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A B S T R A C T 

Highlights of the VHIth International Workshop on Photon-Photon 
Collisions are reviewed. New experimental and theoretical results 
were reported in virtually every area of 77 physics, particularly in 
exotic resonance production and tests of quantum chramodynaruirs 
where asymptotic freedom and factorization theorems provide predic­
tions for both inclusive and exclusive 77 reactions a! high momentum 
transfer. 

1. I N T R O D U C T I O N 

The field of photon-photon collisions ' now plays a central role in harlron 
physics, especially as a testing ground for quantum chromodynainics. 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 
77 annihilation is complete, there are no spectator hadrons to confuse res­
onance analyses. Thus, one has a clean environment for identifying the 
exotic color-singlet even C composites of qjarks and gluons \qq >, \gg >, 
\ggg >, 'qqg > , \qqqq >,... which are expected to be present in the few 
GeV mass range. (Because of mixing, the actual mass eigenstates or QCD 
may be complicated admixtures 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-one state cannot couple to two on-ahell photons, a J = I resonance 
can be uniquely identified by the onset of its production with increasing 
photon mass. 5 
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3. Two-photon physics plays an especially important role in probing dynam­
ical mechanisms. In the low momentum transfer domain, T\ reactions 
Huch as the total annihilation cross 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 Pig. 1.) Predictions for high momentum trans­
fer Ti reactions, including the photon structure functions, /£"(£, <?') and 
f*2(x,Q z), high pr 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 predictions based on vector meson dominance models. 

->— 
hadrons 

cocau 

FIR. 1. Photon-photon annihilation in QCD. The photons couple directly to 
one or two quark currents. 

4. Exclusive TY processes provide a window for viewing the wavefunctions of 
hadrons in terms of their quark and gluon degrees of freedom. In the case of 
Tt 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. 

Nei.rly 100 experimental and theoretical physicists gathered in the Jerusalem 
Hills to assess the progress in photon-photon physics as of 198ft. New experimen­
tal results were reported in virtually every area of -yj physics, including: 

1. High Q2 — 60 GeV 2 measurements of the photon structure function from 
the AMY group -the first - n results reported from TRISTAN. 1" (See 
Fig. 2.) The logarithmic rise of F^(xtQi) in Q"1 at fixed x is a crucial 
test or QCD, reflecting both the pointlike coupling of the on-shell target 
photon to the quark current and the asymptotic freedom property of the 
effective coupling constant aM[Qz}. 
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Fig. 2. Data f»r thi> photon structure function structure function r ^ ( i , Q s ) 
as R film tiixi of log Q2, including a new point from the AMY collaboration 
at TH ISTAN,*' The solid line represents the QCD prediction. 

1!. New mea-suremenlH of exclusive hadronic channels, resonances, and baryon 
pairs irom ARGUS at DORIS. 1" 

"1 High precision measurements of the TI width of the q and 17' states, in­
cluding the first -r-y results from the ASP group at PEP. 

4 Measurements of pair production of vector mesons, resonance production 
Inn, rj'(95H), / , (|285)[ with virtun.1 tagged photons, and the photon strur-
im • function by CEU.O at PKTRA." 1 

S. Measu. "ini'iits of resonance- production and a setrch for D' production in 
tagged -> > reactions at JADE. 

i=i f>. Measurements; by the Crystal Ball experiment at DORIS of the -77 ••• 
n"n" cruss SITtion and the first observations of the state ffi(lG80) decaying 
through the / 2 (I270) T" LO six photons. 

3 



7. Measurements or Base-Einstein correlations in inrlusive ft reactions, de­
tailed results for-|-r - • *"**•" in the fa(1270) and /o(°75) region, and studies 
of inclusive distributions of large transverse momentum hadrons in lagged 
t t events by the Mark II group at PEP."" 

8. Observation of tagged p°p° events and thr 1-, coupling to n, by the TASSO 
group at PETRA."" 

9. A number of new contributions front the T P C / T J group at PEP 1 '" includ­
ing measurements of inclusive charmed hadron {V) produrtiun, the ft 
production of the i)e, n, and 17', tagged vector meson prcduriion, charged 
particle fractions in inclusive 71 annihilation, studies of hadron-hadron cor­
relations which reflect the size of the production source, and measurements 
of ft -* pp with tagged virtual photons 

Data related to ft physics now come from virtually every active t"" c storage 
ring. Data from DASP (particle fractious). DM-2 (resonances), PI.I'TO ( j e l s -
resonances), and Mark III (radiative J / v decays) "' were also rei iewed at the 
meeting. New ft physics results aree»pe«-ted in tin- future froni f'KHH ai Cornell. 
VEPP-IV in Novosibirsk, BEPf" in Jteijing. the upcoming high luminosity run 
at PEP with the TVCftt detector, as well a.s I he S l , f ar-d I.KI" 

Excellent reviews of the latest ft experimental results were given in the 
meeting in the reports by Maxwell (studio- of inrlusivi- hadron production and 
jet physics), Gidal (production of narrow resonanrvs and meson pairs), Nilsson 
(exotic resonance candidates and ft exclusive channels), and August in (radiative 
J/ifi decay and other processes related to t'\ annihilation). 

The theory talks also set high standards for the analysis of -r, rrw lions 
Chanowitz discussed the evidence and interpretation of the array of (.' I states 
which are possible randidalea for the exotic spectrum predicted l>> QflJl Pen­
nington discussed the care needed to reliably extrast resonance parameters in 
ft physics. The unique feature* of jet production predicted by perl iirbativi 
QCD and the special advantages for studies of jets al IIKH A were disrii,s.v'd by 
Kunzsi. Field presented a detailed review of the virtual pholoabsorption cross 
section o-f-j-fj.Q*) and the photon structure runrtion 111 the large V s domain 
The provocative situation concerning vector meson pair production, and tin1 com-
peting interpretations or these exclusive reactions in terms of exoti* qqqq stale;, 
versus models based on diffraction and factorization were diisrussed hy Manr 

Isgur presented a critique of perlurbalive Q('I) predictions fur exclusive re 
actions, based on possible corrections from the nonperturbative domain The 
questions raised by Isgur and Llewellyn Smith highlighl the important e of v? 
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exclusive r«ai lions a.s a test of ba-sic principles in QCD. 1 will comment further 
on these issuer in Sections 3 and 4. 

The -j 7 data reported at this meeting show that the photon-photon channel 
provides a. window to an extraordinarily rich spectrum of relatively narrow C 
s lates in the 1 to 2 (!eV mass range. At this point definitive idcnlification of 
QCD exotic candidates cannol be claimed, but positive evidence is mounting. 
Gluonium ,gg > candidates are expected to be produced more copiously in the 
gluon-ricli radiative J v" decays than in 7 7 annihilation."" This expectation is 
quantified by the "stickiness" ratio suggested by Chanowiu."" States with J I 
states can be uniquely identified by their appearance in virtual 7*7 rather than 
real 77 reactions, a technique pioneered by the T P C / 7 7 group. Onp thus has 
strnng evidence that the / J ( 1 4 2 D ) s late [the £T(1420)j is indeed a spin-one stale. 
Whether this stale is a an exotic "meikton" [qqg hybrid state) as advmated hy 
(.'hanowitz, 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 77 annihilation into vec­
tor meson pairs and diffractivp exclusive channels. As discussed al this iwet i i ig 
hy Maor and Nillson, lh« T P C / 7 7 data for 77 --• urn* n seems tnnre character­
istic of a qqqi} resonance near l.R GeV rather than a threshold characteri-stir of 
the (-channel factorization model of Alexander et al. " On the other hand, the 
four-quark resonance predictions of Li and Liu" ' and Arhasov et al ,'J" do 1101 
give a good description of the 7-) -. p^p' data. 

Two-photon physics is an important source of information 011 the 77 couplings 
of charnionium states. The theory of Buch couplings and the relation of" the 
wavefunclions at the origin to hyperfine splittings was discussed by Lipkin. 

An excellent summary of the future physics of 7 7 collisions, especially at the 
new colliders, was given by Zsrwas in his talk. The topics include detailed tests 
of QCD reactions at LEP-200 energies, 1 1 " plus studies of the standard model it. 
7-. — II' ~\V and its sensitivity to the W anomalous magnetic moment, scare he-, 
for 5Uper-sy:nmctric particles, excited leptons, etc. He also reviewed the exciting 
potential that beamsstrahlung induced by the e* and e" passing through the 
charge density of the other beam in a TeV linear collider can be maximized 
to produce useful photon beams for high energy 7*» collisions. Work by Jacob 
and Wu'" and by Blankenbecler and Drell'"' shows that the bcamsstralilurig 
spectrum has a peak at large x , ; i.e., the photon can take a large frartion of the 
lepton energy. 

