subprocesses is still lacking. There is also only little hope 
that this will be achieved very soon because our understanding of the relative importance of 
these processes has been modified quite a lot. This is, on the other hand, very fortunate if 
one is concerned about processes confusing a clean measurement of the Born term process. 

7. A big challenge for the dedicated two-photon experiments PLUTO and PEP9 is to look 
for direct 77- and q^scattering subprocesses like the one 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 an "anti-beain-pipe-jet" cut, i.e. requiring that the forward 
spectrometers did not detect hadrons. Just comparing the 77 -* jet + X cross sections 
with ar ' without this cut would already provide a first result for the relative importance 
of these 3- and 4-jet processes. 

Let me finish with a word of caution. As first noticed by Berends et al. 3 4 and recently 
worked out in more detail by Kang35 using the Stermai.-Weinberg definition36 of jets, the QCD 
corrections to the lowest order process 77 -» qq are expected to be large in the p? and •/» range 
of the present experimental data. This would not modify the experimental observations presented 
here but would change the interpretation of the data in terms of Rff. 
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