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1. Introduction

Over the past few years the £¢ld of phioton-photon collisicns'
bas smerged as ope of the best testing grounds for QCD, par-
ticularly in the area of exclusive and inclusive bard scatier-
ing procesees, exctic resonapce preduction, and detailed tests
of the coupling of real and virtual photons to the quark cur-
vent, Jo this summary of contributed papers, ] will briefy re-
view recen! theoretical progress in the aunalydls of two-photon
reacticas and possible directions for future work.

2. Two-body Production Processes

Exclusive two-pboton processes 39 — HE ot large
W2, = (g + g2)? and fixed 673, provide 3 particularly impor-
taot lsboratory for testing QCD, since the large momentum-
tragsfer behavior, helicity struciure, and often even the abso-
lute pormalization tan be tigorously predicted.” Conversely,
the angular dependence of 9y — A'H croms ssctions ean be used
to determine the shape of Lhe hadron distribution uuplitudes’
#5(2,, @)—tbe process-independent probability amplitudes for
€nding valeace quarks in the hadron, each earrying (Lght-cone)
fractiop g, of the hadron's momentum collinear up o the mo-
mentum trapsfer scale Q of the process. The vy, — HH
amplitude can be written 23 3 factarised form®

M (Wao 8em) =
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where Tyyr i the bard scattering helicity amplitude for
scattering the clusters of valeuce quarks in each badron. Th,.
cap be computed i perturbation theory and scales according
to the dimepsioal counting rules:* 1o lsading order T o
afas/WL)'7 and do/dt ~ Wot%f{6c.m.) for meson asd
baryon paire, respectively. The distribution aswplitudes
¢glz., Q) vequire inpot from non-perturbative bound state
physice, but their logarithmic dependence jn Q¥ Js determined
by evalution equations. Detailed predictions for pseudo-scalar
azd vector-meson paifs for each belicity amplitude are given in
Rel. 2. The belicities of the vector-meson palms are equal and
epposite {6 Jeading order in 1/W?, The QCD prediciions bave
now been extended (o mesons containing |pg} Fock states by
Atkipaop, Sucher and Teokos,® o 4y — pP by Damgaard,*
and to sll BE octet and decouplet atates by Pasrar, Maina
asd Nesi.” Thbe zormalization of the 47 ~ pP amplitude
ia detenmined by the ¥ — gP rate.”  The srduous calcula-
tion of 2680 7 — g9y diagrams in T required for calcu-
latlog 7 — B is greatly simplified by uaing swo-component
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spinor techriques.” Since there is » disagreement botween the
calculations of Rel. 6 and 7, a third calculation s vecesrary.
It is also important to repeat the 4y — 7P caleulations as-
suming ihe asymmetric form of the pretoa disttibulien am-
plitude derived from the ITEP QCD sum rules by Chernyak
and Zhoinidi,® since their model can readily sccount for the
magnitude and sign of tbe protos and nentron form factors.
The diffculty noted by Belyaev uod Tofle® and by agur and
Liewallye 3mith® conceruing the magnitude of GY,(Q7) a¢
large Q7 ia resolved if one assumes a nucleon distribution zm-
plitude broader than the asymptotic form 83232y and/or by
assuming & small rading’’ for the ggg valence Fock state.

The normalisation and angular dependence of the 4y —
=*2"~ predictions turn oot to be insensitive 1o the precise form
of the pion distribution amplitude since the results can be
writéen directly in terms of the pion form facter takep from
experiment. Receot Mark T data'? for ®*x~ aod K*K-
production [ tbe raoge 1.6 < Wy, < 2.4 Ge¥ 2ear 60° are
in excellont agreement with tbe aormalisation and energy de-
pendence pradicted by QCD (see Fig. 1). The onset of scaling
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Fig. 1. Measired crom section for 39 = =%z~
plas 9y — KK ted over the angular re-
giop [¢cedc.m. | < 0.3 (from Ref 12). The curve is the
pesturbative-QCD prediction from Rel. 2.

