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1. Introduction

Over the past decade the field of photon-photan collisions!! bas emerged
as an important Jaboratory for testing both perturbative and nonperturbative

preperties of quaniue chromodynamies.

At this meeting = huge array of new and high guality experimental results
for exclusive and inclusive two-photon channels has been reported, both at high
and fow transverse momentum and at high and low virtual photon mass.?) In
many theoretical areas the precision of QCD predictions has now been sharp-
ened, allowing quantitative measures of the running coupling constant, «,(Q?),
Qeterminations of basic features of hadronic wavelunctions, as well as tests of
specific QCD scaling laws and spin selection rules. The striking resonance struc-
ture measured3) in the 44 — £%4% cross section suggests an interpretation in
terms of (gq7g) bound states, which if confirmed, represents a manifestation
of novel degrevs of freedom of QCD. In the case of the photon struciure func-
tion, we are now beginning to understand the interplay belwren point-like and
hadron-Jike interactions of on-shell photons and how to meaningfully extract a
high precizion value far the QCID scale Agrs.

In photon-photon callisions one studies in £¥ e~ storage ringa the production
of even charge conjugation states by two <lementary probes of variable mass and
polarization. (See Fig. 12} The conventional viewpoint until the early 1970's
had been that photon interactions were mediated by intermediate vector meson
gtates {current field identity, generalized vector mesons dominance, ete.), Our

viewpoint from the perspective of QCD is just the reverse: even on-ma. “-shell

+ Work aupported by the Department of Energy, contract DE — ACD3 -~ 76SF00515.
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Fig. 1. {a) Photon-photon colli-
sions in e*e” storage rings, (b)
Tha direct conpling of photons to
4§ currents in QCD.

phetons couple directly to local quark currents. (See Fig. 1b.) The ohservation®)
of two-jet events: 4y — jet + jet at high pr is in dramatic conflict with the
VMD description since hadronic collisions nearly always produce four or more

final state jets. At an even more basic level, the confirmation of the QCD sealing
law®)

Faq(z,Q%) = f(2) tn % (1.1)

for deep inelastic scattering on a photon target (ey — e'X) over the range
of 1 5 Q% %5 100 GeV? is in striking contrast to the observed scaling pattern
of hadron structure functions. In a related area of real photon physivs, the
charge asymmetry reported at this meeting by the MAC group” in the reaction
ete™ — 4+ jet automaticslly measures the direct coupling of a real photon to

the autgoing quatk jet currents®) and agrees with the QCD fractional charge
assignment for Tel.

The study of photon-photon collisions in the dynamical range accessible
al ete™ storage rings such as PEP and PETRA is well matched to the basic
energy scales of QCD: for processes in which the quarks and glusn propaga-
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tor are far of-shell (Q7 > AL sad @7 > (k1)), higher-twist power-law and
non-g erturbative corrections become emall and perturbative calculations become
justified. Experimentally, the specific QCD acaling of the photon atructure fune-
tion, the p;‘ Iz, 0:m) sealing of the invariant jet production creas seetion, and
the scaling of the 4y — ¥z~ K* K~ cross sectiors at large momentum trans-
fer confirm the basic validity of QCD perturbetive predicijons in this domain.
Conversely, at Jower momentum transfer one can study in the simpleat channels
non-perturbative dynamies, including mulii-quark and gluon resonance forma-
tion, prebinding effects, and other fundamental aspects of hadrenization. The
total ~4 cross section has now been measured over a large dynamic range—up
10 the maximum PEP and PETRA energies?) Here there is the outstanding
theoretical question wheth=ar the box graph which is special to the 4y — v for-
ward amplitude gives a lacal 1/F/? contibution separate from the conventional

Reggeon parameterization.

In this summary, 1 shall discuss only a few of the many interesting topics
presented at this workshop. My main emphasis will be on the use of photon-
photon collisions as a primary tool for investigating QCD.

