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ABSTRACT

Highlights of the VIIith International Workshop on Photon-Pholon
Collisions are reviewed. New experimental and theoretical results
were reported in virtually every area of 4+ physics, particularly in
exolic resonance production and tests of quantum chromodynaruics
where asymptotic freedom and factorization theorems provide predic-
tinns for both inciusive and exclusive 77 reactions at high moamentum
transfer.

1. INTRODUCTION

The field of photon-photon collisions'! now plays a central role in hadron
physics, especially as a testing ground for quantum chromodynarnics.'” Two-
photon reactions have a number of unique features which are especially important
for testing QCD:

1. Any even charge conjugation hadronic state can be created in the annihi-
lation of two photons—-an initial state of minimum complexity. Because
~~ annihilation is complete, there are no spectator hadrons to confuse res-
onance analyses. Thus, one has a clean environment for identifying the
exolic color-singlet even C composites of gaarks and gluons lgg », |gg >,
igga >, ‘¢gg >, |9gqg >,... which are experted to be present in the few
GeV mass range. (Because of mixing, the actual mass eigenstates of QCD
may be complicated admixiures of the various Fock components.)

2. The mass and polarization of each of the incident virtual photons can be
continuously varied, allowing highly detailed tests of theory. Because a
spin-pne state cannot couple to two on-shell photons, a J = 1 resonance
can be uniquely identified by the onset of its production with increasing

phaoton rmass."”
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3. Two-photon physics plays an especially important role in probing dynam-
ical mechanisms. 1n the low momentum transfer domein, <~y reactions
such as the total annihilation croes section and exclusive vector meson pair
production can give important insights into the nature of diffractive reac-
tions in QCD. Photons in QCD couple directly to the quark currents at
any resolution scale. {See Fig. 1.) Predictions for high momentum trans-
fer 4y reactions, including the photon structure functions, Fj(z,G?) and
F]lz,Q%), high p7 jet production, and exclusive channels are thus much
more specific than corresponding hadron-induced reactions. The pointlike
coupling of the annihilating photons leads to a host of special features which
differ markedly with predicilions based on vector meson dominance models.
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Fig. 1. Photon-photon annjhilation in QCD. The photons couple directly to
one or two quark currents.

4. Exclusive 4~ processes provide a window for viewing the wavefunctions of
hadrons in terms of their quark and gluon dagrees of freedom. In the case of
7+ annihilation into hadron pairs, the angular distribution of the produc-
tion cross section directly reflects the shape of the distribution amplitude
‘valence wavefunction) of each hadron.

Newrly 100 experimental and theoretical physicists gathered in the Jerusalem
Hills Lo assess the progress in photon-photon physics as of 1988. New experimen-
tal results were reported in virtually every area of -y physies, including:

1. High Q* ~ 60 GeV? measurements of the photon structure function from
the AMY group-—the first 4y results reported from TRISTAN.' {(See
Fig. 2.) The logarithmic rise of F7(x,@%) in Q? at fixed z is a crucial
test of QCD, reflecting both the pointlke coupling of the on-shell target
photon to the quark cusrent and the asymptotic freedom property of the
effective coupling constant a,(Q?).
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Fig. 2. Data for the pholon struclure function structure function F}'{z, Q?)
as a fundtion of log Q2, inrluding & new point from the AMY collaboration
at TRISTAN."" The solid line ropresents the QCD prediction.

2. New measurements of exclusive hadronic channels, resonances, and baryon

pairs from ARGUS at DORIS. ™

3. High precision measnrements of the vy width of the n and ' states, in-
cluding the first 4~ resulis from the ASP group at PEP.™

4 Measurements of pair production of vector mesons, resonance production
[nn, n'(958), fi{12R5)] with virtual Lagged photons, and the photon struc-
tur » function by CELLO at PETRA."

5. Measu.~ments of resonance production and a search for I)* productiion in
tagged - reactions at JA nr.™

6. Measurcments by the Crystal Ball expeciment at DORIS™ of the vy -+
n"'#5" cruss section and the first observations of the state 72 (1680) decaying
through the f3{1270) 7 to six photons.



7. Measurements of Bose-Einstein correlations in inclusive 4+ reactions, de-
tailed results for vy — # 7~ in the f3{1270) and f,{975) region:, and studies
of inclusive distributjons of large transverse momentum hadrons in Lagged
-y events by the Mark Il group at PEP."”

8. Observation of tagged ¢°s° events and the v+ caupling to n, by the TASSQ
group at PETRA."

nat .

9. A number of new contributions from the TPC /7 group at PEP " includ-
ing measuremenis of inclusive charmed hadron (L°) produrtion, the v~
production of the 5., 5, and 7', tagged veclor mesnn predurtion, charged
particle fractions in inclusive 4y ananihilation, studins of hadron-hadron cor-
relations which reflect the gize of the production source, and measyrements
of 47 — pp with tagged virtual photons

Data related to -y physics now come from virtually every aclive ¢ ¢ storage
ring. Data from DASP (particle frartions), DM-2 (resonances), PLUTO (jets,
resonances), and Mask Il {radiative J/y decays)’™ were alsn reviewed at the
moeting. New 7y physics results are eapected in the futute from CESR a1l Cornell,
VEPP-IV in Novasibirsk, BEP( in Heyjing, the uproming high luminosity run
at PEP with the TP /-y detector, as well as the S1LC ard LEP

Excellent reviews of the lalest 4+ experitnental results were given in the
meeling in the reports by Maxwell (studies of inclusive hadron produrtion and
jet physics), Gidal [production of narrow resonances and meson pairs), Nilsson
{exotic resonance candidates and 4 exclusive channels), and Augustin (cadiative
J /b decay and olher processes selated to v+ annihilation}.

The theory talks also set high standards for the analysis of - rese tions
Chanowitz discussed the evidence and interpretation of the array of € ] states
which are possible randidates for the exotir spertrum predicted by QCI) Pen-
nington discussed the care needed to rehally extract resonance parameters in
~+ physics."" The unique features of jet production predicted by perturbativi
QCD and the special advantages for studies of jets at HHERA were discussed by
Kunzst. Field presented a detailed review of the virtual photoabsaorption cross
seclion @qq-{3,@%) and the photon structure function i the large Q? domain
The provocative situation concerning vecior meson pair production, and the com:
peling interprelations of these exclusive reactions in terms of exatic gggg state:
versus models based on diflraction and lartorization were discussed by Maor

Isgur presented a critique of perturbative QCD predictions fur exelusive re
actions, based on possible correctinns from the nonperturbative domain - The
questions raised by Isgur and Liewellyn Smith highlight the importanee of -
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exclusive reac tions as a test ol basic principles in QCD. I will comment further
on these issues in Sections 3 and 4.

The 57 data reported at this meeting show that the photon-photon channel
provides a window to an extraordinarily rich spectrum of relatively narrow ©
states in the 1 to 2 (GeV mass range. At this point definitive identification of
QUCD exotic candidates cannot be claimed, but positive evidence is mounting.
Cluonium .gg > candidates are expected to be produced more copiously in the
gluon-rich racdiative J v decays than in vy annihilation.”® This expectation is
quantified by the “stickiness” ratio suggested by Chanowitz."" States with J |
states can be uniquely identified by their appearance in virtual 4*+ rather than
real 47 reactions, a technique pioneered by the TPC/~~ group. One thus has
strang evidence that the f;(1420) siate ithe E(1420)] is indeed a spin-one state,
Whether this state is a an exotic “meikton” (g¢g hybrid state) as advocated by
Chanowitz, or a four-quark composite, as advocated by Caldwell, ' will require
more data and analysis.

The situation is even more perplexing in the case of vy annihilation inta vee-
tor meson pairs and diffractive exclusive channels. As discussed at this meeting
by Maor and Nillsan, the TPC/ 4 data for vy -+ wr*7  seems more charactes-
istic of a gg4y tresonance near 1.R GeV rather than a threshald characteristir of
the t-charnel faclarization model of Alexander et al.”’" On the other hand, the
four-quark resonance predictions of Li and Liu"" and Achasov et al "™ do no

give a good description of the 4y - p™p" data.

