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"  1.Introduction

The nochus plays twe comiplimestary role in QCD:

1. Wa cun wtilise & wuthr target as » control madium or background Beld to medify
o puobe quark sad gioon subprocsssss. 1 shall discuse sevaral acvel sxamples in
this talk, such w cslsr renspurency the predicted diminished stienvation in the
suclroe of hadrons participatisg in high momestym traxefar exclusive reactions, and
, formation zomr phenomens the absence of bard collinear target-induced radistion

' by quarke w glecs interacting in » high moawntum transker énclosive reactions. A
hyuudth@mhuuﬁmbythﬁa-mmhthMYu
process in nuchi: w2 predicted, the transvarse momentam distributinn of lepton pairs
is broadened; peverthelens, structure function factorization is maintained. Ramark-
ably, the incoaming quark or anti-quark can suffer slastic inital stats interactions
sven though bard collives inslestic interactiony do pot occur. Thass observations
mrmurtmthihmdmmldlhmﬁmdm»dﬂm
Jmmuhumﬂur

3.1‘blrmbmitﬂmmhduﬁhdu1QCDltmctun At short distances noclear
ware fonttions asd prlear interactions mecemarily involve kidden eolor dagrees of
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frecdom orthogonal to the channels d=scribsd by the usual nucleop or isobar degrees - e
of fresdom. In the case of the dsuteron, five color-singlet Fock states are required gt

just 1o describe its eix-quark valence wave function. At esymptotic momentum .
tranafer, tbe deutercn form factor and distribution amplitude sre rigorowly calcu-' —.
Iablo. At sub-asymptotic moments, one can derive new types of scaling laws {or
sacelusive nuclsar amplitudes in terms of the reduced amplitude formalism. T also

discuse some novel featuress of suclesr diffractive amplitudes-high energy hedranic

or electromagnetic reactions which leave the entire pucleus intact. In the case of

deep inslastic scattering, such leading twist contributions can give uousuel non-
sdditive eontribulions to the nuclear siructure function at low zp;. In the case of

vectat meson electroproduction at highly virtual photon mass, diffractive procenses
can give ssseniial information on non-forward matrix elements of the same operator
products which control deap inelastic leplon scattering.

In general, the nucleus mey act to modify the properties of ils constituent pucle-
ome; a mytiad of non-additive and shadowing effects have been suggested to explain the
EMC/SLAC obsarvations. In this tali T will only touch briefly on this important topic,
vmphasizing nuckear effectn in the transverse momentum distribution of the bound quarks,
and to point ous & eokerent puclear effect relevant to non-additivity et low ;. Mengure
menta of cuzlear pog-sdditivity in individual electroproduction channeis are needed to
unravel the various contributing processes.

The application of QCD to nuclei~-Nuclear Chromodynamics has brought together
two formerly distinet communities of physicists. Given that the natural acale of QCD s 1 H}
fermi, nuclenr physics can hardly be studied as an izxolated subject, diverced from nucleon
substructure. Indesd several traditional assumptions of nuclear theory are incampatible
with QCD, such ss (a) standard on-shell form factor factorization and (b) Dirac equntion
phacomenoclogy for nuclesn intersctions in nuclei-since the NN N intermediate state is
sevarcly suppressed by nucleon wrnpcuif.cncn? Conversely, the very difkcult questions for D
particle theorists—tbe structure of the hodrons in terma of their quark and gluon degrees o
of freedom, gluonium and other exotic specira, coherence effects, jet hadronization and
particke formation, the pature of the pomeron, diffltactive and forward procesaes, etc,
require experimental input in the GeV regime or even lower.

There bas bess significant progress in the theoretical development of QCD in the
past Tew years. This includes the extension of factorization and evolution equations to the
domain of exclusive hadronic and nucler amplitudes. Morecver, QCD sum rule tecknigues
have made tantelizing predictions for the required hadran wave functions, rerulta which
are being confirmed by Isttice gauge theory computations, In kigh mormentum tranefer
inclusive reactions, the underlying quark and gluon scattering processes lecd directly to
jot production in tbe Boal state. To leading order in 1/Q?, the crocs eectione and jet
hadronization can be cederstood at the probabilistic level. In contrest, in exclusive
alectroproduction processes, one studies quark and gluon scattering and their reformation
into hadrons &t the omplitude level. Exclusive roactions thus depend ic detedl on the