2. Two-body Production Processes

One of the most impertant areas where two-photon physics will have a crit-
ical impact in QCD is in the stuly of exclusive channels. The exclusive two-
body processes yy — H1 at lnrge W2, = (g1 + ) and fixed 877, provide a
particularly important laberatory for testing QCD, since the large momentum-
transfer behavior, helicity structure, and often even the absolute normalization
can be rigorously predicted.'”) Conversely, the angular dependence of 4y — HE
cross Sections can be used to determine the shape of the hadron distribution
amplitudes'!) ¢yl2,.Q)—the pracess-independent prabability amplitudes for
finding valence quarks in the hadron, each carrying (light—cone) fraction z, of

the hadron's mementum collinear up to the momentum transfer seale Q@ of the
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process. The 753+ = HH smplitude can be written as a factorized form'®)

1
My (Woq.0cm) = [ (dwil ¢3r (=i, Q) S (vis @) Taae( 2 wiWa,Bem)  (21)
o

where Ty,+ 15 the hard scattering helicity amplitude for scattering the elusters
of valence quarks in each hadron. Tj,: can be computed in perturbation the-
ory and scales according to the dimensional counting rules:1? tc leading order
T o alas/W3 ) and dofdt ~ Wi ®f(8c.m.) for meson and baryon paire,
respectively, The distribution amplitudes ¢x(z;, Q) reguire input from non-
perturbative bound state physics, but their logarithmic dependence in QF is de-
termined by evolution equations.''} Detailed predictions for pserdo-scalar and
vectot-meson pairs for each helicity amplitude are given in Ref. 10. The helicities
of the hadron pairs are predicted to be equal and opposite ta leading order in
1/W?2, The QCD predictions have now been extended to mesons containing |gg)
Fock states by Atkinson, Sucher and Tsokos,)¥ to 4y — pp by Damgaard, 1%
and to ail BF octet and decouplet states by Farrar, Maina and Neri.16) The nor-
malization of the 7y — pp amplitude is constrained by the ¢ — pp rate.l!} The
arduous calculation of 280 4y — §94757 diagrams in T required for calculating
1 — BB is preatly simplified by wsing two-component spinor techniqu.“")
However, siuce there is a disagreement between the cajculations of Refs. 14 and

15, a third calculation is necessary.

The basic gruge-invariant measure of a hadron'’s wavelunction is the distribu-
tion amplitude @ g(=:,Q). Using the {actorizntion theorem for exclusive scatter-
ing amplitudes, one can show that ¢y {z;, Q) is the only non-perturbative input
required to nermelize and compute any exclusive hadronic scattering processes
in QCD at high momentum transfer. Eventually one can hope to actually cal-
culatn distribution amplitudes from first principles in QCD, e.g. by solving the
QCD light-cone equation of motion'®) or from numerical constraints obtained
from lattice gauge theory.'®) At this paint, we can utilize mode! distribution
amplitudes for mesons and haryons as candidate forms for the nonperturbative

dy nainical inpul.



Candidate hadronic wavefunctions have been recently derived’”) using QCD
sum rules which relate the first few z-moments of the mesen and baryon distri-
bution amplitudes te the QCD vacuum condensates {0 ij [0} and (O] myp |0).
The resulting form for the nucleon distribution amplitude leads 1o 4 number of
non-trivial predictions: the sign and magnitude of G5 (Q?) at high Q?, the ratio
G, /Gu, and the normalization of ¢ — pp are all correctly determined.'™) In
the pion case, the normalization of the weak decay constant and high @* form
factor are consistent. All of this is contrary to the conclusions of Isgur and
Llewellyn Smith!®) who had argved that QCD exclusive seattering formalism
could not accaunt for the normaliza‘ion of the pion and nucleon form factors at