Two-photon physics is an importiant source of information on the 4y couplings
of charmonium states. The theory of such couplings and the refation of the
wavelunctions at the origin to hyperfine spliltings was discussed by Lipkin.

An excellent summary of the future physics of 7 collisions, especially at the
new colliders, was given by Zerwas in his talk. The topics include detailed tests
of QCD reactions at LEP-200 enargies,'' plus studies of the standard model in
v -« WI¥ and its sensitivity to the W anomalous magnetic moment, searches
{or supersynmetric particles, excited leptons, etc. He also reviewed the exciting
potential that beamsstrahlung induced by the e* and ¢~ passing through the
charge density of the other beam in 2 TeV linear collider can be maximized
to produce useful) photon beamns for high energy -y collisions. Work by Jacob
and Wu'” and by Blankenbecler and Drell ™ shows that the beamsstrahlung
spectrumn has a peak at large z.,; i.e., Lhe pholon can take a large frartion of the
lepton energy.

Sens and Dorfan both emphasized in their talks the polential for a “SLA(
laser collider.”™ In this scheme one utilizes laser light, back-scattered on the SLOC



cailiding, beatn-. 1r - nvert the energy of virvaally esere clesiron and positrar
intu high energy roladoag photons Early diseussiens of 1hae 1dea were giver,
by Spencer. ™ Akerind, " and Gingborg of 2l ™ More tecently, Spencer ann
I discussed the porsitulity of replacing the laser zont e with the heam of inw
energy photons presd sred by “wiggh <" the insertuan devices nsed o prodye
syochrotron beams 11 <t ape rnings,

The conventions: saurce of - callisions i~ the the reaction ¢ ¢ cetr X
As discussed at this meeting by Kunszt, HERA will alen provide o source of -
reactions from the procese pe - pe X The factorization fornala derived from

. - . - 4
the double equivalent photon approximation for 2 production ' oand extended
in Ref. | to general - reactiuns was the forerunner of the factorizat oo forn for
the = “fusion™ processes currently used i QD for heavy partic b production

Converselyv. the QO factonzation formolae can be ase:d ana bass or calouiatm
1 A

QED radiative cofrer tinne 1 ¢ " pran ion-

The copcept of cailiding phorons has becn edeganth weneranised by Cabin and
Dawson o the donam of virtua! gauge boson collison - i ludg Higgs pres
duction. The scattenne and anmbndation of the Woand 7 gaupe bosons with ploe
tong, slectrons, or othoer gauge bosons test essential feavyres of the ST, - 7]
standard madel The s onnequences for these reaction- o varomes alte rnatives Lo
the standard Higgs novdi! &ere reviened in Cahn's tall,. The conr bations of
Nie Y aed Sonildhne it 7 o this ronference detnonstrated the possible strue tuee
of gauge boson scattoring and annilnjation reartivns and how they are zlready
sigiificantly constramed by fow energy phenottiena and general principles.

2. HIGH MOMENTUM TRANSFER 4~ REACTIONS

The asymptotic lreedom property of QO plus s factorization theoremis
allow the use of perturbation theory ta predict detailed features of heth exclusive
and inclusive 47y reactions at high momentum transfer

A basic prediction of QO is the existence of two et ress tions T qy
with a rate I, Zi_‘_r; 1 - ()'“,f_p'i'.} 7 tnes the correspondig 0 o ut
rate, Frowm the staudpoint of vectar meson dJdominance mindele . the evistener of a
reaction in which all of the photon energy gors inlo a transverse jet s remark-
ahle, There is, howeser, some question whether the QO perturhation serws o
n,,(;::.;.] is convergent A very jarge 3-loop coeflicient war reporied recently for
the corresponding calc ulation of .., by Gorichny, Kateev, and Larin.™ Re-
cent measurements from the Mark 11 and carlier TASS0 data on tagged v large
transverse jnomentum single-charged hadron inclusive events appear to give even!
rates considerably larger than the PQOCD predictions of Aurenche ot al.” Thowe
theoretical predictions do nat include either higher twist contribitions whieh
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are enhanced by the single hadron trigger bias, nor the multi-jet contributions
related to the diagrams which contribute to the photon-structure function. ™
The latter processes leave spectator jets in the photon beam directions and have
the same dependence in log (J° as the two-jet reactions.”™ [The exira powers
of a,f p%-) from the hard-scattering subprocess cross section cancel againsi the
logarithmically-rising photon structure function.| However, these reactions are
relatively suppressed at large p?/s so it seems unlikely they can cure the discrep-
ancy between experiment and theory.

The photon structure functions™ Fi(z,@?) and Fi(z,@%), mrasured where
the target photon is nearly real, provide a critical testing ground for QCD. As first
discussed by Witten,”" the large Q? behavior Fz(z,Q?) ~ In{Q?)f(z) is due tn
the direct photon coupling 10 quarks corresponding to an inhomogeneous driving
term in the QU evolution equations. Both the logarithmic rise {see Fig. 1)
and the broad shape of f(z) predicted to leading order in o,{(Q?) are consistent
with Live availabie data. However, as emphasized by Zerwas in his talk, present
Inta do oot rrle ont Lthoories with fixed-peint behavior in the coupling constant.
“deasurements beyand @ 100 GeV? will be necessary in order Lo discrimate
hetween theories with asymptotic freedom versus fixed- point behavior,

some of the diagrams which contribute to the photon structuse for nearly-
real photon targets necessarily involve soft integration regions, and thus they are
simitar to diagrame< which contribute to the structure functions of vertor mesons.
The analvsis of QCD evolution from low to high Q2 requires a consistent inter-
wear ing of buth the hadronic and pointlike contributions.™ The nonperturbative
aspects nav be isolated by introduring a partition in transverse mormentum’™
or an equinalent parameter.'™ bul at the expense of removing the sensitivity of
the analysis o the QO scale Aygep. A detailed discussion of Lhis problem is
given i Field's report o this meeting and the review by Kolanoski and Zerwas,
Rel. 2.

[n a provucative cantribution to this meeting, Glick and Reya'" have shown
thit one can minimize the uncertainties assaciated with the nonpoint-like terms
amd abrtain a quite goad phenomenological representation of the data over the
complete range 0 5 - Q7 - 100 GeV? by starting the evalution al Qn ~ 250 MeV',
very clone Lo the assimned seale value Agep 200 GeVo (See Fig 3.} consis-
tent wath their analysis of hadronic structure functions. The Gluck.Reva analy-
ks s =oiewhal controversial since one normally wonld not expecl perturbative
evulution e be valid al sorh low momentum scales . The parameterization
- rt M1 ri assumed fur the hadronic component of the structure funclion
at 2 ntroduces sume model dependence. For example, it is not clear how
the Regge ansatz of fised £ power behavior al low r can be consistent with

-1
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QCD evolution. Nevertheless, the Glock-Reva analisix may be pointing to fur-
ther evidence of “precocious™ scaling in Q1) As emphasized by Kolanoski and
Zerwas,” the rapid evolution of the photun structure function seen n Fig 3 at
small 0% -- } Ge\™ implies the presence of higher twist cnntributions
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such experiments should be quite feasible at LEP 200. Cordier also discussed
the advantages of using -y reactions as a iuminosily calibration at high energy
colliders.

3. EXCLUSIVE vy REACTIONS

Perturbative QCI) predictions for 4y exclusive processes at high momentum
transfer and high invariant pair mass provide some of the most severe tesis of the
theory. ** A simple, but still very important example'” is the @2-dependence of
the reaction v°y — M where M is a pseudoscalar meson such as the 5. The
invariant amplitude contains only one form factor:

-“‘Iuv = nyerP:qTF‘m(Qzl .