2 ﬂ ! Sf?‘ﬁj""fg

(e

- )

DISTRIGUTION OF THIS S0CUMEAT IS UNLIMITED


http://delr.it

thu fnturu of qu mmnlum transfer axclusive renctions. The QCD pndu:t.iuu e
bmd onL I'u:tnriution thlnrtm’ -? which separates the nnn-pextu:haun physics of the
hldron bound ltu-u from tbl hard cattering amplituds which controls the scattering of
the wnlf.itumt quuh and |Iuau I'rom tho i.n!tinl to final directions. Thu Is lustrated
Hor the | prum form I'u.l.or fn FI[ 1.

d=13 : . mull

l-'i re 1. (s} Factorization of the pucdeon farm rmmnlu ¢ Q7 in QCD. (b) Tha leading

: agrams for the hard seattering amplitude T, The dols in&uu inzertions which enter the

renormdlnticn of the eaup!in; coastant. {¢) The Iudiug o:f‘u dingrarme which determine the Q2
dcpendmu d’ﬁg!c ). ‘

Eltclroproductian ul'cxduliu chnnnlls prondul ons oa’ the mosat valusble teating grounds
of this QCD farmalism, since the incoming photon prmd- & probe of variable space-liks
mass dimu: eoupling to the hud ocal.uﬂn; emplitude.

h hu beer knows sines 1970 that a theory with undulym; scale-invarinnt quark-

‘quark interactions leads to dimensional counting rules® for largs momentum transfer ex-

clusive procemas; e.5. F(Q') ~(Q')' ™" whers n i tha minimum oumber of quark falda

_ in the hadron. IQCD is vuch & theory; the factariaation formula leads to nucleca form
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factors of the form:*

N | I
Gum(Q?) = [“'—'(?—2 3 Cnm (Cn Q—:) [1 +0{a(@N+0 (—l-)] .
q v A Q

An outline of tha derivaticn of this result is given in sectlon 2, The first factor, in agreement
with the quark counting ruls, 1s dus Lo the hard scattering of the three valence quarks from
the initinl to final nucleon diraction. Highar Fock statas laad ta form factor contributions
of successivaly higher order in 1/Q7. The logatithmic cotrections derive from an avolution
equation?” for the nucleon distribution amplituds. The 7, are the comnputsd anomalous
dimensions, reflscting the short distance scaling of threequark compaite operators. The
resuits hold for any beryon tn baryon vector or maxial vector tranajtion amplitude that
conserves the baryon halicity. Helisity non-conserving form factors should fall ax an sddi-
ticnal pawsr of 1/Q@*. Measurementa of the transition form fattor to the J = 3/2 N({1520)
nucleon resonance are consistent with J, = £1/2 dominance, s predicted by the helicity
conservation rule® A review of tha dats on spin sfiects in electron nucleon scattering in
the rescnance ragion is given in Ral. 7.

It is very important ‘o explicitly varify that Fy(Q3)/Fi{Q7) decresses at large Q1.
The angular distribotion decay of the J/¥ — pp ia copsistent with the QCD prediction
A' + 4\, =0,

The normalisation constants a,. in tha QCD prediction for Gus can be evalusted
from momanta of tha nuclson’s distribution wmplitude #{2;, Q). There are extensive on-
going theoretical effarts computing constraints on this nonparturbative ioput dirsctly from
QCD. The piotsering QCD sum ruls analyais of Chernysk and Zhitnitakii® provides con-
straints on the frst few moments of #(x,Q). Using me 8 basio tha polynomials which
are eigenstatm of the nuclecn wvolution squation, one geta a model representation of the
nuclaon distribution amplituds, na wall as its =volution with the momentum transfer scals.

The QCD sum rule analysis predicts & surprising feature: strong Ravor asymmetry
in the nucleon’s momentum distribution. The computed moments of the disteibution
amplitude imply that 85% of the proton's momentum in ita 3-quark valence state is curried
by the u-quark which has the sama balicity as the parent hadron. (See Fig. 2.) A receni
comprehansive re-analysis by King and Suhrqjdn“ has now confirmed tha Chernyak and
Zhitnitekii form in its sesentia] details.