Sens and Dor fan both emphasized in their talks the potential for a "SLAC 
laser collider." In this scheme one utilizes laser lighL, back-scaitered on the Sl.C 
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colliding lii-ddi.-. 1" •• J.v<r I tin tjic>;g> of nrria!l> e w r * ' eJer i rt,t; ari'1 posilror. 
into high energy rol. id,i ig photons Kariy di*' us=i«*'>^ of this idea * c r e giver, 
by .Spencer.** Akeriof. ' and (i'miburg et a:, MOM. Ttceiiily. Spencer aurt 
I J V discussed the possibility of repla; IIIR the la.si-r =-1>iJr• •• with the beam of inv. 
energy photons prod iced by ""*iggl. r*.~ the insertion devires use.; "•• pTndu'i-
synchrotron bearns ii. v t ' age rings. 

Thi: convention,-.: sour<< of v i collisions e- the tin- reait iw. ' ' • <?*/• .V 
As discussed a' this ne-eting i»y KMUHZI. JiKHA will al,-u provide a source of •>-• 
reactions fr»-*n» the pr«»et«»- pf • pr X 1 fie fa* l<jr;/ai«iii formula derived from 
thi' double equivalent photon approximation fur if production arid extended 
in Hef, I tri general • -; reactions <*a.s the forerun rier of i he fan ori/Vi->ti roni' fur 
tin" •>"• "fusion" processes currently used ii. Q < l ) fot hea»> parti-U product inn 
Convers-i-lv. the Q<*|l fa< lon/ i i l i<«ri formula* <an lie n w ! AS a I>A.M-- fur fail u biting 
QKI> radiiiiivr corn-* tp'»n«- to * "r reaitinii-

The < »,jn f-jji of (•iiliding photon 1- h,as !•<*< u elegant! . |>i-nerd]i/eii JJ • < ahi. add 
]>UWMHI " 10 the dm;.nih of virtual Range bo-.i»u collis,<m .. in* liidnie. Higgs pro-
diir(ioi). Tin- j-ratter i:ir. and an;.irnloi n>ti of i in- If and / Rauu« '••••.or,- with pho­
tons, eler irons, or 01 l.'-r Uriunc bosons tesl w y n l ;al feat • j r* •"- nf I tip *>l ! U); • I *( I | 
standard model Ti, . oi i iwqui-iui- . for ( h e w reaction- !,•• »ar • alt« n m i i i o V< 
tin- standard Higg- ' I'! Aire renewed m I'ahti's tall. Tin- n m i • .butions ol 
Nir J" and S> rnldt-.n- • M ' to this conference demonstrated tin- po>->d.)e stru< uir> 
of gauge boson s< att ir ing and annihilation reactions and how the> are already 
sijimficaritly ronstrani'-d by hiw vncrgj' plip(ioiri*'jia and g,<wr*l |irin<ipies 

2. H I G H M O M E N T I M T R A N S F E R -,-• R E A ( T I O N S 

Tin- asy rnplotii rr<'i-dfiin property i.f Q<"l> plu^ its fartori7.ati"n thnorppi.s 
afiow th<? UB«-of prrturijation theory to predict d«»laii»"d fcaturf--; ui h'<th exrJusiv*' 
and inrlustvi' n rrai tmns al high inoniPinurn Iransr.T 

A ha.SK prcdit tion of CJf'U is thf exiMint* of lwi».jcl rr'-i'tinn^ ' T : • q<i 
with a rale /<"-,-; • i - r a ' " f J o , ( p j ) v MIIH-S lh<- • orr<~()iindi!i^ ,-. • )i ' ^ 
rail-. Kroin i he staiirlijoint of i«Ttor nipsfni d.jtiinain"'- modid'-. tin- *\i*U-r.ti' of a 
rt-artion in whirh all of ilie photon energy goi* into a tratu-vfrsi' j<-l is remark-
iihlr. TIKTC is, Ii(jw>-. IT , Nornr question whether f f i ' CJf I ( \u rl nrhal inn SITJCS HI 
" ' ( / ' f i ' s «"«nvcrR»'»ii A very large 3-ioop cucflitteni vsa.v reported rwently for 
tin- ccirrespoiuling rale uiaiion of Kf.r by C!<>ri< hny, Kaiecv, and Latin. Ri-
reut meawirernetits frmt. the Mark II and rarlii-r TAKSO data on lagged T i large 
transverse icunnent urn single-charged hadron inrlusivc r\ ITILS ap]>ear tn givr even' 
rales rivtisiderably larger thati the l'QC-1) predictions of Aurenrhe et al."* Thc.ie 
theoreti 'a! prrdtclums do not include either higher twist cuiitrititiiions which 
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are enhanced by the single badron 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 Q2 as the two-jet reactions. " (The extra powers 
of cta[pf) from ihe hard-scattering subprocess cross section cancel against the 
logarithmically-rising photon structure function.) However, these reactions are 
relatively suppressed at large pj/s so it seems unlikely they can cure the discrep­
ancy between experiment and theory. 

The photon structure functions" , I >"j(x,Q2) and fx , (x ,Q a ) , measured where 
the target photon is nearly real, provide a critical testing ground for QCD. As first 
discussed by Witten,""' the large Q2 behavior F2[x,Q2) - ln[Q7)/[x) is due in 
the direct photon coupling lo quarks corresponding to an inhomogeneous driving 
term in the QC'P evolution equations. Both the logarithmic rise (see Fig, 1) 
and the broad shape or / ( x ) predicted to leading order in at(Q2) are consistent 
wilh tl«r available dal:t. However, as emphasized by Zerwas in his talk, present 
bt*a do imt r-rlt- oitt theories with fixed-ptint behavior in the coupling constant. 
Measurements beiond Q2 100 CleV2 will be necessary in order to di.scrirnate 
between theories with asymptotic freedom versus hxed-point behavior. 

Some <>f the diagrams which contribute to the photon structure for nearly-
Tft\] photon targets necessarily involve soft integration regions, and thus they are 
similar in diagram^ which rontribute to the structure functions of vector mesons. 
The analyst*, of Q(I» evolution from low to high Q1 requires a consistent inter-
wea\ nig i>r Until the lia<lrunir and pointlike contributions. The notiperturbative 
dsperiK may be isolated by introducing a partition in transverse rnamenlum ™ 
or an etjiiit.ilent parameter,'*" but at the expense of removing the sensitivity of 
the anal;.sis lo the Q('l) scale Agrn- A detailed discussion of this problem is 
given in Field's report to this meeting and the review by Kolanuski and Zerwas, 
fief 2. 

In A provm alive contribution to this meeting, Cluck and Reya'"' have shown 
that one can minimize the \mrertainties associated with the nnnpoint-like terms 
and obtain a quite good |iheiu>rnfnological representation of the data over the 
complete range 0 !i • Q* - 100 C e V 2 by starting the evolution at Q,-, — 250 MeV, 
very • lose in ihe assumed srale value fiqcn 20(1 Cii'V. (Sec Kig 3.} consis­
tent wjili their analysis of hadronir structure functions. The Cluck-Reya analy­
sis î  .-oiiiewliA*. controversial since one normally would not expert perlurbalive 
e-. ij]ui IKII to be v,tli.l iti snrh low momentum scales Qt,. The parameterization 
• J ! "I! i\ a.s-.iinied for the hadronic component of the struclur? function 
a! U ur n»i| :ite." sume niodel dependence. For example, it is not clear how 
the Heggr &usaiz of fiju-il j - 1 " power behavior al low r can be consistent with 
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QCD evolution. Nevertheless, the Cluck Reya analysis may he pointing to fur 
Iher evidence of '"precocious" scaling in QCIJ Afi emphasized by Knlanoski and 
Zerwas, the rapid evolution or the photon structure funrlion seen in Fig 3 ai 
small Q~ — 1 CeV- implies the presence of higher i» is i rnntribut Jori1-

Fig. .1 fnmpunsoti ol JAIH- I'l.l l<> ' M - ' J ..•-: l l ' i . .'.,•« AI'!I 
the theoretical prrdirtMjn ]>• iji'i* r. «i:.d if< i .i f-.r / : r i_»- , «_- • ; IJ « |oi\ 
value for the starling jioitit for Q*'l> ••-- «•: lit •*•:! "I tn ii.u-!.<-! fur. ' < K> lid*--
the VDM contribution Sei- M f ilTj* fe. t Jus rn*-<"iiiii 

In thr case of dnuhh--lagged n-aMnm-. "-" IV i» ' "•'itt'.' ' -*• * - 5' 1 V]' 
y ? ->• A ? j r I r the siriiciur*' function of ;b« virt:»<ii i>lmi'>!! i- • !• -i>> i .r^i in )•-;••-: 
ing r>nl«T in Q, by thr Hum diagram 1>>r •> • - v / ••.11• i IIPJ- ii i- •••ir -j|«-t- *. 
detrf mined. One atMi would like in w-n(> *-XJ»»-T*nniji,i(jv l hi nr< <!<• !•->! •*< <tl>> :•. 
and T-drpendencf nf the rharrn r'tntnbui npii<- I<« IIK prinioii <-irur i nr«' furi'li' •:• 
inr I ti ding low valuta of Ql As disc ijss<-'i IT- lb* ivorkOinn hv I'ordir-r ;»nd 7.«-rw*. . 



such experiments should be quite feasible at LEP 200. Cordier also discussed 
the advantages of using 77 reactions as a luminosity calibration at high energy 
colliders. 