It is easy Lo see from power counting at large Q? that the dominant amplitude
(in light-cone gauge) gives Fyq(Q%) ~ 1/Q* and arises from diagraims (see Fig. 1)
which have the minimur path carrying @%; i.e., diagrams in which there is only
a single quark propagator between the two photons. The coeflicient of 1/Q*
involves only the two-particle g§ Fock component of the meson wavefunction.
Mure precisely the wavefunction is the distribution amplitude ¢(z,Q), defined
below, which evolves logarithmically on Q. Higher particle number Fock states
give higher power-law falloff contributions to the exclusive amplitude.
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Fig. 4. Calculation of the vy - 5 transition form factor in QCD from the
valence ¢¢ and ¢§4¢ Fock ¢ ales.

The TPC/v data'® shown in Fig. 5 are in striking agreement with the
predicted QCI) power: a fit to *he data gives Fpp{Q?) ~ {1/Q%)" with n =
1.05 + 0.15. Data for the 7' fram Pluto and the TPC /7 experiments give similar
results, consistent wilth scale-{ree behavior of the QCD gquark propagalor and the
point coupling to the guark current for both the real and virtual photons. In the
case of deep inelastic leplon scattering, the observation of Bjorken scaling tests
these propertics when both photons are virtual.
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Fig. 5. Comparison of TPC /4y data®™ forthe o n and v 5’ transition
form factors with the QCI) leading twist prediction of Ref. 42, The VMDD
predictions are also shown. See &, Yellin, this meeting.

The QCD pcwer law prediction, F,,(Q%) ~ 1/Q*, is consistent with dimen-
sional counting*” and also emerges from current algebra arguments {when both
pholons are very virtual)."" On the other hand, the 1/Q? falloff is also expected
in vector meson dominance models The QCI} and V)M predictions can be
readily discriminated by studying 4*+" - n. In VMI) one expects a product of
form factors; in QCD the falloff of the amplitude is still 1/Q? where (9% is a linear
comhination of Q7 and Qg. It is clearly very important to test Lhis important
feature of QCD.

The analysis of vy -+ 5 given here is the protatype of the general QCD anal-
ysis of exclusive amplitudes at high momentum transfer:'“” At large pr the power
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bahavior of the amplitude is controlled by the minimum tree diagram connecting
the valence guarks in the initial and final state-—this is the hard scattering am-
plitude Tx which shrinks to a local operator at asympotic momentum transfer—
effectively the quarks interact when they are all at relative impact separation
by ~ i/pr- One then convolutes Ty with the distribution amplitudes ¢{z,,Q)
of the hadrons—analogs of the "wavefunction at the origin® in nonrelativistic
quantum mechanics —to construct the hadronic amplitude. This convolution is
the basis of the factorization theorem for QCI) exclusive reactions: to leading
order in 1/pr, the nonperturbative dynamics associated with the hadronic bound
siates is isolated in universal, process-independent distribution nmplitudee."" In
cases such as vy annihilation jato meson pairs and meson form {actors, the anal-
yais is completely rigorous in the sense that it can be carried out systematically
to all orders in perturbalion theory.

A striking feature of the QCD descriplion of exclusive processes is “color
teansparency:"'*" The only part of the hadronic wavelunction that scatters at
large mmomentum trunsfer is its valence Fock state where the quarks are at small
refative immpact separation. Such a fluctuation has a small colur-dipole moment
and thus has negligible interactions with other hadrons. Since such a stale stays
small over a distance proportional to its energy, this implies that quasi-elastic
hidron-nucleon scattering at large momentlum transfer as illustrated in Fig, 6
can occur additively on all of the nucleons in a nucleus with rinimal atteny-
alion due io elastic or inelastic final state interactions in the nucleus, i.e., the
nue lens becotres “iransparent.” By contrast, in conventional Glauber scatlering,
one predicls strong, nearly energy-independeni initial and linal state altenvation.

Fig 5 Quaei elastic ppe scallering inside a nuclear target. Normally one
exXperts s h processes Lo he attenuatled by elastic and inclastic interactions
of the incideat proton and the final state interaction of the scaltered proton.
Perturbalive QCD predicts minimal attenuation; i.e., “color transparency,”
at large momentum transfer.

11
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A recent experiment = al BNL measuring quasi-elastic pp — pp scatter-
ing at f,,, = 90° in various nuclel appears to confirm the color transparency
prediction—at least for py,; vp to 10 GeV fc, [See Fig. 7.) Descriptions of elastic
ecattering which involve soft hadronic wavelunctions cannot account for the data.
However, at higher energies, pi ~ 12 GeV /e, normal attenuation is observed in
the BNL experiment. This is the same kinematical region E.,, ~ 5 GeV where
the large spin correlation in Axp are observed."” Both features may be signaling
new s-channel physics associated with the onset of charmed hadron production™"'
or interference with Landshoff pinch singularity diagrams."™ Much more testing
of the color transparency phenomena is required, particularly in quasi-elastic
lepton-proton scattering, Compton scattering, antiproton-proton srattering, elc.
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Fig. 7. Measurements of the transparency ratio
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near 90° on Aluminum (from Ref. 44). Conveutiosnal theory pridicts that
T should be small and roughly constant in energy  Perturbatoe QD
predicis a monotonic rise Lo T - ]




The eszential nonperturbative inpnt for exclusive reactions at high momen-
tun: transfer is the hadron “distribution amplitude™ ¢{z, @) which describe the
lungitudinal momentuin distribution of the quarks in the valence, lowest-particle-
number Fock state, **  Hadron wavefunctions can be conveniently defined as
roeflicients on 2 Fock basis at fixed r = ¢ + zfe in the light-cone gauge. Then

é{z,Q) = f Pk QP — k3 Wy (2, k) ;

e ¢ir. Q) is the probability amplitude to find the quark and antiquark in the
meson {or theee yuarks in a baryon) collinear up to the transverse momentum
srate (). Here 2 = (k" + &%)/ (p? + p°). More generally, the distribution amplitude
rar tiw defined as a gauge-invariant matrix-element product of quark fields evalu-
zled betweer, the QCD vacuum and the hadron state. At large Q2 one can usc an
operater product expansion or an evolution eguation to determine ¢(x,Q2) from
an initial value ¢(z, Qp) determined by nonperturbative input. The distribution
ampiitude contains all of the bound-state dynamics and epecifies the momentum
disuribution of the quarks in the hadron. The hard scattering amplitude can be
calcujated perturbatively as a function of o,(Q?). The analysis can be applied
to form factors, exclusive photon-photon reactions, photoproduction, fixed-angie
scattering, ete.

Laclusive twuw-hody processes 4y — HH at large s = W.f., = {g + qz)°
and fixed 65 provice a particularly important laboratory for testing QCD, since
the large womentum transfer behavior, helicity structure, and often even the
absolute aurmalizatic s can be rigoronsly predicted. lexsst

As erzphasized above. the angular dependence of some of the vy -+ HH cross
surtions reflects tha shape of the hadron distribution amplitudes ¢y (z;, Q). The
3y - K amplitude can be writien as » factorized form
I

M -l'(“ '!':-ﬁtm\ = J[Id!f:] é;"(z"Q) é;_"(yf!Q] T,\.\'(I'U;Wﬂ-acm)
P]
whrs T“ i- the hard scattering helicity ampltude, To leading order T «
fhas VS ‘;1 < and dofdl ~ "‘ 'Gf(ﬂm] for meson and baryon pairs, respec-
1vely.

Low~~t order predictions for pseudo-scalar and vector-meson pairs for each
helicity amplitude are given in Ref. 42. In each case, the helicities of the hadron
pairs are equal and opposite to leading order in 1/W?2. The normalization and an-
gular dependence of the leading order predictions for yy annihilation into charged
meson pairs are almoest model independent; i.e., they are insensitive to the precise
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form of the meson distribution amplitude. If the meson distribution amplitudes
is symmetric in 7 and (1 — z}, then the same guantity

3
¢:(z,Q)
f R

controls the z-integration for both F(@?) and Lo high accuracy M{~+y -+ x 7 ).
Thus for charged pion pairs Lepage and I found - he relatian:

%(11 - F"y ] - 1 —cos"ﬂ,m )
Note that, in the case of charged kaor pairs, the asymmetry of the distribution
amplitude may give a small correction 1o this relation.