In addition, Dyiembowski end Mankiewics'® have recently shown that the wymmetric
form of the CZ distribution rmplitude can sfectively be derived feom » rotationslly-
invarisnt CM wavs function transformed to the light cons using & Melcahi-type boost
of the quurk spinors. The transverse sise of the valence wave function is found to be
nignificantly smaller than the mean radius of the proton-averaged over all Fock atates. This
was predicted in Raef. 2. Daierubowski and Manklawics elso show that tha perturbative
QCD contribution to the {orm factors dominates over the sofl contribution {obtained by
convoluting the non-perturbative wave functions) at & scals Q/N & 1 GeV, where N {2 the
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nurnbcr ofn]cnu connituenu Similu critaria ware also derived ip Ilaf. 11. Rasults of the
lJmillr Jacob and I'Cu.llmgir analysis of the plon form factor are shown in Fig. 3, Earlier
c]nmn * that s gimple our]lp of soft hadron wave functmns could fit the form factor data
were monmul mm:. they were based on wave functions which violate rotational symmstry
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Figure 1. sum rule prediction for the Figure 3. Models for the “sofl” contribution ta the

proton distribution amplitude. pioo I'orm factor. The Isgur-Llewellyn-Smith pro-

diction®® is bnnd an a wave function with Gaue-

wian falloff in erse momentum but pewer-
law fl]loﬂlt llr‘e . 'n)n Jacob-Kisalinger predic-

u-un ¥ is based on & rotationally symmmiric form in
the center of mass frame. The pcrtmhnw QD

contribution caleulated with CZ* distejbution am-
plitudes is consistent with the normalisstion and
shape of the data for @7 > 1 GeV2.

A detailed phanomenological analysis of the nuclson farm factors for different shapes
of the distribution amplitudes has been givan by Ji, 51, and Lombard-Nelsen!! Thaeir
tesults show that the CZ wavs function is consistant with the sign snd magnitude of the
proton form fu:i.or at large Q? as recantly messured by the Amarican University /ELAC
collaboration?® {See Fig. 4.) The fact that the correct normalization emarges is & noo-

- trivial cest of the distribution gmp_[i_tgﬁg thape; for example, if the proton wave function

has a non-relativistic shape peaked at x; ~ 1/8 then ons obtains the wrong sign for the
ouchon form fector. Purthermors symmetrical distribution amplitudes predict & very small
magnitude for G*G%,(G?) at large @Q%. Gari and Stefanis'* bave developed « useful modal

for the nucleon form factors which incorporetiss the CZ distribution amplitude predictions
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at high QY together with VMD constraints at low Q7. Thair snalysis predicts sizeable
values for the neutron electric form factor at intermediate values of Q1. (See Fip. 5.)
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Figure 4. Cemparison of perturbative QCD ]
redict!cru and date for the proion form faclor. 0 s a, [nride [nlegral
%’he caleulation, based on the CZ QCD sum rule : m,"=0.3 (Gev/c")"
distribution smplitude, is from Rel. 14, The pre- P | i |
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constant as a function of Lhe exchanged gluon mo- o 10, et
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Figure 5. Predictions for the nucleon form factors smuming VMD at Jow 2 and
perturbative QCD st hizh Q¥. From Ref. 18.
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Neverthelesa, the sell-consistency of the perturbative QCD analysis for some exclusive
channels ean be questioned?® particularly for baryon reactions at moderste momentum
sransfer:

1. The perturbative analysis of the baryon form factor and large angle hadeon-hadron
scattering depends on the suppression of the endpoint regions 2; ~* 1 and pinch
singularity contributions, This suppression oecurs automnatically in QCD due to Su-
dakov form factors, as has been shown by Mueller™ based on the all-orders analysis
of the vertex function by Sen’® Since these analyses require an sll.orders resumma-
tion of the vertex corrections, they cannat be derived by standard renormalization
group analysis. Io this senae the baryon form factor and large angle hadron-hadros
scattering results are considered less rigorous than the results fram analysis of the
meson form [actor and the 59 preduciion of meson pain."