nresently available momentum transfer.'%

Altheugh there are a number of assumptions involved in applying QCD
sum rules as wave funtlion constraints, the distribution amplitudes derived by
Cherny. ;. and Zhnitskii serve as very useful Gedanken forms for making pre-
dictions for photon-photon exclusive cross sections.The postulated shapes dif-
fer significantly from the 5U(6)-symmetric asymptotic solution to the distri-
bution amplitude evolution equation: ¢ ¢& z;x2z3, or the weak binding form
¢ o 8(x; — §)6{z2 — }). In particular, the proton quazk distribution is strongly
skewed: the u-quark with helicity parallel to that of the nucleon carries 65% of
the nuclean’s mamentum. This asymmetry also imolies that the hadron scat-
tering amplitade is sensitive to the near-andpoint region of integration as well
the dependence of the running coupling constant on Lthe exchanged momentum
in the hard scattering amplitude. Another special feature of the QCD sum-rule
analysis is the strong sensitivity to the hadron helicity. This effect is induced
due {0 the fact that the coupling of a pair of quarks through gluon exchange to
the gluon condensate is strongest when the quark spins are cntiparallel. The dis-
tribution amplitude for pions and rho-mesons with helicity were is predicted to
L,e dontble-humped, witk u local minimum at z = % The distribution amplitude
of a rho-meson with helicity +1 is, however, peaked at equal momentum. This
ity lies a strong dependence of the 4y -+ pp amplitude on a non-perturlative

vacuulit condersate effect in the p wa cfunction In analogy one also expects



that the A distribution amplitude has a very different shape for helicity S; = 2—.
and 8, -~ % states, This dependenre ronld have a striking effect on Lhe relative
normalization of the AA and pp preduction cross sections and could very possi-
bly diminish the ratio of 80 predicted by Farrar ef al. on the basiz of symmetric
nelicity-independent nucleon and isobar wavefunctions, It is clearly impor;;ml.
to repeas Lthe 7y — pp calculations assuming the exymmetric form of the proton
distribution amplitude derived from Lthe ITEP QCD sum rules by Chernyak and
Zhnitskii, since their moddl can readily aceount for the magnitude and sign of

the proton and neutron form factors.

The normalization and angular dependence ol the vy — a*r~ predictions
Lurn out to be insensitive tu the precise form of the pion distribution amplitude
since the results'® can be written directly in terms of the pion form factor taken
{rom experiment, The reason for this is that, for meson distribution amplitudes

which are symmetric in z and (1 - £z}, the samc quantity

|

¢'r(:ﬂ, Q)

dr - 2.
f Ti-3) (2:2)
)

controls the z-integration for both F(Q*) and to high accuracy M(yy — #*x~).

Thus we find the relation:

%_ (..'7'7 '-‘.__T_I_tg = __.4|F'(3}f_._ ) (2.3)
& (yv—wtpm)  1-cos'lnm

The scaling behavier, angular behavior, and nermalization of Eq. (2.3) are all
aon-trivial predictions of QCD. Recent iMark 1T data?® for #*x~ and K ¥ K~
prodaction in the range 1.6 < Wy < 2.4 GeV near 30° are in excellent agree-
ment with the normalization and energy dependence predicted by QCD (see
Fig. 2). As reported by Gidal*!! at this meeting, the Mark II results have now
been extended to pair rmass beyond 3 GeV, again in agreement with the QCD

predictions. IU is clearly very important to lesl the angular dependence of the
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cross sections and sepurate the #*s  and K* KX~ contributions. The onset of
scaling at this range of mementum transfer for meaon pair production is reason-
able since the off-shell quurk propagators in the dingrams for Ty carry monienta
lerge compared to the relevant QCD scaluw: quark massns, intrinsic transverse
mornentum, and 45’3;,. However, just asIn ¢’ e’ = HT, the scaling behai ior of
the Born ¢cross sections can be distor ed by rusonance production; the leading or-
der predictions are only be valid well above particle praduction thresholds and
whete low relative-velocity linal-state corrections become wpimportant. [Here
we heve in mind the QCD analogue of Conlomb inmerartions between attractive
charged particles which, in the non-relativistic regime, give singular distortion
factors®® of the form ¢ /{3 - ¢ f) where ¢ = 27 a/v (= 85 az/3v in QCD).I