The scaling behavior, angular behavior, and normalization of the ~y exclu-
sive pair production reaciions are nontrivial predictions of QCD. Recent Mark []
meson pair data and PEP4/PEP3 data for separated 7' 7 and J{* K produc-
tion in the range 1.6 < W, < 3.2 GeV near 90" are in satisfactory agreement
with the normalization and energy dependence predicted by QCD. (See Fig. 8.)
In the ease of a%x° praduction, the cos 8., dependence of Lhe cross section can be
inverted to determine the z-dependence of the pion distribution amplitude. The
one-loop corrections to the hard scatiering amplitude for meson pairs have been
calculated by Nizic.'"" The QCD predictions for mesons conlaining admixtures

of the |gg) Fock state is given by Atkinson, Sucher, and Tsokos.

The perturbzetive QCD analysis has been extended o baryon-pair production
in comprehensive analyses by Farrar et al."* and by Gunion et al."” Predictions
are given for the “sideways” Comptlon process ¥y -+ pp, AA pair production,
and the entire decuplet set of baryon pair states. The arduous calrulation of
280 4 — ¢qqGqg diagrams in Ty required for calculating vy — B H is greatly
simplified by using two-componentspinor techniques. The doubly charged A pair
is predicted to have a fairly small normalization. Experitnentzlly such resonance
pairs may be difficult to identify under the continvuin background.

‘The normalization and angular distribution of the QCD predictions for proton-
antiproton production shown in Fig. 9 depend in detail on the form of the nucleon
distribution amplitude, and thus provide severe tests of the model form derived
by Chernyak, Ogloblin, and Zhitnitsky from QCD sum rules. "

A three-dimensional representation of the COZ model is shown in Fig. 10.
The moments of the proton distribution amplitude computed by Chernyak et al.
have now been confirmed in an independent analysis by Sachrajda and King."™
In the case of the meson distribution amplitudes, there is good agreement ol
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Fig. 8 Comparison of 4y — a*x~ and 47 — X+ K~ meson pair production
data with the parameter-free perturbative QCID prediction of Rel. 42. The
theory predicis the normalization and scaling of the cross sections. The data
are from the TPC/~yy collaboration.
the lattice gauge theory computations of Martinelli and Sachrajda™" with the
QUD sum rule results. These checks have greatly strengthened confidence in the
reliability of the QCD sum rule method, although the shapes of the distribution
arnplitudes are unexpectedly structured: the pion distribution amplitude is broad
and has a dip at r — 1/2; the u quark with helicity parallel to the proton helicity
carries nearly 2/3 of the momentum in the three-quark valence Fock state of the
proten. In fact, the QCI) sum rule distributions, combined with the perturbative
QU1 factorization predictions, account well for the scaling, normalization of the
pion form factor. and also the branching ratio for J/¢ - pp. In addition, as
shown in a contribution by Maina to this workshop, data for large angle Compton
scattering 7p -~ 7p is well described.
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Fig. 9. Perturbatine QCD predictions Ly Farrar and Zbang for the 10s(8,,)
dependence of the 4+ — pp cross section assuming the King-Sachrajda [KS),
Chernyak, Ogloblin, and Zhitnitsky (COZ), and original Chernyak and Zhit-

nitsky {CZ) forms for the proton distribution amplitude, @¢,(7,.Q). Ser
G. Farrar, this meeting.

Fig. 10. The proton distribution amplitude ¢y [, 4} determined at the sezle
# ~ 1 GeV from QCU sum rules by Chernyak,. Ogloblin, and Zhnitshi
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An important check of the QCD predictions can be obtained by combining
data from vy — pp and the annihilation reaction, pp — v, with large angle
Compton scattering yp — 'w.'"'

This comparison checks in detail the anguiar dependence and crossing behav-
ior expected from the theary. Furthermore, in pp collisions one can study timelike
photon production into ¢te~ and examine the virtual photon mass dependence
of the Compton amplitude. Predictions for the ¢* dependence of the pf — 17°
amplitude can be obtained by crossing the results of Gunion and Millers.™™

The region of applicability of the leading power-law predictions for vy — pp
requires that one he beyond resonance or threshold effects. It presumably is set
by the scale where Q4G ps(Q?) is roughly constant, ie., Q* > 3 GeVe. Present
measurements may thus be too close to threshold for meaningful tests."™™ It
should be noted that, unlike the case for charged meson pair production, the
QCD predictions for basyons are sensitive to the form of the running coupling
constant and the endpoint behavior of the wavefunctions,

The GQCD predictions for 4y — HH can be extended to the case of one
or two virtual photons, for measurements in which one or both electrons are
tagged. Because of the direct coupling of the photons to the quarks, the Q% and
@2 depeadence of the 4y — HH amplitude for transversely polarized photons is
minimal at W7 large and fixed 8., since the off-shell quark and gluon propagators
in T already tranafer hard momenta; i.e., the 2+ coupling is effectively local for
Q%, Q3 « pd. The 4"y* ~ BB and MM amplitudes for off-shell phoions
have been calculated by Millers and Gunion.*! New results on charged =p pair
production were also presented to this meeting by Kessler and Tamazouzt. In
each case, the predictions show strong sensitivity to the form of the respective
barvon and meson distribution amplitudes.

We also note that photon-photon collisions provide a way to measure the
running coupling constant in an exciusive channel, independent of the form of
hadronic distribution amplitudes. The photon-meson {ransition form factors
Foom(QY), M = n% 1%, [, etc., are measurabla 'n tagged ey — &'M reactions.
QCD predicts

1 RQH)
2 x
] S e e e——
(@) dn Q3| Faq(QY)?

where to leading order the pion distribution amplitude enters both numerator
and denominator in the same manner.
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4. APPLICABILITY OF PERTURBATIVE QCD TO EXCLUSIVE
PROCESSES

Nathan Isgur’s contribution to this conference was particularly provocative.
In his recent work®” with Llewellyn Smith, Isgur has challenged the application
of perturbative QCD to exclusive reactions in the momentum transfer range
presently accessible to experiment. The issues involved are very important for
understapding the basis of virtually all perturbative QCD predictions. As might
be expected, 1 disagree with the Isgur-Lleweliyn Smith analysis and conclusions.
Let me deal in turn with each of their points:

1. Isgur and Llewellyn Stpith, 2nd also Radyshkin."” argue thal Lthe normal-
ization of the PQCD amplitude is of order (e./#)*(A?/Q?)* where A is a
typical hadronic scale. If this were the correct estimate, the perturbat;ve
contributions waould be too small to compete with the rapidly-falling “soft”
nonperturbative contributions until very large momentum transfers Q.

In fact, the PQCD prediction for the pion form factor at large Q2 is nominally
of order 167a, f?, a factor of order 1672 times larger than the abnve estimate,
The actual coefficient of the leading twist, leading power law terny depends on
the integral IOI dz f('.]-ng), and is thus only moderately sensitive 1o the shape of
the meson distribution amplitude in the endpoint region.

The normalization and sign of the Jeading power law terms predicted by
PQCD are in agreement with the rmeasuremments of the meson and baryon ferm
factors as well as large invariant mass exclusive photon-photon meson pair pro-
duction croes sections if one uses the hadron distribution amplitudes predicted
by Chernyak et al."™ and Sachrajda and King™' from QCD sum rules. As
discussed in Section 3 the recent lattice gauge theory analysis of the moments
of the meson distribution amplitude by Martinelli and Sachrajda®™” pive results
consistent with those of Chernyak and Zhitnitsky.

It might also be noted that in QED, the “soft™ coulributions tn the positro-
nium form factor from Coulomb photon exchange are the same order in o as
the “hard” contributions from transverse photon exchange. There are no extra
powere of o in the hard amplitude! Once the electrons are relativistic, i.e., for
Q? ~ M?, the hard, perturbative contribution dominates.'"”