2. The magnitude of the proton form factor is senritiva to the z ~ I depsndence of
the proton distribution amplitude, where pon-perturbative aflectn could ke imper.
tant. The CZ wsymmetric distribution amplitude, in fart, smphasizes cantributions
from the large = region, Since nonelending corrscticiy ere expectad when the quark
propagator scale Q1(1 = x) is amall, relatively large Q7 is required to clearly test
the perturbative QCD predictons. A slrmilac celterion cccurs {n the analyaja of car-
rections to QCD avolution in deep inelastic lepton seattering. In u recent paper,
Driembowski and Mmiiewium find that oze can simultanecusly AL low enargy
phenomena (the nucleon magnetic moments}, the measured bigh momentum trans-
for hadron foem factors, and the C2 distribution amplitudes with a seif-consistent
ansaty for the quark wave functiops. Thus for the firat time one has a rather com-
plete model for the eelativistic three-quark atructure of the nuclean.

A complete derivation of the nueleon form factors at all momentum trankfers would
require a calculation of the entire set of hadron Fock wave functions. This is the goal of
the “diseretized light-cone quantization” appronch? for Ending the eigen-solutions of the
QCD Hamiltonisn quantized at equal light cone time r = ¢+ r/c. using a discrete bosio.
The basis of tha DLCQ method for solving Beld theories is conceptually simnple: In general,
one quantizes the independent fields nt equal light cone time r and requires them to be
periodic or anti-periodic in light cone space with period 2L. The commuting operators, the
light cons momeniom P+ = 3,_5H and the light cone enecgy P~ = £ H are constructed
axplicitly in a Fock space representation and diagonalized simultanecunly. The migenvalues
giva the physicsl apectrum: the invasriant muss squared M? = P*P,. The eigenfunctionn
sive the wave functions at equal r and adlow one to compute the current matrix elements,
structure functions, xnd distribution amplitudes required for phyaical processea. All of
thesn quantities are manifestly independent of Z, aince M? = P+P~ = HK. Lorentr-
invariance i viclated by periodicity, but reestablished st the end of the calculation by
going to the continuum limit: L — oo, K — oo with P+ finite. Io the caue of gauge
thaory, the use of the light cona gavge A% = 0 slimjnates negative metric atates in both

abelian and non-abelian theories.
8
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Eﬂu, th lnd I have o!:n‘.tm:d :kuﬂ-d ruulu using the DLCQ method for the

) bound nuu md coatinuum spectrum and wave functions for QED in ene-space and cne-

un:n &Jmtn:lm ﬁ:r uh:tnry mazs and coupling constant. The structurs function of the

L lawut musbnun:i state in QED [1+1] us  function of & acaled coupling constant is shown

ic Fag 5. We hul also obtained the apectrum of the Yukawa theary with spin-saro bosons,
a tbmry with'a mau campliuted Fock structure. Vu-y and co-warkers have analyzed ¢

e .4—1;
1 43
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R .///,yk\
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: Fl ure 8. The structure function of the lowest mase
. bound nuu: for QED in 141 space-time dimcn.lmm s

calcalated in the DLCQ formaliem™

Mors recantly Hn:nboluln bus extended the DLCQ analysis to the colorainglet spec-
trum of QCD in one space and one time ditnension for No = 2,3,4. The results for the
lowest meeca mues in the ST(2) thecry agree within errors with the lattice hamiltonian
results of Bumer. See Fig. 0. The method ulso provides the first results for the baryon
spectrum in & non-Abelian gange theory. The lowest baryon mass i» shown io Fig. 0 a»
» function of coupling constant. The corrupundmg structure function of the meson and

L ba:yunm-lbawnmms 10. Furf..mrdxmn}mmbafound in SucLscmD

2 E).cluswe Rem:tmns as Tests of QCD and Hadron Wave Functlons

Evm if we do not bave as yot complete information on the badromic wave functions jn
QCD, it is ill posible to make predictions at largs momentum traaeler directly fram the
theory. Many of the resulis (such as meson form factors and 74 wnsitiletion into meson

! pm)unhoptmldn;aouly.inl.&emthnthqcmhca‘tm,,.n.mwdtoublmry

order in perturbation theory. Other results require an all-orders resummesion.