=
at this range of momenium fransfer for mesor joir produc-
tion is reasonable since tbe off-sbell quark'prepagators in the
diagrams for Tg carry momenta large comivated to bbe rele-
vabt QCD scales: quark iDaszes, intrinsic transverss momen-
tum, and A&,‘D. However, just a8 in ¢*e™ — HH, the scal-
ing bebavior of 1be Born crow seclisue can ba disiorted by
resonance production; the perturbative predictions could caly
be valid well above particle production threshoids agd where
low relative-velocity final-state corrections become unimpor-
tant. [Here we bave in mind the QCD analogue of Coulomb
interactions between atiraclive charged particles which, in the
non-relativistic regime, give singular distorticn factons®® of
the form /(1 — €7¢) where ¢ = 2xa/v (= 87 ay/3v In qoD)]
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The data*® for 4y — Pp° from FETAA and PEP are
mwch Jarger than predicted by QCD in the region l.2<W.,..<
2.4 GeV and are clearly suggestive of

An essential feature of the QCD pred c.'oas for baryon pair
prodnclmnuthefall -off of the cross sectin: »t Lage momentum
mﬂulmglhquuimmpmtmmuflhghdmm.

pear M ~ 1.9 GeV (see Fig. 2}. The sbeence of » comparable
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Fig. 2 Comparison of the 74 — p%° and p* o~ data'®!® with
the mescnium (¢¢43) resonance model of Achasov ¢f al.!®

sigoal in p*p~ precludes at explaga’ -n ib terms of a single
jsoscalar rescoance such as a gluebail state. A possible, if
oot compelling, interpretation has been suggested by Achasov
et ol,'® and Li and and Liv'" io terms of two interfering
I'=0and I =2, JPC = 2**, g7 resopances wilh masses
1.3 and 1.6 GeV, respectively. Two photons couple naturally
16 such “"mesonium® S-wave states. Sioce A(yy — p%%) =
L A0} + T A[2) and Alyy — p*pm) = O A(0) - 3Z A(2), IF
the J = D and 7 = 2 amplitudes add consiructively in g%,
tbey interfere destructively’® for p* p~. ldentification of these
resonances wilh the predicled couplinge in ¢ — 4% as well as
other 97 — V'V chaonels is erucial for a theck of this bypothe-
uis. At the bigh end of the experimenta) range, W., 2 2 GeV,
the data seem to approach the perturbative predictione.”

In genera), QCD predicia a large aray of exolic resonances
Q%2 99, 9099, q99%Y7. elc., which can be promizent in the
threahold region of the appropriate 77 production chanuel. In
the cane of 377 — PP, the cross section {do/dcond = 3 £ 1 nb}
teamired by TAS50" in the threshold regicu 2 < W, <
24 GeV ia roughly 60 times larger than the prediclion of
Furrar et al," slthough 77 — 8T may be close to the
predicted normalization. Again this suggesis distorlions due to
sesunance production, €.9., 999747 baryonium states. The per-
turbative predictions for 47 — B cannot become valid unless
all of the quark and gluon propagalors in Ty are reasonably
off-shell, ie., W, 2 5 GeV and large €can. .

One can compare these pmiu:lwn- with the iarge, rapidly in-
creasing cross sections ymdmded from effective Lagrangian
models with point-iie p, 8, and 7 couplings.

Risimportant lo extend the QCP predictionsfor 37 — BR
to the case of one or twe virtual photocs, sinte measerementa
can be performed vmh Iagged electrons. In fact, for W2 large
and fixed fc m,, the g and ¢ depeadence of the 1y —~ HE am-
plitude for traneversely polarined photons muat be minimal.®
in QCD since the off-shell quark and gluan propagators in Ty al-
ready transfer bard momenta; die, the 2y caupling is
effectively local for (¢}, 1g3! « p.

The study of resonance production in exclusive two-photon
reactions is particularly advantageous because of the variety of
new and exotic channeln, the abscnce of complications from
spectator badrons, and the fact that the continuum caz be
computed or estimated from perturbative QCD. The azset of
open charm is particularly interesting since the sum of the
exclusive channpel croaa section should saturate the 99 — 2
plus 77 — c2g7 contributions. The channels with maximal spin
and chamge such as 77 — Bypa(cuv) E;/;(ﬂm) are Likely to be
dominasnt due to charge coberence and muliiple belicity alales.

3. Forward Production

In the regime & 3> p3 > p? the croes sections for 7 = VV
and 77 — 4V can be computed from n > 2 wultiple gluon
exchange diagrams by summing a series in a.(p})ln a/p;.
As shown by Gintburg, Panfil, and Serbo,” the exponentia-
iion of thia aeries irada to large enbancement factors of order
of 100 over Born contributions. The cross sectione deminate
over the lower-order quark exchange contributions at forward
angles. Eatimates are also given for 43 — Vg, although in
this case soft gluon radiation needs to be included.