It is also important to understasd the vy » #* 7~ amplitude in the thresh-
old region since this is Lthe simplust two-body scattering amplitude in QCD The
amplitude is rigorously determincd below threshold at W - 0 by the low energy

T



Fig- 3. Diflerential cross section
for vy = a2 atcoaf =0as a
function of W = measured sz~
mass. Curves 1-3 represent best
fits to the data in the f(1270) mass
region msing (1) Born amplitude 4+
Hreit-Wigner with fixed width; (2)
Bom amplitude + Braijt-Wigner
(variable width); (3) Mennessier
model. Curve 4 represents the con-
ventional Barn eross-section zlone.
Above 1 GeV curve 2 i3 close to
curve 3. The hotizontal bats indi-
cate the mean amount of smearing 0 0% Re 1.5
in W at 0.6 GeV and at i.2 GaV. « W (Gev)
(Frum Ref. 24.)
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thearem for Compton scattering and crossing. The phas: of each =y — w¥n™
spherical wave is relatod by Watson's theorem Lo the phase of the correaponding
wta” — n*r” scattering amplitude. The mast detalled predictions employing
these constrainta, which are oblained by madlfying the vy — x*x~ point-ilke
Born approximation, have been given by Monessier.? As shown in Fig. 3, the
Pluto data?*) appears to differ significantly from the mode. predictiona at ener-
gies below the JO contribution. If these results are canfirmed, this wauld signal
a large threshald enhancement in the vy — =¥ »~ smplitude, possibly Indicat-
ing low velocity distortion offecta?® as discussed ubove or & now resonatice near

or below the #% - threshold. Either possibility lhas important implications for
Qcn. .

The data®’ 4} for 4y -+ p%° from PETRA and PEP sre much larger than
predicted by QD in the region 3.2 « W, « 2.4 GeV and are clearly suggestive
of resonance exhancement near M ~ 1,9 GeV. (Ser Fig. 4.) The sheence of 2
comparable signal in p?p  prechades an rxpinnation in terins of a single icoscalar
resenance such as a gluchall state. A posible, f not compelling, interpretation
he been suggested by Achasov et ol,* and Li and Lin®®) in terms of two
interfering 0 and I 2, JFU - 2, gqipg resonances with masses 1.3

o [
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Fig. 4. Comparisen of the 4y — %"
and ptp~ data®4) with the mesonium
{ggqg) resonance model of Achasov et
0l.%5} See also Ref. 26.
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Fig. 5. Coupiing of two photons to ¢gqq
systems decaying to the p%° final state. The
unu¥ coupling is dominant.

and 1.6 GeV, respectively. Two photons couple naturally to such “mesonium™
S-wave states since each photon it likely Lo produce a g system. (See Fig.
5.) Since the J = 0 and I = 2 amplitudes add constructlively in vy — 2°6°,
they interfere destructively®®) in 4y — p*p~. Identification of these resonances
with the predicted couplings in ¢ — 447 as well as other ypy — V¥V channels
is crucial for a check of this hypothesis. At the high end of the experimental

rauge, W, & 2 GeV, the data could be approaching the magnitude predicted
by perturbation theory.



In general, QCD predicts a large array of exotic resonances ¢§g, g9, 9447,
994794, ¢ic., which arce expected 10 be prominent in the threshold region of the
appropriate 7 production channel. In the case of 4y — pp, the cross section
(do/dcos® = 3 + 1nrb) measured by TASSO?) in the threshold region 2 <
Wi, < 2.4 GeV is roughly 60 times Jarger than the prediction of Farrar et al.,1%)
although vy — AT+ A may be close to the predicted normalization. Again
this suggesis distortions due 1o resonance production, e.g., gggg4g baryonium
states or strongly helicity-dependent wavefunctions as we have discussed above.
The perturbative predictions ler ¥ — BH would not be expected to become
valid unless all of the quark and gluon propagators in Ty are reasonably off:ahell,
e, Waq 2 5 GeVY and large f¢.mn. -

An essential feature of the QCD predictions for baryen pair production is
the fall-off of the cross section at large momentum transfer, reflecting the guark
compositeness of the hadrons. One can compare these predictions with the large,
rapidly increasing cross sections predicted?®) from effective Lagrangian models

with point-like p, A, and ~ couplings.