 The peocesees which are most easily analysed are thass in which xil finel particlos sre
rwesured at lu;- invariant masees comparsd to exch other, i.e. large momentum transfer

_ exclutive resctions. This includes form factors of hadrons and nuclei at large momen-

tum transfer @ and large angle scattering reactions such as photoproduction 4p — x*n,
. . 9
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Figure 9. The baryon snd meson spectrum  Figure 10. The baryon and meson quark momen-
in QCD {141] computed in DLCQ for Ne =  tum diatributions in QCD {1 + 1] computed using
7,3,4 as & function of quatk mess and cou- DLCQ. (From ref. 23.)

pling constant. (From ref. 23.)

nuclean-nucleon acattering, photo-dizintsgration 4d — np st large angles and energies,
ste. A hey result is that such amplitudes factorize at large momentum tranafer in tho
form of 8 convolution of & hard scattering smplitude Ty which cun be computed pertur-
bativaly from quark-gluco subprocesses multiplied by procsss-independent *distribution
amplitudee™ ¢{x, @) which contain all of the bound-state ron-perturbative dynamiss of
eoch :f tbe interacting badroos. To leading order in 1/Q the scattering amplitude haa the
form

1 .
K= [ Tule), @) [T #uizs@)les). (2.1)
o y

Hsrs Ty » the probability amplitude to scattar quarks with fractional momentum 0 <
¥j < 1 from tha incident to final hadron directions, and #$p; is the probability ampliteda
to fnd quarks in the wave function of hadron H; collinesr up to tho ccale @, end

10



[é:] -1 d:,a(: - i:.) | (2.2)

=1

- The key to I.ho denvntmn of this fu:tonnuon of perturbative and non-perturbative dy-

namics is the we of the Fock basis {y(, Ei¢, X)) deBined at squad T = £+ z/c on the
li;ht»mun to represant relativistic color singlet bound states. Hen Ay are the helicities;

mE( k?+kﬂ[(p°+ﬁ'] (Tleyzi = 1), and Eyg, (50 kL = 0), are the relative mo-

mentum’ coordlultu Thus the proton is represented ss & column vector of states vy,
Varer Vesear -~ 10 the light-cone gauge, A* = A® + A® = 0, only the minima! “va-
lence® Pock atate naeds to be considered at large momentum transfer since any additiona)
quurk or ﬂuon forced: tc absorb large momentum transfer yields & power-lnw mppruad
l:ontnbul.ion to lhu hl.dmnll: amplitude.

The l'u:tnnuhon ol’luge momentum transfer exclusive amplitudes can be understood
as follown: the Ty l.mp}ltuda in leading order is the minimally-connected quark-gluon ma-
trix element taking the valance quarks from the iritial to Enal directions. It arises by

_ iterating tha glucn-exchange karnel in each wava function wherever larges ralative mormnen-

tum occurs, ‘The'distribution amplitude is the coefficient in the wave function remaining
after the iteration of the kernel, analogous to the wave function at the origin in non-
relativistic quantum: mechanics. Al] intermediate states in Ty have constituents with
relative transversa momentum ]u;er than the mamentum tranafer @, All the integrations
up to § are contained in ¢(z,Q).

The hard scattering amplitude Tgy(z;, Q.Gm) has dimensions [L}*~4 whers n is the
total number of incnmu:lg and out;oin; Geld lmu At large momentum transfer @ is the
only relovant scaln: -

Ty ~[%]-_ f(-‘ta.'q-) .

This gives the main eource of powsr-law behavior of the amplitude. One can check ths
power fallc¥ explicitly in At = 0 gauge for tree graphs: each intermediats farmion
line gives 1/Q7, each gluon propagator gives QO since its numerstor couplings cancel
its denominator. The result is the same for instantaneous gluon exchange. Since all
intermediate auta bave &7 > G, one can calculate Tg pﬁrturbauuly in powears of
the running coup]m; constant; the leading power of a,(@?) ln given by the number of
exchanged gluons. The minimum number (valence) Fock state dominates the amplituds

" in A* = 0 gauge. {This is not true in covariant ganges.)

The scale a:’ ia set by the minimum virtuality of the propagators in Tx; e.§. for form
factors G = n}}n{:‘w}q' where {:}} and the light-cone fractions for the initial and
finai state. The endpoint region where z; =~ 0 is thus potentially dangeroue. In some
processes, such as meson form factors or 77 — MM, the meson distribution amplitude

. falls sufficiently, fust such that such regions give power-Jaw suppresssd contributions. In

other processes such as hadron-hadron scattering ons must dexl with Landshoff pinch
11



singularities. Mueller'® has shown that the Sudakov vertex form factors which appear
when a quark or a gluon leg is closs to the mass shell suppress near-on-shell contributions
so that the leading power analysis is modified by a small residual fractional power law
correction. The Sudakov form factor also eliminates possible anomalous contributions
from and-point regions of integration in the calculation of baryon form factors. In the case
of the Fys(Q?) and 5 =+ MM processes, formal proofs of QCD factoriaation can alsa be
given using operator product expansions and the renotmelization group.