2. Isgur and Llewellyn Smith argue that the momentum transfer Rowing
through the gluon propagator in the hard scattering amplitude for an ex-
clusive reaction is typically too small to irust the perturbative expansion.
This seems to be of particular concern for the skewed, highly relativis-
tic distribution amplitudes obtained from the QCD sum rule analysis of
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Chernyak et al. since the integration region where z is large tends to be
emphasized. In the case of the hard scattering Ty amplitude for the pion
form factor (illustrated in Fig. 11), the struck quark is off-shell at order
(1 - z)@* whereas the momentum transfer of the exchanged gluon is of
order (1 — 2)(1 — y)@?, which can be considerably smaller.

q (1-x) Q2

ﬂ_’i/ﬁf@—

LT “ ‘x)“‘VJ Qz STUEPAS

Fir it lLeading twislt contribulion to the meson form fartor in QCD.

In fact, as shown by Lepage and myself,"” the momentum iransfer scale
wliere one can analyze amplitudes perturbatively in QCD is controlled by the vir-
tuality of the quark propagator not that of the exchanged gluon. [The range of the
gluon virtuality is of course imporlant in setling the acale of the effective coupling
constar! a,{Q?).] I the struck quark is sufficiently off-shell, |k}] > A}cp. one
can easily show that multiple soft gluon exchange contributions are suppressed
by powess of Q7 relative to one-gluon exchange. The satne considerations apply
Lo the analyvsis of the evolution of deep inelastic structure functions: the rritical
scale is the ofl-shellness of the quark propagators—not the minimum virtuality
of the gluons, Fyen though the radiated gluons have low virtualily, one can com-
pute the lorin of QCD evolulion with elementary vector gluon conplings provided
that Lhe struck guark is sufficiently ofl-shell. Similarily, in computalions of quark
jet evolutian, the perturbative gluon coupling dominates even though the gluon
can be radiated near its mass shell. Requiring the gluon to have a minimum
virtual mass corresponds to multiple jet production,

How can one recancile the PQCD analysis with the concept that at low
inomentumn Lransfer (he interaction between quarks is nonperturbative? The
concep! ol a nonperturbative potential {and estimates of scales involving the
glaebosd muass) can only be applicable to situations in which quarks are close to
their s thells and scatter at low relative velocity so that there is sufficient time
to interi bt strongly  However, in the high momentum transfer form factor and
derp inelestic scattering reactions, the struck quark is relatively far ofl its mass
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shell and interacts &t high momentum relative to the spectator quarks. Thus its
interzctions may be computed perturbatively.

T} e above observations form the basis of the application of renormalization
group equations and the operator product expansion io these reactions, and allow
one to calculate the leading power behavior and the QCD logarithmic evolutjon
of exclusive amplitudes for the pion form factor and v annihilation into meson
pairs to all orders in perturbation theory.

7]

The predictions' for the leading 1wist term in exclusive QCD hadronic
ampliludes are thus unambigpous. Higher Lwist corrections to the quark and
gluon propagator due to mass terms and intrinsic transverse momenta of a few
hundred MeV give nominal correciions of higher order in 1/Q%. These finite mass
corrections combine with the leading twist resulls to give a smooth approach to
small Q%. The PQCD scali*.g laws thus become valid at relatively low momentum
transfer, the few GeV scale, consistent with what is nhserved in experiment, as

in the results shown in Figs. 5 and B.*”

3. Independent of the underlying theory, the form fartor of 4 hadron can be
computed from the overlap of light-cune wavelun. tions, aummed aver Fock
states, as shown by Drell and Yan.™" This is the starting point for all rel-
ativistic calculations including the PQCD analysis. lsgur and Llewellyn
Smith, and also Radyshkin, argue that one can ohtain reasonable agree-
ment with Lhe form factor data by parametcrizing the thres-point vertex
amplitude using various models fur the bound state wavefunrtions.

However, phenomenclogical agreement wilh a parameterization of the vertex
smplitode is not in contradiction with the PQCI) analysis unless ane ran show
that the QTD wavelunction with gluon exchange can be excluded 1n Tavor of
purely nonperturbative forms. The analyses'™" of Dziembowski and Mankirwicz
(which are consistent with QCD sum rules), Carlson and Gross, and Jaceb and
Kisslinger show that strictly soft wavefunctions, consistent with rotational in-
variance in the rest frame, and nurmalized correctly, cannnt acroen! for the pion
or proton form factors in the power-law scaling regimr.

Perhaps Lhe mosi rompelling evidence for the validity of the PQC D approach
to exclusive processes is the ohservation™ of color transparency in pp quasi-
elastic scattering in nuclei, as discussed in Section 3. The BNIL. dala exclude
moadels in which the scattering is dominated by soft wavelunctions.

The perturbative QCU predictions for the leading ‘wist power-law contri-
butions are generally consistent with data for exclus'  processes when ithe mo-
menilum transfer exceeds several GeV."™ It is difficult to understand Lhe claim
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that these datn are rxplained by highet twint or soft nonporturbative contribn.
tionn minre puch effectr neconrarily fall at loast one power of Q9 fanter than the
ditmennlonal counting prediction.

5. 14 PHYSIU'S AND NONPERTURBATIVE QCD

Only a nmnll Irnetion of the vy phynics considered at this meeting ean be ad-
dresaed by prrtachative QCD analyses. Despite the simplicity of the Initial alate,
the il eomplexity of hadron dynamies is involved in understanding renonance
produrtinn, erxclusive channels noar threshold, jot hadronlzation, the hadronie
contribinlion o the photon structaee funriion, and the Lotal 4+ snalhilalion rrons
rection. A primary questlan in whether we can ever hape to confront QCIY di.
reclly in its nonperturbative domain,

Ar rmanphanized al thin mecting by Rosner and Pennington, predictions can
be yunde pear threshold {or the vy -+ #n clinanels from goneral priaciples; the
low rnetgy theorem, unitarity, and Watson's theorem. The successlul analyrin by
Brown, Golide, and Rosner for 2%2" production st low invariant pair mamn (ree
Fig. 12} in an importanl example of thin type of nnalynis,
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Fig. 2. Comparwen of prediclions by Goble snd Roaner with Cryntal Hall
data for 441+ #"n' ol low energien. The upper and lower curves correnpand
to ¢ thass Ay 755 and 0 GeV /e2, reapectively. The daia wore preseniod
ta thin ronference by H. Marninke ot al. The analysin usen the method of
Coble and Brown.™” See 1. Roaner, this theoting.

Ta go further and conflront QOD directly in the nanperturbative domain in
onr of the mont chalienging tasks in particle phynics. Lattice gauge theory and
#ffoeLive Lagrangian methods such as the Skyrme model offer anme hope in un.
deratanding the jow-lying hadron spectrum but dynamical computations relevani
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Lo vy annihilation appear intractable, Considerable infnrmatom™" on the spee.
trum nnd thie moments of hadron valence wavelund tionn has been alitained vaang
the I'TEP QCD suin rule meithod, but the region of applicnbility of this method
to dynamical problemn appearn limated.