1t is important to extend the QUD predictions for 4y — HH ta the case of
one or two virtual photons, since measurements can be performed with tagged
electrons. In fact, for W2 large and fixed 0¢.m,., the qf and qg dependence of the
~v — HH amplitude for transversely polarized photons must be minimat.29)
in QCD since the o7-shell quark and gluon propagators in Ty already trangfer
hard momenta; i.e., the 2v coupling is cffectively local for |gfl, |q3| < p}.

The study of resonance preduction in exclusive two-photon reactions is par-
ticularly advantageous because of the variety of new and exotic channels, the
absence of complications from spectator hadrons, and the fact that the contin-
uum ¢an be computed or estimated from perturbative QCD. The onset of open
charm is particularly interesting since the sum of the exclusive channel cross
section should saturate .ue 47 - ¢t plus 4y — c¥gg contributions. The chan-
nels with maximal spin and charge auch as yy ~ Byjy(cuu) Hyp(zwa) are likely

1o be dominant due to charge coherence ard multiple helicity states.
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We also note that photon-photon collisions provide a way to pensure the
ranning coupling constant in an exclusive charmel, Independent of the Jorm of
hadronic distribution amplitudes, The photon-meson transition form factors
Foaupi(Q%), M = 2°,1°, 1, etc. are measusable in tagged cy — ¢'M reactions.
QCD predicts'®

2 1 Fw(Q’)
- -— 24
1) = & TP @4
where to [eading order the pion distribution amplitude enters hoth numerator
and denominator In the same manner. The higher order corrections can be
calculated using the methods of Raf. 30,

In the regime & > p%- % u? the cross sections for vy — ¥V and vy — 4V
cen be computed from n > 2 multiple gluon exchange diagrams by summing
a series in a,(p.})ln.s/p}. As shown by Ginzburg, Panfil, and Serbo,®") the
exponentiation of this eerles leads to large enhancement factors of order of 100
over Born contributions. The cross sections dominate over the lower-order quark
exchange contributions at, forward angles. Estimates are also given for 4+ -»
Vg, although In this cace soft gluon radiation needs to be included.

3. The Photon Structure Function

A key phyoicei quaicity in QCD ls the set of photon structure functions®?
F71%,Q%) measured in ey — ¢'X:

2rd 4r s,
E’:ﬁ = -l;‘—"'! {1 = y)Fs + ' zF1 + ¢(1 — y) cas 26772] (3.1)

withgl = =@} 2= Q%/2k g, k¥ =0,y =q-k/g-pe,and ¢ - 2(1 - ¢)/(1 -
{1-¢)*), whete ¢ = ¢-k/g-p,, ls Lhe energy fraction transferred from the lepton
beam to the real photon. As first shown by Witten B! QCD predicts, unhke
hadron structure funciions, the normalization, shape, and evolution of the ET
to second order in a,{Q?}. The basic scaling behavior, Fl{z.Q%) ~ tn Q* f{x)

n

>
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predicted by QCD has n:sw been canfirsed for 0.3 < £ < 0.8 by PLUTO, JADE,
T4 550 and PEP4-PEPY measarements®! for Q* below 2 GeV? to beyond 100
Gev?. The quark and gluon diatributions*) in the photon cbey (in jeading
order) the extended evolution equations (¢ = #n Q?/A3)

d"‘g") =3‘%@§ [# = (1 2)?] +“L{‘1j‘_:

[p,,( )m(z,!')+p¢a( ) G(v,t)] (3.)