The momentum dependent of ¢{z,Q) comes {rom the sensitivity to the upper limit
of interaction of the transverse momentum integrals, This arises from the gluon exchange
kernels which give integral of the form

o
dk? 2 nQi/A7
j—kf’“s(k;) ~n thiql

ul

One can use the iterative atructure of the wave function equation in AT = 0 gauge to
sumn the logarithmic dependance in the form of a aum of terms with ancmalous dimension
factors (En Q?/A%)~* where Lhe v, are determined by pertutbative QCD.

Bince #(z, @) involves mxially- symmetric k; integrations, L, = 0 to leading order in
1/42, and the sum of the valence quark helicities equale that of the hadron. Furthermore,
sinca QCD is a vector theary, quark helicity im conserved between initial and final stntes
in the hard-scattering amplitude. Thus QCD predicts hadron helicity conservation:

=T
Initisl final

at Jarge momentum tranafer. Notica that this result is independent of photen or lepton he-
licity in photoproduction or electroproduction amplitudes and holds to all orders ia o,{Q?).
Thus an essential feature of the perturbative QCD is the prediction of hadron helicity
conservation up to kinematical and dynamical corrections of order m/Q and <t,’n}>”a J{®,
where Q is the momesatum transfer or heavy muss scale, m is the light quark mass. Here
(\b&) is & measure of non-perturbative effects nocribed to chiral symmetry breaking of
the QCD vacuum. Applying this prediction to pp annihilation, one predicts Ap 4 Ap = 0,
1.e., 5 = J, = 21 in the leading amplitude for heavy resonance production. Thus the ¢
i» expected to bo produced with J, = +1, whereaa the x and r, cross sections should be
supprecsed, at lenst to Jeading power in the heavy quark mans,

The behavior Q*Tp(3?) ~ conat at Inrge Q7?F provides a direct check that the
minimal Fock state in the nucleon contains three quarks and that the quark prapagater
and the g¢ — g7 scattaring amplitudes are approximately scale-free. More gererally, the
nominal power law predicted for large momentum tranafer exclusive reactions is given
by the dimensional counting rule M ~ Qi-"ror F(8.,.) where nror is the total cum-
ber of elementary Gslds which scatter in the rsaction. The predictions are apparently

11
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e 5 campl.tihh l*zlh upenmdnt. As ducnned above, l'nr some scattering reactions thers ars
‘ contributiona imm rnuluplc scattering d:umm {Landshoff contributiona) which together
e wlthrﬂudﬁov lﬂ'e-;t.l can:lesd to amall power-law currections, as well as & complicated
S epiny ‘and amplitude phase phenomenology!’ Ax shown in Fig. 7, recent measuremants of
ey -, a"'l\ KK at Jarge invariant pair mass are consistent with the ‘QCD predie-
*" sionat In-principlé it, should be possible fo use massurements of the scaling and angular
- "dependin:l of the' - MM ructionl to measure the shape of the distribution ampli-
-bude, iu(l,Q) In uld:hon, it hu been r.ant.ly shown that the Qf dependence of virtual
procassss nu:h “ 1 — ‘l’"’l‘ (muuurod in uued 0 = eexw wllmcm) depends in
;:dﬂlﬂ on t.!u :-dlpmdann of l.ha pion dhmbutinn amplitude. ;
= A sariota :hlllnnn l.o QCD is ot on]y to get the corract power low scaling for the
proton form factar correct, {F1 ~1/Q%, Fi ~1/Q") but also to obtain the correct aign and
magnitude of the !/Q‘ codﬁdent Thin is highly non-trivisl: a nop-relativistic 3 quark
wave funétich’ invuilbly |ivu a negative sign for this coefficient (i.e., it predicta a sero
et finite lplci-ma o for. Fl(Q‘) ‘and Gy (Q?) and too amall magnitude. This challengs
o appears to !u lucm.lfully rnet hy the QCD sum rula andy:u of the proton distribution
unplltude

“The rtquium!nl. thlt tha nue!ean is the I= 1/2 S =1/2 co]or singlet representation
cf thrm qul.th ﬁlldl in QCD uniquely lpeclﬁu the = permutntion symmetry of the proton
 distribution uupmna- B