4. The Photon Structure Function

One of the most important tests of QCD s the photon
structure function ™ measured in -, (g?%, k%, W?) with 2* =
—@? and W7 large, k? = 0. As shown by DeWitt ef 2.,
and Frzger and Guuion,“ the quark distributions ip the pho-

ton ohey (in leading order) the extended evolution equations
(t = ;nQ?/A7)
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where the inhomogeneous term i induced by the dxnd

quark states cZe?, c2ull, efc., At higher energies (SLC, LEF. ...)

77 = g box diagram. It has been conveational to p t
the QCD prediction in terma of & regular hadronic (vector me-
son domibance) piece plus the asymptotic solution to (Eq. (2))
of tbe form g(2:Q%) = [(4x)/(ers (@)l () + Ei{3). However,
in lowest order, this gives an artificial singularity in he pho-
ton struciure function: F, = 2¢] ~ 2% 4, 2 —~ 0. In
bigher order, b,{z} & £ implying » negafior crom section for
£ — 0 at Sxed Q7. These difficulties® abow that & siraightfor-
ward separation of regular hadronic and peintlike contributiona
is snvalid;”®  diagrammatically both horisontal and wertical
gluon exchange corrections to the box diagram must be taken
into account.

A» emphasized by Gliick of d.,’ rigorous QCD predictions
can be made by constmction of quark and gluon distributions
it the photon to agree with experiment as a given scale QF,
and then using the evolution Eq. (2) to make predictions at
large @°. The differences between higher and lsading order
predictions are found to be small. The fundamental prediction
of QeD, Fi,{z, Q%) ~ Jog Q7 at fixed = and large @7, remains.
The disadvantage of this procedure is that the poseibility of
determizing AZ)IE‘D and making & pmom predictions for the
sbape of the atructure functions is Jost. An aliemative pro-
cedure, developed by Aptoniadis and Grunberg,: provides
consistent, regular solutions Lo the evolution equation (through
First order correctiona) at the expenne of a single parameter in
tbe second moment of the photon structure functions which
represenl hadronic contributions. QCD predictions can then be
made for Lhe shape of the structure fisnction for = > 25, where
zy ia set by the hadronic parameter.

It clearly would be useful o test the acenracy of these
methods in ap example where the photon interactions and glu-
onic radiative corrections could be systematically computed.
Obne such theoretical laboratory is the 3"y — Q% beavy qoark
contribution™ to the photon atruciure function where, for
v?/e? & 1 and Coulomb gauge, only Coulomh gluons couple
to the heavy quarks, and the radiative correcliona to the spec-
tator lioes can be computed as an expansion in v/c. This model
can also provide a guide to the 1 — c2 conlribution including
the final srate dietertion effectn at threchold. In the case where
one eleciroz is untagged, the target photon can be appreciably
off shell, thue obacuring the dependence of the photon structure
function oo ANy The heavy quark madel could belp settle
this dynamical dependence, includiog the degree of quenching
ol the badrogic cantribution as |k?| increanes.

5. Conclusions

The study of photon-photon collisions has progressed enor-
mously in the last few years stim alated by new data and new
calculational toole for QCD. In the future there are poasibilitiea
for precise determunations of ay and Aggb from the v*y — 2

form factor’ and the pboton structure function, as well as
detailed checks of QCD, including determinations of the abape
of the badron distribution amplitudes from 1y — B, recon-
struction of 04, from exclusive channels at low W, definitive
studies of bigh pr badron and jet production, and studies of
thresbold production of charmed aysiems. Photon-photon col-
lisione, along with radiative decayas of the ¥ and T, are ideal for
the study of multiquark and gluonic resorances. We have em-
phasized the potential for resonance formation near threshold
in virtually every hadronic exclusive channel, inctuding heavy

elec k effects and Higgs production due 1o “equivalent®
Z° and W beams from e — 29 and ¢ — vW will become
Important.

All of these studies are severely Limited by consting rate,
wbi-Z emphasises tbe necessity of increxsing detector accep.
tance and the pbolon-photon lumincsity £..,. New accelerator
dwelopmu.” mch as backecattered Issers on linear collider
beams or otber coberent methods which can generale intense
beams of pbotons, could lead to dramatic increases in the of-
fective £.,,. We oote that may of the moat interesting QCD

tests require only modest ph gies W, S 6 40 10 GeV,
but bigh photep-photon luminosity
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