3. E X C L U S I V E 77 R E A C T I O N S 

Perturbative QCO predictions for 77 exclusive processes at high momentum 
transfer and high invariant pair mass provide some of the most severe tests of the 
theory. "' A simple, but still very important example 1" 1 is the Q2-dt»pendence or 
IVIP reaction 7*7 — M where M is a pseudoscalar meson such as the IJ. The 
invariant amplitude contains only one form factor: 

It is easy to see from power counting at large Q2 that the dominant amplitude 
(in light-cone gauge) gives F^n[Q2) — 1/Q2 and arises from diagrams (see Fig. -I) 
which have the miniraui path carrying Q2; i.e., diagrams in which there is only 
a single quark propagator between the two photons. The coetlic ienl of l/Qv 

involves only the two-particle qq Fock component of the meson wavefunction. 
More precisely the wavefunction is the distribution amplitude <f>{x,Q), defined 
below, which evolves logarithmically on Q. Higher particle number Fock states 
give hJRhrr powrr-law Talloff contributions to the exclusive amplitude. 

q ^ ^ 

2 4 
1 / Q ' 1 / Q 

Fig. 4. Calculation of the 7 - 17 transition form factor in QCD from the 
valence qq and qqg Fock s *les. 

The T P C / 7 7 data 1 " shown in Fig. 5 are in striking agreement with the 
predicted QCI) power: a fit to »he data gives F 7 n ( ( ? 2 ) ~ [l/Q2)* with n = 
I .[15 J- 0.15. Data for the TJ' from Pluto and the T P C / 7 7 experiments give similar 
results, consistent with scale-free behavior of the QCD quark propagator and the 
point coupling to the quark current for both the real and virtual photons. In the 
case of deep inelastic lepton scattering, the observation of Bjorken scaling tests 
these properties when both photons are virtual. 
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Fig. 5. Comparison of TP(-/"n d a l a " for the ~f v and T TJ' transition 
form factors with Lhe QCI) leading twist prediction of Hef 42. The VMI) 
predictions axe also shown. See S. Yellin. this meeting. 

The QCD power law prediction, F1V[Q7) — 1 / y 1 . is consistent with dimen­
sional counting **: and also emerges from current algebra arguments (when both 
photons are very virtual).1** On the other hand, Ihr 1 fQ2 falloff is also expected 
in vector meson dominance models The QCI) and VDM prrdirlions can be 
readily discriminated by studying W - IJ In VMI) one expects a produrl of 
form factors; in QCD the falloff of the amplitude is still 1/Q1 when* Q7 is a linear 
combination of Q\ and Q\. It is clearly very important to test this important 
feature of QCD. 

The analysis of V r - V given here is the prototype of Hie general QCD anal­
ysis of exclusive amplitudes at high momentum transfer: ' At largr pj- the power 
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behavior of the amplitude is controlled by the minimum tree diagram connecting 
the valence quarks in the initial and final state—this is the hard scattering am­
plitude Tff which shrinks to a local operator at asympotic momentum transfer— 
effectively the quarks interact when they are all at relative impact separation 
br ~ 1/pr- One then convolutes Tu with the distribution amplitudes ^(x„Q) 
of the badroos—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 QCD exclusive reactions: to leading 
order in 1/pr, the nonperturbative dynamics associated with the hadronic bound 
states is isolated in universal, process-independent distribution amplitudes.1" In 
cases such as 77 annihilation into meson pairs and meson form factors, the anal­
ysis is completely rigorous in the sense that it can be carried out systematically 
to all orders in perturbation theory. 

A striking feature of the QCD description of exclusive pror esses is ""color 
transparency:*' *" The only part of the hadromc wavefunction that scatters at 
large momentum transfer is its valence Pock state where the quarks are at small 
rotative impact separation. Such a fluctuation has a small eoiur-dipnlc moment 
and thus has negligible interactions with other hadrons. Since surb a state stays 
small over a distance proportional to its energy, this implies that quasi-elastir 
hadron-nucieon scattering at large momentum transfer as illustrated in / ig , G 
ran ornir adHitjvrly on all of the nucleons in a nucleus with minimal attenu­
ation due in elastic or inelastic Final state interactions in the nucleus, i.e., the 
rim it-us becuiiK'ji "transparent." By contrast, in conventional Clauber scattering, 
•>tt«- prrdicts strong, warty energy-independent initial and linal state attenuation. 

Kin '"• Qn.u.i rtiL t̂ii pfi scattering inside a nuclear target. Normally one 
expects sm h process*"; to he attenuated by elastic and inelastic interactions 
of the incident proton and the final state interaction of the scattered proton. 
IVrt urbative QCD predicts minimal attenuation; i.*,, "color transparency," 
at large momentum transfer. 
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A recent experiment "' at BTih measuring quasi-elastic pp — pp scatter­
ing at ((„, = 90° in various nuclei appears to confirm the color transparency 
predictioo—at least for p/n|, up to 10 GeV/c. (See Fig. 7.) Descriptions of elastic 
scattering which involve soft hadronic wavefunrtions cannot account for the data. 
However, at higher energies, piot -~ 12 CeV/r, normal attenuation is observed in 
the BNL experiment. This is the same kinematical region Kctr. — s GeV where 
the large spin correlation in Af/n are observed.1'"" Both features may be signaling 
new s-channel physics associated with the; onset or charmed hadron production1*" 
or interference with Landshoff pinch singularity diagrams. Much more testing 
of the color transparency phenomena is required, particularly in quasi-clastic 
lepton-proton scattering, Compton scattering, antiproton-proton scattering, etc. 

0.5 
>• 
z 
UJ a 
i a 
§ 0 . 2 < tr 

0.1 

O 6 Gev/c Aluminum 
• lOGeV/t. 
* i 2 Ge v/c 1 1 

t 
^ It 

! 

L - _ 1 J 4 . . J 
0 5 10 IS 
INCIDENT MOMENTUM (CeWcl 

Fig. 7. Measurements of the transparency ratio 

7. 
do. do 

\pA • p[ A 1) ' , f,A • PV 

near 90° on Aluminum (from Ref. 4y). ("«invriiti<>rial Un'<>r> (>nilift.s thai 
T should be small and roughly constant in pnergy IVrtiirhatue CJ(*l) 
predicts a monotonic rise to T •• ] 
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Tin- essential nonperturbative input for exclusive reactions at high momen­
tum transfer is the hadron "distribution amplitude" 4>{X,Q) which describe the 
lorigil udiiial momentum distribution of the quarks in the valence, lowest-partkle-
n umber Fock state. "' Hadron wavefunctions can be conveniently defined as 
coefficients ou a Fnck basis at fixed r = i + z/e in the fight-cone gauge. Then 

i.e., <->-,r. Q* is thi; probability amplitude to Snd the quark and antiquark in the 
meson for thre" uuarks in a baryon) collmear up to the transverse momentum 
s^ir; Q. Hcr»> x - {kl] + fc*j/(p0-fp*). More generally, the distribution amplitude 
car bt- dt-fined &s a gauge-invariant matrix-element product of quark fields evalu-
=.n?d bft ^L-t'i. thf CJCD vacuum and the hadron state. At large Q 3 one can use an 
yperatcr product expansion or an evolution equation to determine $[xtQ) from 
an initial value 6{x, QQ) determined by nonperturbative input. The distribution 
amplitude contain:; ail of the bound-state dynamics and specifies the momentum 
distribution of th« quarks in the hadron. The hard scattering amplitude can be 
calculated perinrbatively as a function of ««(<?*). The analysis can be applied 
to form factors, exclusive photon-photon reactions, photoproduction, fixed-angle 
scattering, etc. 

inclusive tw>o-i-iody processes 77 -» RH at large s — W*n — {qi + qz)* 
ami iixeii B'i.j, provide a particularly important laboratory for testing QCD, since 
th^ largf niomer.turn transfer behavior, helicity structure, and often even the 
absolute norma! i**t»< a can be rigorously predicted.,***MI 

As emphasized above, the angular dependence of some of the 77 ~» HH cross 
iu>:iini^ reflects ih.? shape of the hadron distribution amplitudes <t>H[*iiQ)- The 
"f*"U> - -'?}* amplitude can be written as ?. Factorized form 

1 

J* .*.("--*•*«.» = /i4wl#k(*..0)*^(».Q)rju'(*,»;wTr,«ein) 
J 
y 

wJuT" Tx, i- the hard scattering helicity amplHude. To leading order T cc 
f.'\o# H ' ' \ ) l , i ami do!dl — W^~6f{8cm) for meson and baryon pairs, respec-
i.vely. 