Rocently B, C. Paoli and | have developed a new method for analyzing QCD
in the nonperturbative domain: dincretized light-cone quantization (PLCQ). ™
Thus far the method has been successfully applied 1o gauge theation in one-space
antd one-time dimennion, including QU+ 1" We are optimistic that it will
be computationally viable when applied w QCD in 34 ) dimensions,

‘The banic ldea of DLCQ in as follown: QO3 dynarics takes s rather mimnple
form when quantized at equal light-cone “tigne™ + 1 0 2fc In hp-rone gauge
Al A" 1 AY -0, the QCTY light-cone Hamiltnnian

Moens Mo voglhy gl
contains the yanal 3-point and 4-point interactions plus induced terms from in
ataninncous gluon exchange and instantanecous quark eachsnpe diagrams. The
prerturbative vacuum = an eigensiate of Hyep and serves as the lowest sLte in
conatriucting a complete basin set of color snplet Fock states of Iy in mementum
space, Solving QT ir then equivalent to salving Lhe eigenvalue poblem:
Houpl¥ -- MY -

as & matrix equation on the free Fock basia. The net of cigruvidues {M7) repro
nentn the spectrum of the color-ringlel statrs in QCD. The Fack prajections of the
eigenfunction corresponding to each hadron eigenvalue given the quark nnd giuon
Fock state wavefunctions i, (2, k |4, A,} required to compute structure functions,
dintribntion amplitudes, decay amplitudes, rtr. For rxample, ax shown by Deell
angd Ynn,'“' the form-factor of & hadron can be computed al any momentnm
transfor @ from an overlap inlegral of the ¢, summed over particle notmber n
The et e - annihilation crosn section into a given J - 1 hadronic chanuel can be
computed directly from its ¢y Fock stale wavefunrtion.

The light-cone momentum spare Fork basis becomes diserete and atenabie
to compuler sepresentation if onre chooses (ant-}periodic boundary conditions fir
the quark and ghuon fields slong the 2 - 2 ef and 2, directions It the care of
renorinalizable theories, a covariant sltravialet cotoff A is introduced which lirnits
the taximum invariant rass of the particles in any Fock state. One thus obtiins
a finite matrix representation of ”g:!n which has a straightforwnrd eontinuum
limit. The entite nnalynin i frame independent, and fermions present no special
difficulties.
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DLCQ has been used 1o obtain the complete spectrumn of nentral states in
QED in one space nnd one time for any mans and coupling constant.'” The results
agree with the Schwinger solution at infinite coupling. Recently Horabostel”"
has obtained the meson and baryon spectrum and iheir structure functions in
QCI T ] for 2, 3, and 4 colors. Studies of QED in 3+1 dimensions are now

T4y
underwany.

What are the applications to 7y physics?  Assuming that DLCQ is in.
decd computationally viable for QCI in 3 + 1 dimensions, the spectrum of € 4
hadronic atales could in principle be predicted. If electromagnetic interactions
are included in the light-cone Hamiltonian, then the partial widih I',., of earh
state ¢ ould be computed from its vy Foek component. The vy annihilation cross
s tion and photon structure fuartions conld alro he compuied from sums over
the Fie k atate wavelunetions. The 1 evolution of ulates as Lthey develop from the

initial p o stade conld e investigatod.

Thus, vne can envision a nonperturbative method which in prineijle conld
allow o gquantdative confrantaling of QCD with the vy data rven at Inw voergie.
and momentum transfer At Lhis paint only {romputer) Litne will tell whetliee
1110 will b vrablde for such prroblens.

6. FUTURE PROSPECTS FOR 47 PHYSICS

The helid of photon photon eollisions has now become an essential and integra)
part of theoretical and expercnental high energy physics,

The v physity issues presented at thio workshop are exciting and Munrda-
trntal, an wis evndenced by many intense debates at the Shoresh meecting. The
greatest wtrengtha of 44 pliysics are clearly in unraveling the € - + hadronir
apectrum g lesting hadron dynamies starting from an elegantly gimple ni-
hal stale Two pholon physics is pow a primary area for probing QCI) at its
perturbative nonpertarbalive interface.

The energy domain thus far explored in 4y annihilation is slili relativeiy
o bt bt an pevertheless a gess] mateh for teating predictions for exotic quark
atal gluon states, studsing Lthe prodaction of hidden and open charmed hadrons,
probang o tusive reacions at low and high pp, and testing highly constrained
precds tions lor exrlusive channels both near threshold and at large invariant
tees Thie gy eeasurements in this energy domasin are also important as a
tetog gromind b andectanding jet hadronization, heavy quark production, and
b hprrouneds, 1o phiysn s at hugh energy rolliders.

Higher vy Inminosity and rneegy are essential in order to extend the reach and
sensitivity of g physics  particularly for {a] the definitive identification of C  +
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exolic atates, (b) Ligh sensitivity teats of perturbative QCD in meson and baryon
pair production (reactions which give strong constraints on the hadron distribu-
tion amplitudes), (¢) the measurement and separation of the pholon structure
functions, (d) the observation of the entire jet structure predicted by QCD, and
(¢} a detailed lonk at -y annihilation inte charmed hadrons.

Sxperiments have hardly begun to exploit the unique capability in 4 physics
ol varying the spacelike masn and polarization of the incident virtual photons.
Such double-tagged experiments require both high arceptance and luminesity.

The upcoming run of the TPC /vy detector at PEP will hopelully add a great
deal to these studies. Much can be done at the CESR and TRISTAN rings even
without tagging. Considerably higher ¥y tuminosity will come automatically
with increased e'c  luminosity at LEFP, and there iv intense interest to explore
v processes phyrics by subgroups at each of the four primary detectlors.

The recently- putiished study of 4 physics at LEP-200 provides an excel-
lent survey of physics pursibilities a1 wtill higher energies and luminosity. Fven-
tually the nse of bark scattered photoans from lasers, wigghrs, or controfled
beamsstralilang could lead to machines with photon energies and - lumines.
ity rivaling that of the primary r'¢  beams

The principles ol 7y pracesses generalize o the domain of gauge-boson in-
teractions in e'e |, hadron-badron and lepton-hadron colliders. As diseussed at
this meeting by Cahn, Kunzst, Nir, and Sc hildknecht, these processes pravide an
irnportant window to virtually sll of the phynirn of the standard mndel,

We have alno discussed at this mecting the relationship of <7 pliysices to closely
related felds, such as Complon wealtering, sip sy, and antiproton annihilation,
pp ¢« - Perbaps the most watrigaing ¥y reacGon s the very narrow corfrelated
7 nignal recently reported at Mo, 1062 t 0.003 Me'V, in an experiment” af
the LBL SuperHILAC studying uranium jon collisions on a thorinm target al a
lzahoratory kinetic energy of 5.9% MeV /oucleon, Assaming the signal is confirmed,
a remarkable feature of this reaction is that the 4o system is apparently produced
at clnre to zero rapidity in the center of mass. | e difficull to anderstand the
arigin of this state since its measured spread in total momentun Ap, o, - 0.02m,
correaponds o a lenglth uncertainty exceeding 10,000 fu!
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8. DISCTISESION

(s, Alexander: You stated in the beginning of your talk that the low W, region
of =~ + hadrons is full of resonances. Does it then make senze to use this region
ax n testing ground for fundamental QCD and PQCD or should we move to a
higher W, region relatively free of resonances?

S. Brodsky: The applirability of PQCD to exclusive vy reactions clearly re
quires thal one should be in apn energy range beyond the region of prominent
resnnances. (n the other hand, the large number of resonances praduced in
photan-photon collisiona in the 1 to 2 GeV energy range auggests thai quark
anti-quark states alone do not provide sufficient degrees of freedom Lo describie
the observed spectrum. If one can show definitively that gluonic or other exotic
states are present, then this regime of 4y physics would provide a fundamental
testing ground for the bound-state spectrom of QCD.

M. Rouan: [n your review, you mentioned the agreemeni between the TPC /vy
tmeasurement of the p° « production and the four-quark model fit, and that
there is no single mode! which can explain the varioun vector-vector measure-
ments which have been made. 1 would like to add a few comments: Firat, the
TI'C; 97 measurement agrees with the ARGUS results within the 20-30% sys-
teruatic errors the measurements as cap be seen from a figure yon have shown.
The four-quark model has provided one possible explanation of the p° s° enhance-
ment. in an effort to begin to unravel the puzzle of the vector-vector prodoction
in photon-photon interactions, we have fit our o w data with the four-quark
model. We find that the mass of the four-quark resonance in the p%w channe!
would have to be about 1.8 GeV /c?, and that the super-allowed decays dominate
as might be expected. However, in the p%° channel, one finds an enhancement at
about 1.5 -1.65 GeV/c? and that half of the decuys are not super-allowed. To pur-
suc this model we musi try to understand the dynamics of a four-quark state to
cxplain the observed mass splitting between the g%° and p°w enhancements, as
well as the possible differences in the decay channels or in final state interactions.
Clearly, the ARGUS results on p* p~ production must also be addressed.