1
dG(z.t) ast) [ dy
it 2m v

[pc, (5) Zatwn +ra0 (3) G(v.l)] (39

where the inhomegeneous term is inducad by the direct 4y — ¢f box diagram.
It has been conventional to paramettizu the QCD predietion [n terma of u reg-
ular hadronic {vector meson dominance) piece plus the asymptotic solution e
(Eq. (2)) of the form ¢](1Q7) = {(4m)/(2a({Q@"})]or(z) + bi(z), Heowever, In
low.st order, this gives an artificial singularity in the photon structure fune-
tion: Fy, = zq] ~ 9% at z — 0. In higher order, bi{z) & z™7 tmplying
2 negative cross section for z — 0 at fixed @2, These difficuliies show that a
straightforward separation of regular hadronic and pointlikn contributions is in-
valid; diagrammatically both horizontal and vertical gluon exchange corrections
to the box diagram must be taken inte account,®

As emphasized by Gliick et al.,*® rigorous QCD prodictions can be made by
construction of quark and gluan distributions in the photon tu agree with expar-
iment at a given scale @2, and then using the evolution Bq, (2} to make predic-
tions at large @°. The differences batween higher snd lending order predictions
are found to be small. The fundaraental prediction of QCD, Fi{r,Q?) ~ log @?
at fixed r and large QF. remains. The disadvantage of this procedure is that the

14



Fig. 6. Analysis of the photon sirurtare fune-

tion in the Antoniadis-Grunberg schome 371 See
the reviews of A. Deuter and W. Wagno- these

proceedings.

possibility of determining Ag(?m and making a priors predictions for the shape

of the structure functions is lost.

A more convenient method has recently been proposed by Antoniadias and

Grunberg. 3! They parametrize the photun siructure moments in the form

- ‘;—’; a?‘qz") b+ % - (Rael @D+ .. (34)
The parameter A # 0 represents hadronic contributions and eliminates the po-
tential singularity at » = 2. Thus al the expense of one extra parameter, one
can make detailed predictions for QCD; for z > zp = 0.25 there is apparently
little sensitivity to the hadronic input. A PLUTO analysis based on this proce
dure gives Agzz = 160 + 45 MeV. (See Fig. 6) Theoretical uncertainties still
rernain, however, concerning whether a barkground VMD contribution sheuld

still be included as in conventional fits and the manner in which charm quark
contributions should he identified.

It clearly wouid be useful to test the accuracy of Lhese methods in an exam-
ple where the photon iateractioas and gluonic radiative corrections couid be sys-

tematically computed. One such thecretica! lobaratary is the vy -+ QQ heavy

13



guark contribution®™? te the photon sirnet *r function where, for v?/e? < 1
and Cuaulomb gauge, only Ceulomb gluons couple to the heavy quarks, and the
radiative corrections to the spectator lines can be computed as an expansion
in viz. This model can also provide a guide to the 4y -+ e¢ contributien, in-
cluding thr effect of final state interactions at threshold 22 In the case where
one eleciron is untagged, the larget photon can be appreciably off shel:, thus
obscuring the dependence of the photon structure function on "E%D- Heavy
quark models could help settle this dynamical dependence, including the degree

+f quenching of the hadronic contribution as [k?| increases.

The photon structure function plays a pivotal role in perturbative QCD and
further measurements are very much warranted. Higher luminosity mcasure-
meits at PEP, PETRA, and higher encrgies possible at 51.C, LEP and Tristan
will allow more precise measurements at high Q¥ > 100 GeV?, the separation of
F]', FJ', Fj and checks of specitic QCD predictions for F), separation of heavy
guark contributions. checks on the jet topolopical structure, moment analyses,
etc. Ve emphasize the need to check the photon-off-mass dependence and the
need for real photon target measurements, since even al maderate k? the sensi-

tivity of Fg lo Azzg drops out.

In the future, it may be possible to measure real photon structure functions
in ey — e'X reactions where the photon .arget is obtained from a laser or
wiggler beam back-scaltering on a linac beam.? In addition to potentially high
luminosity, one also has Lhe advantage that the photon baam is polarized and
can have an energy spectrum peaked at high energy, reducing the need for

reconstruction of the hadron production energy ¥¥.