Low --t order predictions for pseudo-scalar and vector-meson pairs for each 
heliciu amplitude are given in Ref. 42. In each case, the helicities of the hadron 
p.iir« are equal and opposite to leading order in 1/W"2. The normalization and an­
gular dependence or the leading order predictions for 77 annihilation into charged 
meson pairs are alnicst 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 T and (1 - r) , then the same quantity 

/ ( i - ' ) 

controls the ^-integration for both F^{QZ) and to high accuracy Mill * ** ir '). 
Thus for charged pion pairs Lepage and I found ' lie relation: 

%{-n~^t* ) ' -«>s«tf f i n ' 
Note that, in the case of charged kaor pairs, the asymmetry of th*- distribution 
amplitude may give a small corrertion to this relation. 

The scaling behavior, angular behavior, and normalization of the Tf exclu­
sive pair production reactions are nontrivial predictions of QCD. Rprr-nt Mark [J 
meson pair data and PEP4/PEP9 data for separated w * x and li* K produc­
tion in the range 1.6 < W-^ < 3.2 GeV near 90" arc in satisfactory agreement 
with the normalization and energy dependence predicted by QCD. fSpp Fig. H.) 
In the case of v°jr° production, the cos tfcm dependence of the cross swtion can be 
inverted to determine the x-dependence of the pion distribution amplitude. The 
one-loop corrections to the hard scattering amplitude for meson pairs have been 
calculated by Nixie.1'"" The QCD predictions for mesons containing admixtures 
of the \gg) Fock state is given by Atkinson, Sucher, and Tsokos. 

The perturbtlive QCD analysis has been extended to baryon-pair production 
in comprehensive analyses by Fan-ax et al.'"' and by Gunion et al.1"1 Predictions 
are given for the "sideways" Compton process *n •+ pp. A A pair production, 
and the entire decuplet set of baxyon pair states. The arduous calculation of 
280 y. —* qqqqqq diagrams in TH required for calculating f j — BB is greatly 
simplified by using two-componentspinor techniques. The doubly charged A pair 
is predicted to have a fairly small normalization. Experimentally such resonance 
pairs may be difficult to identify under the continuum background. 

The normalization and angular distribution of the QCD predictions Tor prolon-
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.'**1 

A three-dimensional representation of the COZ model is shown in Fig. 10. 
The moments of the proton distribution amplitude computed by Chernyak et a), 
have now been confirmed in an independent analysis by Sachrajda and King.'" 
In the case of the meson distribution amplitudes, there is good agreement of 
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Fig. 8 Comparison of VY — » 4 * " and 77 —* K*K~ meson pair production 
data with th«- parameter-free perturbalive QCD prediction of Ref. 42. The 
theory predicts the normalization and scaling of the cross sections. The data 
are from the T P C / 7 7 collaboration. 

the lattice gaugp theory computations of Martinelli and Sachrajda1"' with the 
Q(-D sum rule results. These checks have greatly strengthened confidence in the 
reliability of the CJCD sum rule method, although the shapes of the distribution 
amplitudes are unexpectedly structured: the pton distribution amplitude is broad 
and has a dip at r - I /2 ; the u quark with helicity parallel to the proton heucity 
r ames nearly 2 f:t of the momentum in the three-quark valence Fock slate of the 
proton. In fact, the QCU sum rule distributions, combined with the perturbative 
CJCl) factorization predictions, account well for the scaling, normalization of the 
pion form factor, and also the branching ratio for J/J/I -* pp. in addition, as 
shown in a contribution by Matna to this workshop, data for large angle Compton 
scattering ip —• ~tp is well described. 
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Fig. 9. Perturbativc (jCl) predictions Lv Farrar ami £liaj>{* for l i e ">s(0, ,„) 
dependence of the - n -» pp cross Bee tion assuming the KiHR-Sar}ir:ij<Ja (KK), 
Chernyak, Ogloblin, and ZiiitniLsky (COZ), and original (,'hcrnyah and ZLii-
nitsky {CZJ forms for the proton distribution ampli tude $J.\T,.Q). Ker 
G. Farrar, this rnt»<-ling. 

Fig- JO. The proton distribution amplitude O J ( T , . / J } <ittt nisim-d a! ihr si«di 
ft — 1 GeV from QCO sum rules by Chernyak. Oglnblin, and Zhrtnlski 
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An important check of the QCD predictions can be obtained by combining 
data from T > ~+ pp and ihe annihilation reaction, pp —• T7. with large angle 
Compton scattering ip —* "jp. H 

This comparison checks in detail the angular dependence and crossing behav­
ior expected from the theory. Furthermore, in pp collisions one can study ttmelike 
photon production into e+e~~ and examine the virt.ua! photon mass dependence 
of the Corapton amplitude. Predictions for the 4* dependence of the pp -*• 77" 
amplitude can be obtained by crossing the results of Gunion and Millers. " 

The region of applicability of the leading power-law predictions for - n -# pp 
requires that one be beyond resonance or threshold effects. It presumably is set 
by the scale where Q^GM(<?*) is roughly constant, i.e., Q* > 3 GeV 8 . Present 
measurements may thus be too close (o threshold for meaningful tests. " It 
should be noted that, unlike the case for charged meson pair production, the 
QCD predictions for baryons are sensitive to the Form of the running coupling 
constant and the endpotnt behavior of the wavefunctions. 

The QCD predictions for 77 -* B~H 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 
Q\ dependence of the 77 —» # i ? amplitude for transversely polarised photons is 
minimal at W% large and fixed 0csa, since the off-shell quark and gtuon propagators 
in Tjf already transfer hard momenta; i.e., the 2-y coupling is effectively local for 
Q\, Q\ < p*,. The 7 * y — &B and MM amplitudes for off-shell photons 
have been calculated by Millers and Gunion. | M | New results on charged rp 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 
baryon and meson distribution amplitudes. 

We also note that photon-photon collisions provide a way to measure the 
running coupling constant in an exclusive channel, independent of the form of 
hadranic distribution amplitudes. The photon-meson transition form factors 
F-,-tM{Qz), M = T ° , 1 ° , / , etc., are measurable ! n tagged «7 -» e'M reactions. 
QCD predicts 

a ' W ] 4* Q'|F, 7(Q*)|* 
where to leading order the pion distribution amplitude enters both numerator 
and denominator in the same manner. 

IT 

http://virt.ua


4. A P P L I C A B I L I T Y OF P E R T U R B A T I V E QCD TO EXrLUSTVE 
P R O C E S S E S 

Nathan Isgur's contribution to this conference was particularly provocative. 
In his recent work1*0' 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 Tor 
understanding the basis of virtually all perturbative QCD predictions. As might 
be expected, I disagree with the Isgur-Llewellyn Smith analysis and conclusions 
Let me deal in turn with each of their points: 

1. Isgur and Llewellyn Smith, and also Had yen kin,1"' argue thai the normal­
ization of the PQCD amplitude is of order (a , /w) B {A 2 /<2 J ) n where A is a 
typical hadronic scale. If this were the correct estimate, the pnrturb&tive 
contributions would 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 far tor at large Q 2 is nominally 
of order 167ratf%, a factor of order 16TT2 times larger than the abnvt- estimatf. 
The actual coefficient of the leading twist, leading power law term depends on 
the integral Jl dx jf?y » *nd is thus only moderately sensitive to the shape of 
the meson distribution amplitude in the endpoint region. 

The normalization and sign of the leading power law terms predicted by 
PQCD axe in agreement with the measurements of the meson and baryon form 
factors as well as large invariant mass exclusive photon-photon meson pair pro­
duction cross sections if one uses the hadron distribution amplitudes predicted 
by Cbernyak et al."*' and Sachrajda and King1"1 from QCD sum rules. As 
discussed hi Section 3 the recent lattice gauge theory analysis of the moments 
of the meson distribution amplitude by Martinelli and Sachrajda " give results 
consistent with those of Chernyak and Zhitnitsky. 

It might also be noted that in QED, the "soft" contributions to the positro-
nium form factor from Coulomb photon exchange are the same order in o as 
the "hard" contributions from transverse photon exchange. Therr arc no extra 
powers of a in the hard amplitude! Once the electrons are relativt.stir, i.e., for 
Q2 *- M2, the hard, perturbative contribution dominates.1'3 1 

2. Isgur and Llewellyn Smith argue that the momentum transfer flowing 
through the gluon propagator in the hard scattering amplitude for an ex­
clusive reaction is typically too small to trust the perturbative expansion 
This Beeras to be of particular concern for the skewed, highly relativis­
t s distribution amplitudes obtained from the QCD sum rule analysis of 
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Cherny alt et al- since the integration region where x is large tends to be 
emphasized. In the case of the hard scattering T// amplitude for the pion 
form feu-tor (illustrated in Fig. 11), the struck quark is off-shell .at order 
(1 - x)Q3 whereas the momentum transfer of the exchanged gluon is of 
order (l - x)(l - y)Qz

t which can be considerably smaller. 

- > — l S J t s * 

Ox) Q 

i-x / 1-y 

d-x)(1-y) a 2 

Fit; > I Le&'Ung twist contribution to the meson form far lor in QCD. 