N. Isgur: 1 want to emphasize that we would gladly be willing to assume that the
soft contributions are stnall If we could be convinced that QCD could legitimately
expliin the data. In the same spirit, let me say that | would prefer it if you were
tight aboul this issue, even though 1 think you are not. Anyway, you have to
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agree aboul one thing: | was correct in saying in my Jerture that vou would win
the firet round of this argument!

W. Frazer: You said Stan would have the last word, and so he will,

8. Brodsky: I am delighted to get the last word! Hopelully, | have made it clear
in my talk that the predictions of PQCI} for the leading power-law contribution
to exclusive processes have a sound, rigorous basis, The issues raised by Isgur
and Liewellyn Smith, and alse by Radyshkin, on the range of applicability of the
predictlions, due to passikle complications such as nonperturbative effects, high-
light the importince of further experimental tests of exclusive photon-photon
reactions, particularly hadron pair production and the virtual photon mass de-
pendence of resonance production, using both singl-tagged and double-tagged
evernty.

The leading-twist PQCD predictions for exelusive processes such as the pion
for-n factor and production of meson pairs in photon-photon rollisions are detived
to all orders in perturbation theory. Thesr results have also been derived from
the operator producl expansion and senormalization group. Power-law correc.
tions due to quark mass effects, intrinsic transverse momentum, ele , are in Fact
consistenl with the corrections Lo Lthe leading power behavine seen in experiment
at low momentum transfer.

Asn [ discussed in my talk, the sufficient condition for the validity of the
periurbative QCD analysis is the ofl-shellness of the siruck quark line, not the
exchanged gluon momentum. Once the quark line is sufficiently off-shell, the
perturbative structure of the exchanged gluons dominate. This point, which
is critical to the PQCD analysis of exclusive proresses, is also al the hearl of
Lthe renormalization group derivation of the evulution of deep inelastic structure
functini—in none of these cases is there a requirement that the radiated giuon,
or the target photon in the photon structure function, have minimum virtuality.
Such a reguirement would significantly affect the predictions of PQCD in inclu-
sive reactions such as the evolution of the deep ineclastic strueture funciions, jet
evoluijon, etc.

Finally, I want to emphasize that the recent test of “color transparency™ at
BNL in guasi-elastic pp scatiering in nuclei gives strang support to the essen-
tial feature of the PQCD analysis thal only the small, valence component of
the hadron wavefunction participates in large momentum transfer exclusive reac-
tions. The experimental observalion of minima) attenuati~n of the incidenl and
outgoing protaus as predicted by PQCU excludes anv madel in which the full
size of the hadron partizipates in the hard scattering reaction.

26


http://proceK.se*

w7

6

REFERENCES

For general discussions of ¢+ annihilation in e*e™ — e*e” X reaclions. see
S. J. Brodsky. T. Kinoshita, and H. Terazawa Ptys. Rev. Lett. 25, v72
{1970}, Phys. Rev. D4, 1532 {1971}, V. E. Balakia, V. M. Budnev, and
l. ¥. Qinzburg, JETP Lett. 11, 388 (1970}, N. Arteaga-Romero, A. Jar-
carini, and I'. Kessler, Ptvs. Rev. D3, 1569 (1971), R. W. Brown and
£ J. Muzinich, Phys. i.-. D4, 1496 (1971), and C. k. Carlson andd
W.- K. Tung, Phys. Rev. D4, 2873 (1971).

Excellent reviews and further references are given in H. Kolanosk: and
PP M. Zerwas, DESY 87.175 (1987), H. Kolanoski, Two- Pheton Physies tn
r'e  Storagr Hings, Springer Verlag (1984), and Ch. Berger and W, Way
ner, I*hys. Repe 136 {1987); J. H. Field, University of 'aris Preprint LIPNITE
Mt (s

G Rappe, P F. Walsh, and B Zerwas, Nucl Phys, BTO, 461 (1974
KoM, Heuard, Proo of Lhe Vih International Workshop oo ey fntes
twmns, and Nuave Cienn 80, 1 (121}, Hackgrounds Lo the (7 v, l
signal can occur from lagged e'r v e'e X events which produce ¢

FOROTIANG
R Fanika, thus conlereucr
A Nillson, this ronlerence
N Roe, this conference

J Ahwe, ' YHunsey, 3 Harjes, 1 Fenner, A Levy, M Feindt, K. Hloh,
armd A KLsbs bk, this canfleeence

J Olsos and AL Finch, the conference,

H Marsishe, this conference

i Cards, I Darlan, and €& Gidal, this conference

1. Krager and B Hachiman, this conference-.

A Hotan, W Lasvter, ¥ foroe, aaed B Caldweld, tos conference
AL, ths sy oaferemor

1V Mrpgan and A H Penumngton, Hutheefors Preprint AL KT O4%
(19sT}

S Jd Hroadihe, 1 Coyne, U0 A Detirand, and R. B Horgan, Phys Lert
TAEY, 2000 (19T,

1
-1


http://resnna.ni

1G

IH.
14,
2

an.

M. Chanowitz, report to this conference and references therein.
D. Caldwell, this ronference,

(i, Alexander. A. Levy, and U, Maor, Z. Phys. €230, 65 {19K0).
H A. Liand K. F Liu, Phys. Rev. D30, 613 [1684).

N.N. Achasov V. A. Karnakov, and G. N. Shestikav, Novosilitrsk preprint
TPh-No. 7 (19K7); N N. Achasov, 5. A. Nevyanin, and (.. N Shestakov,
7. Phys. (227, 99 {14H35).

. 5. J. Brodsis. F 7 Erne, ). H. Damgaard, and P. M. Zerwas, Nikhef-

fi/RT-4 [1URT|

M. Jacob and 8 T W, Phye, Lett 19TB, 251 (19&7) Nurl, Phys. B303,
BRY [ 1NN

I’ Hlankeubedhr and S 1 Drell. SLAC PUB-46279 [1URK)
J Spetcer, SLAC BT R O206T7 {1041
17 Akerlot, SLO Mark-hop Nt (1951},

FF Ginzburg. €0 | Rotkan, V. G Serbos, and VU Tejnos, Praaga ZHETY
34,0388 (1971

JokoSpencer and S 0 Broel kv, SLAC PUR S646 (1950 bre wited ot the
1985 Vanconver 58 € Particle Accelerator Conferenne

F. Low, Phy- Reyv 120, 5R2 (1960)
. Cahn and & Dawson, Phys Lett 13GH, 196 (149K4)

Y. Nir, preprin WIS PHURR 27 (1988) and references theren,

. M Kurada, ¥ Revard, and 1) Scbildioneehy CERN TH ket {HRT)

S M. Bermar 0D Hjorken_ and J R Kaput, Phys Heo 104 238K (1071,
S, Brodehy and TO A Detrand, Phys Hey daett d 1672 (197K)

. 5. 8. Goriciny, A. . Kateev, and S A Larin, JINK preprad, presented at

the Hadron Stryeture Conference. Bratislavae (149K87)

. P. Autenche ¢t al. Z. Phys €29, 423 (1985

S, 0. Brodsky T A Defirand, 1 F Gupen, and 0 11 Mo Phyy Ran
1o, 1ers (vl 0 H Blewelsn Smith Pl Lot 70l %3 TIUTR).
K Kajantic and B Hatio, Nuel Phy TVIG9, 5= (19749

S, J. Brodsky, 1. Rinoshita, and B Terazawa, Phvs Heyv ool 7. 2w
(IEITI); ‘T F. Walsh. I"hys Lett 36T, 121 11971}

2R


http://Vatlrriimf.il

ar.
3R,
19,

40,
41.
42
43.

44,

46.