4. High Transverse Momentum Inclusive Processes

One area of consideratile theoretical and experimmental uncertainty in photon
photon collisions is jet and hadron production at high pr. As reported by the
JADE collaboration, the predicted QCD scaking law!

# Bdo{d*p{yy = Jet + X) = [(z1,00m)

appears to set in 8t pr a8 low as 3 GeV, This is in remarkable contrast to the
very high pr {pr 2 20GeV)) required before any scmblance of scale-invariance
is seen in pp collisions. The precocious sealing of 4y reactions could be due to
a number of factors:

1. There are no logarithmic modificatlions predicted for the 4y — 2 jei, 3
jct and 4 jet pracesses in loading order. This is due to the fact that the
seale-violation due to the running coupling constant in the v¢ — gg and
gq — gq subprocess contribution {8 compensated by the evolution of the
quark distribution in the phaton. The subprocess can be distinguished
by the power of (1 = zp)" at thrahold zp = 2pr/,/s57 — 1 or from jet
topology.

[

. Hirher twist contributions roceive less trigger bias in 4 compared to
hadron-induced reactions,

The normalization of the JADE jet production ¢ross section appears higher
than QCD.5) As discussed in this 1neeting, it seevas unlikely that this diserepancy
could be due to an integrally-charged quark model. Within the context of QCD,
there are other possible explanations: anomalous X-factors for 44 — g7, elc.,
anomalous threshold corrections for yy — ¢é; mis-estimate of higher jet nucleon
contributions, ete. Mecasurements of 4y = 7 X, and v — X at high pr
could help to resolve these questions. One i3 also interested in understanding
the photon mass depeandance of the inclusive cross vections, backgrounds duc
to ee — een” siagle photon radiation contributions, jot coherence effects?d in

3jet and 4-jet reactiont, stc. On the theoretical side, we need 1o computc

>
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higher order corrections, relate the vy + Jet X cross sections to the meagured
phcton structure function, analyse heavy quack production, etc. Aside from
¢*e™ reactions, photon-photon collisions provide the simplest environment to
understand jel prodaction and hadronization.

8. Conclusions

The study of photon-photon collieions has progressed enormously, stimulated
by new data and new caleslationnl toolz for QTD. In the future we can expect
precise determinations of ag and AE%D from the y*~y — x? form factor and the
photon structure function, as well as detailed checka of QCD, determination of
the shape of the hadroa distribution amplitudes from 47 — HH. reconstruction
of a4 fram exclusive channels at low Wiy, definitive studies of high pr hadron
and jet production, and studies of threshold production of charmed systems.
Phaotan-photon collisions, along with radiative decays of the 3b and T, are ideal
for the study of multiquark and gluonic resonances, We have emphasized the
potential for resonance formalien near threshold in virtually every hadronic
exclusive channel, including heavy quark atates c¥el, ctull, elc,

At higher energies (SLC, LEP, .,.) parity-viclating electroweak effects and
Higgs production due to “equivalent” Z° and W¥ beams from ¢ — ¢Z° and
e — W will become important.®®) The basic form for the virtual (transversely
polarized} Z° beam in un electron it {z = (k% + &§)/(p! + p5))

__dN _ ag __ki_ Y
Py ) A

Asymptotic logs/M} scaling for dN/dz becom s relevant at s 3 M3, where
KL = M2,

Many of the most impeortant 47 studics are severely lisnited by counting rate,
emphasizing the nced for increasing detector accoptance and photon-photon
lumirosity. New accelerator developmemts,™ such as backscattered lasers on

16



linear coilider beams or other cohierent methads*® which can generate intense

beams of photons, could Jead 1o dramatic increases in L44. W note that many

of the most irteresting CD tests require only modest photon energies W, =

i to

17 GeV, but high photan.photon leminesity.
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