In f;ict, as shown by Lepage and myself,1"' the momentum transfer scale 
where CHIP ran analyze amplitudes perturbatively in QCD is controlled by the vir­
tual ity i if the quark propagator not that of the exchanged gluon. (The range of the 
gluun virtualiiy in of course important in setting the scale of the effective coupling 
ronstaj'l <u{Q~).\ If the struck quark is sufnciently off-shell, \k*\ > A Q C D , one 
can cA.siiy shuw that multiple soft gluon exchange contributions are suppressed 
l>v pnwiT.s of Ql relative to onc-gluon exchange. The same considerations apply 
L<> tin- analysis uf the evolution of deep inelastic structure functions: the *-*-<tical 
stale is tiit- off-stuMlness of the quark propagators—not the minimum virtuality 
of itit- ghinns. Fi.fii though the radiated gluons have low virluaiity, one can com­
pute the foriri of Q.^0 evolution with elementary vector gluon couplings provided 
Lhat Lin* struck guark is sufficiently off-shell. Similarity, in computations of quark 
jj'f cvulutinri, the perturbalive gluon coupling dominates even though the gluon 
r;i:i be r^'iialrd near its mass shell. Requiring the gtuon to have a minimum 
viMual iiiH-ss corresponds to multiple jet production. 

How ran one reconcile the PQCD analysis with the concept that at low 
inntiM'tii 111:1 transfer I UP interaction between quarks is nnnpcrturbalive? The 
rn:i:f|i' >>l a iK-iij-crturliativc potential (and estimates of scales involving the 
cj-it-li.i.i ni.Ls.v) <MM only be applicable to situations in which quarks are close to 
t h« ir in.i.. •} >• • 11 >. and scatter at low relative velocity so that there is sufficient time 
ti> iiiu-r.t. t stroii|;ly However, in the high momentum transfer form factor and 
lii-i'P ir.i'i.i.siii scattering reactions, the struck quark is relatively far off its mass 
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shell and interacts at high momentum relative to the spectator quarks. Thus its 
inters ctions may be computed perlurbatively. 

Tl e above observations form the basis or the application of renormaltzalion 
group equations and the operator product expansion to these reactions, and allow 
one to calculate the leading power behavior and the QCD logarithmic evolution 
of exclusive amplitudes Tor the pion form factor and -77 annihilation into meson 
pairs to all orders in perturbation theory. 

The predictions *T for the leading twist term in exclusive OCD hadronic 
amplitudes are thus unambiguous. Higher twist corrections to the quark and 
gluon propagator due to mass terms and intrinsic transverse momenta of a few 
hundred MeV give nominal corrections of higher order in l / Q 2 . These finite mass 
corrections combine with the leading twist results to give a smooth approach to 
Bmall Q 2 . The PQCD scali'.g laws thus become valid at relatively low momentum 
transfer, the few GeV scale, consistent with what is observed in experiment, as 
in the results shown in Kigs. 5 and 8. 

3. Independent of thr underlying theory, the form fartor of a. hadron can be 
computed from the overlap of light-rone wavefun« tioriH, summer! river Fock 
states, as shown by Drell and Yan. " ! This is the starting point fnr all rel­
a t iv i s t s calculations including the PQCD analysis. Lsgur anil Llewellyn 
Smith, and also Radyshkin, argue that one ran obtain reasonable agree­
ment with the form factor data by parameterizing the threv-point vertex 
amplitude using various models for the bound state waveTunrlions. 

However, phenomenological agreement with a parameterization or the vertex 
amplitude is not in contradiction with the PQCD analysis unless one ran show 
that the QCD wavefunction with gluon exrhange ran be excluded jn favor of 
purely nonpertuTliative forms. The analyses "" of D/.iembowski and Mankiewicz 
(which are consiHtcnt with QCD sum rules), Carlson arid Cross, ami Jacob and 
Kisslinger show that strictly soft wavefunrtions, consistent with rotational in­
var i an ce in the rest frame, and normalized correctly, cannot nmmni for the pion 
or proton form factors in the power-law scaling regime. 

Perhaps the most compelling evidence for the validity of the l'Q< 'I) approach 
to exclusive processes is the observation * ' of color transparency in pp quasi-
elastic scattering in nuclei, as discussed in Section 3. The BNI. daia exclude 
models in which the scattering is dominated by soft wave riinrti<ms. 

The perturbalive QCD predictions for the leading '.wist power-law contri­
butions are generally consistent with data for exclu.s processes when the mo­
mentum transfer exceeds several GeV. It is difficult to understand the claim 
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lUnl. Iht'ftr dntn nn- rxplmnnl \>y higher twi»t or soft nnnprrttirbntWi* cnnlriW 
IkiMFi Hiiirr ni'di rllVrtn nrrrnrmrily fall at lpjwt one power of Q 3 fafltrtr INftfi the 
(tinM'dflloniil < ritidtifiK prediction. 

5. -n PHVSirs AND NONPEUTURBATIVE QCD 
Only n mtmll OIK lion of thr 77 phyNieB considered at this meeting c»" be *d-

drfwwd t»y prrlurlinlivn QC*D analyse*. DcHpItr the simplicity of th« Initial nlnlr, 
the bill t-omplfxity (,f hndron dynntntcH it* Involved In understanding rttnnnattre 
production, I'xcliinivt- rhtinrioln near threshold, jet hadroflhsatinri, the lindroitlr 
rontriliutiori In lljc photon nlrurlurr function, and the total 77 Annihilation rttma 
BIT t ton A prlrrwry question in whether we can over hope to confront QC'I> di-
rrrl.Iy iit IIB iionprrtiirhAllvi' domain, 

An nnphtutiwd nt ihln trirrliriK l*y Kosher and Pennington, predictions rnn 
ht> utndt* iiftir tlirmlinld for Llir 77 •••« *« channels from general prlndph-w the 
low energy LlnM.riin. unitnrity, nnd Watnoh's theorem. Tho micewwftil analyniii by 
Brown, (loiili-, unit Hnaurr for ir"n" production at low invariant pair mwm («»»«> 
i'iy. 12) if nn important rxninpl" of thin type of annlyiUR, 

M„n {MtJV/C?) 

I''if, I* Oom|i«riHfin of pr**rlir linns by Coble and Ronnrr with Clfyplal Hull 
diitii for 77 »if "it* ttl low rnerginn. The upper and lowrr curves correspond 
to <> IIIIUN Afn 75!> and WW O V / r * , rratprclivcly. TJir data were presented 
to tliin ronfcrrtirc by H. M&rninkc ct al. The analysis uses the method of 
fmldr and Urown " Set* J. Rosner, this meeting. 

To RI> further nod confront QCD directly in the nanperturbative domain in 
onr »r thr most rhnlhuiKing tanks in particle physics. Lattice gauge theory Mid 
cffiTlivr I.rtjtrHiiRia.ii methods mirh an the Skyrme model offer some hope in tin-
rlrmtandiriK thr low-lying htidron spectrum but dynamical computations rdrvnril 



lo if annihilation appear inlriu lahlr, CttiiRiiJrraljW' infnrtimliun ' uri 1.1m BJM"-
truni find llir momenta of hndron valcnrr wavpftijH tionn him \u*rn <ili1.ain»-d using 
Urn ITKP QCI) ftiwi rule method. I>u1 the region of applicability nf lliin method 
lo dynamical problem* apprani limited. 

Itflcenlly If. C I'auli and I have developed ft »«*w rnethrrd tor tittnlyrAity, QfTJ) 
l**l 

in Hip mmporliirhnlivp domain1 dim rrturd light-rone quantisation (M.CQ), 
Thirn fur tlin mpthod ho* been «urcpH»fnlly applied i-«» gauge theiiriei in oiir-npare 
and one-litriP dimennion, in< hiding (Jf'Djl H | . *" We n.re oplimisiii that it will 
he computationally viable when applied to QC\) in 3 < I diinrnnmiKi. 