47,

48

E. Witten, Nucl. Phys. B120, 189 (1977).
G. Rossi, Phys. Rev. D29, 852 (1984).

J. H. Field, F. Kapusta, and L. Poggioli, Phys. Lett. 1818, 362 (1986);
J. L. Field and F. Kapusta, this conference.

I. Antoniadis and G. Grunberg, Nucl. Phys. B213, 445 (1983).
M. Glick and E. Reya, these proceedings.

$. J. Brodsky and G. P. Lepage, Phys. Rev. D24, 1808 (1981).
G. P. Lepage and S. J. Brodsky, Phys. Rev. D22, 2157 (1980).

H. Aihara et al., Phys. Rev. Lett. 57, 51 {1986). The Mark II data for
combined charged meson pair production are also in gaod agreement with
the PQCD predictions. See J. Boyer et al., Phys. Rev. Lett. 56, 207 {1986).

. %. 1. Brodsky and G. R. Farrar, Phys. Rev. Lett. 31, 1153 (1973), Phys. Rev.

D11, 1300 (1975). V. A. Matveev, R. M. Muradyan, and A. V. Tavkhelidze,
lett. Nuovo Cim. 7, 719 (1973).

B. Suura, T. F. Walsh, and B. L. Young, Lett. Nnovo Cimento 4, 505 (1972).
See also M. K. Chase, Nuci. Phys. B187, 125 {1980).

General QCD analyses of exclusive processes are given in: 8. J. Brodsky
and G. P. Lepzge, SLAC-PUB-224, presented at the Workshop an Cur.
rent Topics in High Energy Physica, Cal Tech (Feb. 1970), S. J. Brodsky,
in the Proc. of the La Jolla Inst. Summer Workshop on QCD, La Jolla
(1978), G. P. Lepage and 8. J. Brodsky, Phys. Lett. B&7, 359 (1979,
Phys. Rev. Lett. 43, 545, 1625{E) (1979), Phys. Rev. D22, 2157 {1980),
A. V. Efremov and A. V. Radyshkin, Phys. Lett. BOd, 245 {(1980), V. L.
Chernyak, V. G. Serbo, and A. R. Zhitnitskii, Yad. Fiz. 31, 1069 (1980),
§. 1. Brodsky, Y. Frishman, G. P. Lzpage, and C. Sachrajda, Phys. Lett.
91B, 239 (1980), and A. Duncan and A. H. Mueller, Phys. Rev. D21,
1636 [1980). The QUD prediction for the pioa form jactor at asymptotic
? was first obtained by V. L. Chernyak, A. R. Zhitnitskii, and V. G. Serba,
JETP Lett. 26, 594 (1977}, D. R. Jackson, Ph.D. Thesis, Cal Tech (1977},
and G. Farrar and D. Jackson, Phys. Rev. Lett. 43, 246 (1979}. See also
A. M. Polyakov, Proc. of the Int. Symp. on Lepton and Photon Interac-
tions at High Energies, Stanford (1975) and G. Parisi, Phys. Lett. 84B,
225 (1979)."

A. H. Mueller, Proc. XVII Recontre de Moriond {1982); S. J. Brodsky,
Proc. XIII Int. Symp. on Multiparticle Dynamics, Vaolendam (1982). Sec

9



419,

50.
51.
52.
&§3.

54,

55.

56.
57.
58.
59.

60.

61.

also G. Bertsth, A. 5. Goldhaber. and J F. Gunion. Phys. Rev. Letl. 47,
297 {1981).

A. 8. Carroll et al., BNL report {1988); S. Heppelmann et al., DPF meeting
{Salt Lake City, 1987).

G. R. Court et al,, Phys. Rev. Lett. 57, 507 (1986).
8. J. Brodsky and G. de Terarnond. Phys, Rev. Lett. 80, 1924 (19R&).
J. P. Ralston and B. Pire, Univ. of Kansas preprint (198K).

G. W. Atkinsoun, J. Sucher, and K Tsokos, Phys. Lett. 137B, 407 (1934}
G. R. Farrar, E. Maina, and F. Nesi, Nurl. Phys. B259, 702 (1985);
E. Maina, Rutgers Ph.D). Thesis {198%); J. F. Gunion, [). Millers, and
K. Sparks, Phys. Rev. D33, 689 (1986); I'. H. Damgaard, Nucl. Phys. B211.
435 (1983); B. Nezic, Ph.D Thesis. Cornell University {1985); D. Millers
and J. F. Gunion, Phys. Rev. D34, 2657 (19K6).

G. R. Farrar, this conierence; G. R. Farrar, H. Zhang, A A. Globlin and
1. R. Zhitnitsky, Rutgers preprint RU-88-14: GG. R. Farrar, E. Maina, and
F. Neri, Nucl. Phys. B259, 702 {1983), Err.-ibid. B263, 746 (1986},

V. L. Cheravak, A. A. Ogioblin, and 1. R. Zhitnitsky, Novosibirsk preprint
INP-134 (1987); V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112,
1783 (1984). See also Xiao-Duang Xiang, Wang Xin-Nian, and Huang
Tao, BIHEP-TH-84, 23 and 29, 1984, and M. J. Lavelle, ICTP-B4-85-12;
Nucl. Phys. B260, 323 {1985). The sensitivily of the proton form factor to
the Chernyak et al. wavelunctions is investigated in C. R. Ji, A. Sills, and
R. Lombard-Nelsen, Phys. Rev. D386, 165 (1987).

I. D. King and C. T. Sachrajda, Nucl. Phys. B279, 785 (1987).
G. Martinelli and C. T. Sachrajda, CERN-TH 4909 (1987).
E. Maina and G. R. Farrar, Rel. 54.

A simple method for estimating hadron pair production rrass sections near
threshold in 4 collisions is given in 5. J. Brodsky, G. K6pp, and P. M. Zer-
was, Phys. Rev. Lett. 58, 443 (1987).

N. Isgur and C. H. Llewellyn Smith, reports presented to this meeting and
the Third Conl. on the Intersection between Particle and Nuclear Physics
(1988), and Phys. Rev. Lett. 52, 1080 (1984).

A. V., Radyushkin, Proc. of 1the Ninth European Conf. on Few Body Prob-
lems in Physics, Thilisi (1984).

30




62.

63.

65.

66.

67.
68,

For an explicit calcelation in hadrons containing only heavy quarks, see
8. I. Brodsky and C. R. Ji, Phys. Rev. Lett. §5, 2257 {1985}.

For a roynarkable confirmation of the PQCD predictions for 7d — np, sce
J. Napolitano et al., ANL preprint PHY-5265-ME-28 (1988).

. 8. D. Drell and T. M. Yan, Phys. Rev. Lett. 24, 181 (1970); S. 1. Brodsky

and 8. D, Drell, Phys. Rev. D22, 2236 (1980).

0. Jacob and L. 8. Kisslinger, Phys. Rev. Lett, 58, 225 (1986); C. Carl-
son and F. Gross, Phys, Hev. Leti.: Z. Dziembowski and L. Mankiewicz,
Phys. Rev. D37, 778, 2030 (1980).
The exreplions inveolve spin effects, which are sensitive to Lhreshold and
nonleading power law correciions.

R. Goble and L. Brown, Phys. Rev. D5, 2345 (1972).

H. C. Pauli and S. J. Brodsky, Phys. Rev, D32, 1991, 2000 (1985}, T Fller,
H. C. Pauli, and 5. J. Bradsky, Phys. Rev. D35, 1493 (1987}

. K. Hornbastel, S, J. Brodsky, and 11 C. Pauli, i preparation.

A review is given in 8. 1, Hrodsky, SLAC-PUN-4551 {19KR),

. K. Hornbostel, Stanford Ph.D). thesis [in preparation).

S.J. Brodsky, 11 C. 'anli_and A, Tang, in preparation.

3. K. Danzmann el al., Phys. RHev. Lett. 59, 185 (1987). It should be noted

that there are competing backgrounds to Lhe signal due to nuelear Coulomb

casucades

31


http://tli.il