The IHUIIC Idea of DLCQ its «n follnwn: Qf'l) dynamirn inker-- n rather rmriph-
form when quantized at equal light-* < nr "time" i t > s-fr In hght-i OIIP gauge 
A* A" I A' 0. the QCI) light rntie |Iul»illri(ii*ill 

li^r-M lh, i a Iti * jr'/V, 
contalna thp IIAMAI 3-poinl and 4-point interaction!* pi in; induced icriim from in 
ntnnlniicoMfl ghmn «wrh»iige Afid instant aiteonr* quark eMhaiige diagram); The 
prrtiirhalkvp viiruum in an rigpiwtnlr uf / /yen and MTVIH as tin- InwetiL Htale in 
ronnlnirting a rompktc haninnet of color Ringlet Fork niafe* of Mi in momentum 
npacp, Solving QCD in then equivalent to wdviftg ihr eigenvalue pmblrmr 

a* a matrix equation on the free Fork basin. The net of eigenvalue* (M3) rrpre-
ncnln the uperlrurn of thp color-Hi nglrt ntni.m in Qf'II, The Fork projections of the 
nigen function corresponding to each liadrnn eigenvalue given the quark nnd gluon 
Fork ntatc w«,vpfnnrlion»VfB(x,,ifc,,, A,) required to compute ntructurp funrtioim. 
dirilribntion amplitudes, dtrray amplitude*, rtr. For example, an rdiown by fJrcll 
and YMI, tlir form-farLtir of a hmiron can be computed at any momentum 
transfer Q from an overlap integral of the V'n itummnl over particle number n. 
Tlivc*r,~ annihilation rroiw Motion into a jtivrn J 1 hadrnnir rhuniM'l run he 
computed dirpctly from iU ifr^ Fork ntatr wnvpfimrtion 

The linht-conr momentum nparr Fork Urnm hprtunrs diorrrlc nnd atfHTinlilr 
to conipntrr representation if onr rhoonci) (nnti-)periodi( tioundnry rrmditioim fur 
tlir qttark and Rluon fieldn along tlir s t rfand^i dirrrltrirtn In thp r««f nf 
rpnortna)izal>lp thporiM, a rovarinnl tillravinh't rutrdf A \K introilurpd whirli limits 
the rnaximmn invariant mfws nf lltf parlirIrw in any Fork ntiitc Om- I.IIIIH olituins 
a flm'tp matrix representation of i / g r - n which hwi a utraiRJilfnrwnrc) rnntinuuni 
limit. Thp cntirp analynin in framo indpprndrnt, and frrminim prrwul no npi-riitl 
di film (ties. 
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PLCQ ha* been uurd to obtain the complete npectrutn of neutral ntaten in 
QKD in one Apace and one time for any maun and coupling constant.""' The result* 
agree with the Srhwinger solution at infinite coupling. Recently Hornbontel'" 
has obtained the meson and baryon spectrum and their structure fiinclionH in 
Q<:r>|f * I] for 2, ft, and 1 colors. Studies of QEP in 3+1 dimen«ion» are now 
underway. 

What are the application to 77 pliyHics? Assuming that DLCQ J** i»-
deed computationally viable for Q d J in 3 f 1 dimensions, the Hprctrurn or V. 1 
liiirironic fllaUut rould in prinriplr be predicted. If electromagnetic mterartions 
are inHiideH in the light-cone llainiltonian, then the partial width V^ of rwh 
Htate timid be computed from its 77 Fock component. The 77 annihilation cross 
Ki-f l inn a.nd photon structure functions could alno be computed from simi-i over 
the !•"««< t state wavefum-lioo.*. The T evolution ofylaten an they develop from the 
inilii i l r 1 s i , l i e r(ill111 In' invettlie.;ite<l 

Tlni*. ime < .111 I'livisimi n tionpfrturliativr method which in prhirt) !•* could 
allow .14|n.ieMif alive rmtfrontalMiti of QtTU with the yj data eve*) at low .'IIITJIII'S 
and momentum transfer At this point only (romptiler) time will tell whether 
DJ,*'Q will he viable for surli problems. 

«. F U T U I I K i M M i s r E C T s F O R 77 P H Y S I C S 

The held of photon photon collisions has now become an essential and integral 
p.iri of theoretbal And experimental high energy phyairs. 

Tin- -ft phvHKH in* net pri'HiTitrc] at thin workshop are exciting and ftinHa-
mrtti.il, n* wa* ev«|i-H«-ed by many intense debates at the Shoreith meeting. The 
K,n-iil.i'HL Htrcnu'tiH of 77 phytiirti are clearly in unraveling the C — t hadronir 
•i|M-< irucii and letting hadron dynamics starting from an elegantly simple mi-
li.il stale Two photon physic* in now a primary area for i>robing QCI) at il» 
p<-ri nrb.it ivi' rioriprrlurbattvr interface. 

Thr energy doniain thus far explored in 77 annihilation is still relatively 
jow. I>»* it i.v iii'vrrl lieless a good match for tenting predictions for exotic quark 

I Kbi'iti ^tali-h, studying tlw production of hidden and open charmed hadrnnn, 
(iii-l.inj; u.iluMve reactions at low and high pr, and tenting highly constrained 
P1..In turns loi em luiive t h.iniu'ls both near threfthold and at large invariant 
III.L--' '! In- •) ; measurements in thi.n energy domain are ata« important as a 
t. -.ting ground h'f ufidrr*«l.tnding jet hadronization, heavy quark production, and 
I.,u kKniMii'h' in phy.su s at high energy rollidi-rs. 

IIIRIHT f< luminosity and energy are essential in order to extend the reach and 
si-nviiiviu nl - , physics partimlarly for (a) the definitive identification of C • 
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exotic states, (b) high sensitivity tests of pcrturbatiw- QC|) in meson and baryon 
pair production (rearlions which give strong constraint* on the hadron distrihu-
tion amplitudes), (c) thp measurement and separation of thr photon structure 
function*, (d) thr observation of the entire jet structure prcdirted by QCI), and 
((•} a detailed look at 77 annihilation into charmed hadrons. 

Experiments have hardly begun to exploit the unique capability in 77 physics 
of varying the sparclike mans and polarization of the incident, virtual photons. 
Sitrli double-tagged experiments require both high arccptanre and luminosity. 

The upcoming run of the T I ' C ' / T T detector at PKF* will hopefully add a great 
deal to these sLudieA. Much can l>r done at the CESH and TRISTAN ringB even 
without tagging. Considerably higher 77 luminosity will come automatically 
with increased e ' e luminosity at L.EP, and there in intense interest to explore 
77 processes phyHirn by subgroup?; at each of the four primary detectors. 

The recently-published study nf 77 physirs at LKP-200 provides an excel­
lent survey of phyticH poxsihililies al Ktill higher energifs and luminosity. Even­
tually the u»e of ba< k M altered phuUins from 1a.-a-r*-, wiggh-r>>. >>r controlled 
heainsstrahhing f ould lead to marhiri'-K with photon energies and -17 hmiiwis-
ity rivaling that ol the primary r * r beams 

The principles of 77 proreji«w« generalize lo tlie domain of x-uiw-bomn in-
'fractions in r.*r , hadron-hadron ami leplon-hadron collider*. A.s discussed at 
this meeting by ('aim, Kunzsl. Nir, and Schildkiiechl.l.liese processes provide an 
important window to virtually all of the phywH of the Htandard model. 

We have ILINO disriiHaed at this meeting the relationship or 7 t physioi tr» closely 
related fields, rturh as Cornplon scattering, -jp • ip, iind anliprnlnii annihilation, 
PP ' T7- Perhaps the rnoMi iiilrigoiiiR 77 reaction is the very narrow correlated 
77 signal recently reported at M-,-, I.0K2 t 0.003 MrV, in an experiment " a) 
the 1,BL Ruperllll.AC studying uranium ion collision^ on a thorium target at a 
laboratory kinetic energy of 5.95 MeV/mirleon. AsMiiniug the signal is confirmed, 
a remarkable feature of this rear Lion is thai the 77 Nysli-m is apparently produced 
at rinse to zero rapidity in the center of mass. It ih difficult to understand the 
origin of thin state since its measured spread in total niometituiii An, „, — {1.02m, 
corresponds to a length unrrrtainly exceeding 10.000 fin' 
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8, D I S C I S S I O N 

(.*, Alexander: You stated in the beginning of your talk that the low W.,-, region 
of -»•? * hadrons is full or resonances. Does it then make sense to use this region 
a* a. testing ground for fundamental QCD and PQCD or should we move to a 
higher W1^ region relatively free of resonances? 

S. Drodsky: The applirability of PQCD to exclusive -77 reacLions clearly R~ 
quires thai one should be in an energy range beyond the region of prominent 
resonances. On the other hand, the large number of resonances produced in 
phiiton-photon collisions in the 1 to 2 GeV energy range suggests that quark 
anti-quark states alone do not provide sufficient degrees of freedom to describe 
the observed spectrum. If one can show definitively that gluonic or other exotic 
states are present, then this regime of TJ physics would provide a fundamental 
testing ground for the bound-state spectrum of QCD. 

M. Reman; In your review, you mentioned the agreement between the TPC/-fj 
measurement of the p° u- production and the four-quark mode! fit, and that 
there is no single mode) which can explain the various vector-vector measure­
ments which have been made. I would like to add a few comments: First, the 
TPC/YJ rucasun• merit agrees with the ARGUS results within the 20-30% sys­
tematic errors the measurements as can be seen from a figure you have shown. 
The four-quark model has provided one possible explanation of the p° p° enhance­
ment. In an effort to begin to unravel the puzzle of the vector-vector production 
in photon-photon interactions, we have fit our p>° u data with the four-quark 
model. We find that the mass of the four-quark resonance in the fPw channel 
would have to be about 1.8 GcV/c , and that the super-allowed decays dominate 
us might be expected. However, in the p°p° channel, one finds an enhancement at 
about 1.5 i.65 GeV/c* and that half of the decays are not super-allowed. To pur­
sue this model we must try to understand the dynamics of a four-quark state to 
explain the observed mass splitting between the pap° and fi°u! 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 wilting to assume that the 
soft contributions are Bmall if we could be convinced that QCD could legitimately 
explain the data. In the same spirit, let me say that I would prefer it if you were 
right about this issue, even though 1 think you are not. Anyway, you have to 
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agree about one thing: I was correct in saying t» my lecture that you would win 
the first round or this argument? 

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

S . B r o d s k y : 1 am detigbted to get the last ward! Hopefully, I have made ft clear 
in my talk that the predictions of PQCD for the leading power-law contribution 
to exclusive processes have a Bound, rigorous basis The issues raised by Isgur 
and Li«wellyii Smith, and also by RadyshXin, on thi* range of applicability of the 
predictions, due to possible complications such as nonperturbative effects, high­
light the importance 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 single-lagged and double-tagged 
events. 

The leading-twist PQCD predictions for exclusive proceK.se* such as the pion 
for n factor and production of meson pairs in photon-photon collisions are derived 
to all orders in perturbation theory. These result* have also been derived from 
the operator product expansion and renr>rnialization group, i^jwi-r-ldw rorrcc -
tioits due to quark mass effects, intrinsic transverse moment urn, eir,, are in fa< t 
consistent with the corrections In the leading power behavior seen in experiment 
at low momentum transfer. 

Alt I discussed in my talk, the sufficient condition for the validity of the 
pcrturbative QCD analysis is the off-shellness of the struck quark line, not the 
exchanged gluon momentum. Once the quark line is sufficiently off-shell, the 
perlurbative structure of the exchanged gluons dominate. This point, which 
is critical to the PQCD analysis of exclusive processes, is also al the heart of 
the renormaliiation group derivation of the evolution of deep inelastic structure 
functions—in none of these cases is there a requirement that the radiated gluon, 
or the target photon in the photon structure function, have minim urn virtually. 
Such a requirement would significantly affect the predictions of PQCD in inclu­
sive reactions such as the evolution of the deep inHastir structure functions, jet 
evolution, etc. 

Finally, I want to emphasise that the recent tesi of "color transparency" at 
BNL in quasi-elastic pp scattering in nuclei gives strong suppori to the essen­
tial feature of the PQCD analysis that only the small, v&lenre component of 
the hadron wavefunction participate* in large momentum transfer ex( lusive reac­
tions. The experimental observation of minimal attenuation of the incident and 
outgoing prolans as predicted by PQCD excludes any model in which the full 
size of the badron partjripates in the hard scattering reaction. 

2fi 

http://proceK.se*


REFERENCES 
1. For general discussions of 7*7 annihilation in e + e~ - • e*«"X reaction*, see 

S. J. Brodsky, T. Kinoshita, and H. Terazawa P*-ys. Rev. Lett. 2 5 , W72 
(1970), Phys. Rev. 1*4, 1532 (1971), V. E. Balaam, V. U, Bodnev, ami 
I. F. Ginzburg, JETP L«tt. I I , 388 (1970), N. Arteaga-Romero, A. Jar-
rarini, and P. Kessler, PVvs. Rev. D 3 , 1569 (1971), R. W. firnwn am) 
I. J. Muzinifh, Phys. i.-> D 4 , 1496 (1971), and C K. Carlson ami 
W.- K. Tung, Phys. Rev, D 4 , 2873 (1971). 

2 Excellent reviews and further references are given in H. Kolanoski and 
V M Zerwas, l)F;SY 87-17.1 (19B7), H. Kolanoski. Two-Phutmt Phyatr* i» 
r' r Staragr H\ngxt Springer Verlag (198-1), and Cli. Merger and W. Wag 
ncr, Phys Reit 13C|I9K7); J. H. Field, University «»r Paris Preprint LPMIK 
H| m (l'.)Mj 

a. C Kopi>. J' I-'. Walhb, jiml P. /erwns, Nml, I'hvs. 1170, 4C] (I'IT-1) 

K, M. Wfii,tr<i, Prut f»/ the Vii» ltiiernaLioun.) Workshop »u -J-J lutein 
lions, and \UMV<I <"im HO, I ( I W ? Harkgroumls lo the <' > , ./ I 
signal fan '« ' ur from lagged r ' r • r' r ,V events wliirii pnidme f ' 
resnna.ni »>•* 

•i U TafWiLi. l i t i s roiiJVroiiM' 

.r> A N i l l s u n , t i n s i-olifereiirt' 

6 N l i n e , t h i s < «n*f«Teri<"<* 

7 J Ahii i«\ I* HIIHHCV, J i l . i r j i 'h, I I Kenner, A Levy, M I 'Vi iui i , K. I t lnh i i i . 
arxl A K l . i i ' t ' k i i , this 1 f inrrrr iM•• 

H. J Ollsot; and A. I''int-h. thi> oHiferenrc. 

•>. I I Mars iskr , tins r n h f e r m r r 

Ml H ( ' t irdh. .' H' i r fa i i , and f'. ( i i d . t l , this r<mferenrr 

I I J . Kruger « r | d " • th*r it man, this ronFf-reiir*-. 

I I ' M Ki i i i .n i , -I l , . i \ l r r , K I'.rin . i»i<«l D C i i l i lw i l l , l lns 1 (iHr<rrnc i' 

Kl W M i r , t ins 1 .nifcrerdi ' 

11 !» M<irt>.>H .uid M U Pennington, Ku i l i e r fon ! P iepr i i , l If A l . *C O-lk 
(P»-7| 

I '. S J Hnnt-.kv. I I f"n.ute, T . A Def. 'rand, and R. I? H o r ^ m , IMiy* l.eit. 
T 3 » , 20:i 11**7^1. 

http://resnna.ni


|(» M. Oliaiiowitz, report to this conference and n'faTtntv* thrri»in. 

17 D. Caldw^H, litis ronfcrenrc. 

IK. C; Alexandf-r. A. L»-vyt and L\ Maor, Z, Phys. f;3U. 65 (1<JK<J). 

19. H A. Li and K. F Liu, Phys. R^v. D 3 0 , 613 (108-1). 

2ft. N. N\ Artia-suv. V A. Karnakov, arH G. ft'. ShestaJtov, TVovosJl/irsk preprinl 
TFh-No. 7 [19K7J; N N. Arhasov, S A. n«vyanin, ajid C, N Sho-slakov, 
X. Piiys. C 2 7 , <*9 (1<MSJ. 

J l . S. J. HrfxKkv. F r: Km*. P. 11. DamgaaH, and P. M. ZITW&A, Nikhcf-
H/K7-4 (Hlh7| 

*2 M Jarr>). awd I J W.j, Pl»y«. L.>tt I 9 7 B , 253 (IW7J, NIK I. J'liys. B 3 0 3 , 

^t If JfJ«iiikr.,,K.-. I.r i,ii.! S I) Drrll. SLA'" P\ll-W* f 1QKKJ 

21 .1 S i . i fmr . - * I . V 1*1 It 2<".77 fl«»s|J 

a.'. «' AkiTlf!. <\.< Wi.rkOioi. Nol.-.. (i*»M|. 

•li\ I F f;inxl>uiK.<. I. K . i t t i n , V. «..- S . H . o , and V I TI-IIIMI-, f i s i n a ZIIK'J F 
3 4 , r,:ti ( I ' I K I I 

27 .J. K. S|ii'ii«.i uti.l S J !ifr.-| kv. S L A ' ' 1" 1 "IB :tf.ll, ( | 9 K ' , | . ] l t , ,..uteri al L>i«-
H)K.ri V a t l r r i i m f . i l ( ' P a r i l( If' A ' r t - l i T a t l u r <'oJifiTfTif >-

•IX V. Low. P h y - Kr-v 12H, r.H'J (IWO) 

2» II. Calm ami S l lAws'in, I'liys L«-U 1 3 0 U . IW. ( I W 4 i 

SI) Y. Nir, |>ri-|iniii VMS PH/KH 27 H?'""). a n d ri-fi-ri-nf ft- i l i i r . i n 

,'tf. M Kt/r«Jrf. F UniAri), a u d i ) s . ),,;</). f.<-r iii I ' K K M ' ! ! •!*«» (i!W7J. 

:i2. S M . Herman .1.1) HjnrkfTi. and J H. Kn^ut, I ' l iy. He\ I l l . ."CtMH (|<i7 1), 
S . J . HrorJAv iirxi 'I'. A U>< Irand. I'kys Jfrv Li-H 4 I. f.7 J (PI7KJ 

33. H. S. fiorirlinv. A. I. K a l w v , and S A. Larin. JIMf |m-|n in:, |irr*s«'fitf-d at 
thr lladron Sirijitnrf ('.tmit-tentr. Ilraiislaix I I"#K7) 

34 . P. AurMirhrv l al . . Z. P h y s C 2 t t , 423 (]<•*»•.( 

:<:> S. .1. H r o d : * , \ T . A !>(>f Iratid, .1 F. Ciinii .t i . and J II Ur I'l iv If. v 
r>20 , MJ* (l'»7V/; T H. Mrw-f-Dwr Sniilfi P l i v l.rii 7 ' j j l . s:i |1'J7K). 
K Kajatiiii-rtn.l K K-iiin. NLKI i ' h y . l U l i ' J . *.2* I l'i7'.i; 

:S0. S. J . Hrrxlsky. I". K i n o s h i l a , *•••! H T«Ta/.t«.«i. P l u s Hrv l.«il 2 7 , 2*n 
( l < ) 7 l ) ; T K. VUlsn . P h y s l-rti 3 W I , 121 ( l '«7 l ) 

2M 

http://Vatlrriimf.il


37. E. Wiuen, Nurl. Phys. B 1 2 0 , 189 (1977). 

38. G. Rossi, Phys. Rev. D 2 9 , 852 (1984). 

39. J. H. Field, F. Kapusta, and L. Poggioli, Phys. Lett. 1 8 1 B , 36Z (1986); 
J. H. Field and F. Kapusta, this conference. 

40. I. Antoniadis and G. Grunberg, Nuc!. Phys. B 2 1 3 , 445 (1983). 

41. M. Gluck and E. Reya, these proceedings. 

42 5. J. Brodsky and G. P. Lepage, Phys. Rev. D 2 4 f 1808 (1981). 

43. G. P. Lepage and S. J. Brodsky, Phys. Rev. D 2 2 , 2157 (1980). 

44. H. Aihara et al., Phys. Rev. Lett. 57, 51 (1986). The Mark II data for 
combined charged meson pair production are also in good agreement with 
the PQCD predictions. See J. Boyeret al., Phys. Rev. Lett. 5 0 , 207 (1986). 

45. S, J. Brodsky and G. R. Farrar, Phys. Rev. Lett. S I , 1153 (1973), Phys. Rev. 
D 1 I , 1309 (1975). V. A. Matveev, R. M. Muradyan, and A. V. Tavkhelidze, 
Lett. Nfuovo Cim. 7, 719 (1973). 

46. H. Suura, T. F. Walsh, and B. L. Young, Lett. NnovoC3mento4, 505 (1972). 
See also M. K. Chase, NiieJ. Phys. B16T, 125 (1980). 

47. General QCD analyses of exclusive processes are given in: S. J. Brodsky 
and G. P. Lepage, SLAC-PUB-2294, presented at the Workshop on Cur­
rent Topics in High Energy Physics, Cal Tech (Feb. 1979), S. J. Brodsky, 
in the Proc. of the La Jolla Inst. Summer Workshop on QCD, La Jolla 
(1978), G. P. Lepage and S. J. Brodsky, Phys. Lett. B 8 7 , 359 (1979), 
Phys. Rev. Lett. 43 , 545, 1625(E) (1979), Phyn. Rev. D 2 2 , 21E7 (1980), 
A. V. Efrernov and A. V. Radyshkin, Phys. Lett. B 9 4 , 245 (1980), V. L. 
Chernyak, V. G- Serbo, and A. R. Zhiinitskii, Yad. Fw. S I , 1069 (1980). 
S. J. Brodsky, Y. Frishman, G. P. Lepage, and C. Sachrajda, Phys. Lett. 
9 1 B , 239 (1980), and A. Duncan and A. H. Mueller, Phys. Rev. D 2 1 , 
1636 (1980). The QCD prediction for the pion form factor at asymptotic 
Q1 was first obtained by V. L- Chernyak, A. R. Zhitnitskii, and V. G. Serbo, 
JETP Lett. 36 , 594 (1977), D. R. Jackson, Ph.D. Thesis, Cal Tech (1977), 
and G. Farrar and D. Jackson, Phys. Rev. Lett. 4 3 , 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. 8 4 B , 
22S (1979). 

48 A. H. Mueller, Proc. XVII Recontre de Moriond (1982); S. J. Brodsky, 
Proc. XIII InL. Symp. on Multiparticle Dynamics, Valendara (1982). Sec 

29 



also G. Berts? h, A. S. Goldhaher. and J F Gunion. Phys. Rev. Lett. 4 7 , 
297 (1981). 

49. A. S. Carroll et a!., BNL report {19-88); S. Heppelmann el al., DPF meeting 
(Salt Lake City, 1987). 

50. G. R, Court et al., Phys. Rev. Lett. 57 , 507 (19Wf>). 

51. S. J. Brodsky and G. de Terai.nond. Ph \ s . Rev. Lett. 00 , 192-1 (1988). 

52. J. P. Ralston and B. Pire, Univ. of Kansas preprint (VJHh). 

53. G. W. Atkinson, J . Sucher, and K Tsokos, Phys. Lett. 13TB, 407 (1981); 
G. R. Farrar, E. Maina, and F. Neri, Nurl. Phys. B 2 5 9 , 702 (19nr.|; 
E. Maina, Rutgers Ph.D. Thesis (19«SJ: J. F. Gunifin, I). Millers, and 
K. Sparks, Phys. Rev. D33,G89 (198GJ; P. 11. Damgaard, Nurl. Phys. B 2 I J . 
435 (1983); B. Nezit, P h D Thesis. Cornell t'niversity (lftK5); D. Millers 
and J . F. Gnnion, Phys. Rev. D 3 4 , 2657 (19KG). 

54. G. R. Farrar, this conference; G. R. Farrar, H. Zha'jg, A A. GloMin and 
I. R. ZhitnHsky, Rutgers preprint RI--88-14: G. R. Farrar, E. Maina, and 
F. Neri, Nurl. Phys. B 2 5 9 , 702 (1985), Err- ibid. B26.'{, 746 (1986). 

55. V. L. Cher.iyaJ', A. A. Ogiohlin. and I. R. Zhitnitsky, Novosibirsk preprint 
INP-134 (19B7); V. L. Chernyak and A. R. Zhitnitsky, Phys. Rept. 112, 
1783 (1984). See also Xiao-Duang Xiang, Wang Xin-N'ian, and Huang 
Tao, BIHEP-TH-84, 23 and 29, 1964. and M. J. Lavelle, ICTP-B4-85-I2; 
Nucl. Phys. B 2 6 0 , 323 (19B5). The sensitivity 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. D 3 6 . 165 (1987). 

56. I. D. King and C. T. Sachrajda, Nucl Phys. B2T9, 785 (1987). 

57. G. Martinclli and C. T. Sachrajda. CERN-TH 4909 (1987). 

58. E. Mama and G. R. Farrar. Ref. 54. 

59. A simple method for estimating hadron pair production rross sections near 
threshold in 11 collisions is given in S. J . Brodsky, G. Kopp, and P. M. £er~ 
was, Phys. Rev. Lett. SB, 443 (1987). 

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

61. A. V, Radyushkin, Proc. of tiie Ninth European ConT. on Few Body Prob­
lems in Physics, Tbilisi (1984). 

30 



62. For an explicit calculation in hadrons containing only heavy quarks, see 
S. J- Brodsky and C. R. Ji, Phys. Rev. Lett. 55 , 2257 (1985). 

63. For a remarkable confirmation of the PQCD predictions for id — tip, see 
J. Napolitano et al., ANL preprint PHY-5265-ME-B8 (1988). 

64. S. D. Drcll and T- M. Yan, Phys. Rev. Lett. 34 , 181 (1970); S. J. Brodsky 
and S. D. Drell, Phys. Rev. D 2 2 , 2236 (1980). 

65. O. Jacob and L. S. KisslinCer, Phys. Rev. Lett. 56 , 225 (19KG); C. Carl­
son and F. Gross, Phys. Rev. Lett.; E. Dziemhowski and L. Mankiewirx, 
Phys. Rev. D 3 7 , 778, 2030 (1980). 

66. The exrrplions involve spin effects, which are sensitive to threshold and 
nonleading power law corrections. 

fi7. R. Got.!.' and I. Brown, Phys. Rev. D 5 , 2345 (1972). 

bH. H C. Pi iul iandS. J. Hn.dsky, Phys. Rev D 3 2 , 199.1,2001 (HTKr,);T. Kllcr, 
H. C. f'atfli. and H. J. Hrodsky, IMJVS. Rev. D3S , 1493 (H)K7) 

6°. H. Hornlinstrl, S. J Hrndsky, and II. C Patili, in preparation. 

70. A revi<-tv is given i« fi. J. Brodsky, SLAC-PUU-4551 (19KK). 

7!. K. IlombosLei, Stanford Ph.D. thesis (in preparation). 

1'Z- S. J. Brodsky, !i. ('. Paijli, and A. Tang, in preparation. 

7.1. K. Dan/mann el al., Phys. Rev. Lett. 59 , 185 (1987). It should t.c noted 
tli.il thi-ic .ire roitipetinn liarltgrouridH to tin-signal due to nurlear Coulomb 
f a.Mrad«-s 

31 

http://tli.il