7 f(q.p] c: \—/- [dtu;u; + u,u;df- 2u1dlu1] -Lv[»ﬁﬂ(::hh) + én(z3T22)))

Etrge ﬁ [dl“l“l“’ Umdll 7 fr-' {¢H{=l=l=ll - #n(mrnn)]

'. Tho asuteen d.istrihution amplituds is detarmined by the substitution ¢ = —dy{u — d).
Moments of the Buclson distribution amplitude can bs computed from the correlation
=77 function of the lpprop:im lacal quark field operatars that carry the nuclson quantum
" numbaers, .
, The moda! wava function propossd in Raf. 29, consistent with the derived momenty,
${£12123) © $iiympi + [11.35(2} + 21} + B.822] - 1.882y - 204 — £.72(s] - =})]

+ where depam = 1215 i:;zln. 'I‘bernnormaliurtion scale s u = 1 GeV. The normaligation
" of the puclecn fl.!enct wava funcﬁon is lllo determined: -

S

!n[p =1GeV) = (5 240 3) x m-' GeV .

Aﬁﬁhn;futumdthiQCDwmmlepmdmuonulhamun;uymm-trximplhdby
: tlnﬁrltmt &ﬁdtb@m&otimtum(uﬂ#on)hmndbythuqu
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with helicity paralis] to that of the praton. [Ses Fig. 2.] The two wmnniug querks eazh
earry ~ 18 to 20% of the total momentum.

The distribution amplitudes based on QCD sur rules wre atrikingly differeat from the
symmetric forms derived in the @ — oc Umit. Thin is in analogy Lo the case of deep
ipelastic structure functiony which only approsch the formal limit of & f-function st z =0
st & momentum transfer scale zery remote fzam the experimentally azcessible range. Tha
implication that the nucleen and pion valence wave functions wre broad in lopgitudinal
momantum also suggesta a broad transverse momentum distribution (small radiua) and
indieates that quarks bound in light badrons are highly relativiatic.

‘The striking shape of the CZ wave function is due to thz fact that only the first
few cigensolutions to the nticieon svolution equation are used as a basis, Since one s w0
far from ful) evolution, there it no compelling reason why this should be correct. The
essential fenture of the sum rule predictions is the strong ssymmetry, together with the
value of fiy which zive perturbative predictions {or the proton and neuwtron form factors
consistent both in sign and magnélude with experiment, (See Fig, 4.) These mein features
of the QCD sum rule calculation for the nucleon dintribution emplitude bave recently been
confirmed by King and Sachrajda’

It has also been suggested that the relatively large normalization of @Q1G5,(Q?) =& i

farge @1 can be und:m‘.ood if the valeoce threequark state bas small trl:uu A”ue,
i.e., is large at ihe origin™ The physical radius of the proton measured fres F1[Q ) ut
[ow momenium transfer then reflecta the contributions of the Iu;hevaf?;ﬂ atutes goop,
7993¢ {or meson cloud), sic. A wmall nize for the proton valencé wave function (e.g.,
Ry~ 0.2t0 0.3 fm) can alsc explain the large :mgnjtugp,ud cf the [ntrinsic quark
momentum distribution nseded Lo understand bard-zcattering inclusive reactions, The
necemity for small valence stute Fock componeniacan be demenstratad explicitly for the
pion wave function, since ¥,y in constraizad by sum rules derived from x+ — £+, and
r“ — 7. One finds & valence mu radius Ri, ~ 0.4 fm, corresponding to a probability
~1/4 .

As shown by Carlzon, Gari, and St-e!'nnu ! the proton and nevtron form factors, the
axial-vactar nuctzun form factor, and the leading ¥ — A transition form fector can oll be
related to the shapa of the nuclson distribution amplitude. Measurements cf thess farm
factor: will provide severe tasts on the applicability of the QCD sum rule predictions.

1 have emphasired that dimantional counting rules give s direct connection betweesn the
degrec of hadren compositenses and the powsr-law fal] of exclusive scattering umplitude
at fixed center of mass angls: M ~ QV""F(#.a) whers 5 is the minimum number of
initial and Bnal state quants. Thir rule givas tha QCP prediction for the nominal power
Taw scaling, modulo corrections from the logarithmic behavior of a,, ths distribution
amplituds, and amall powar-Jaw corrections from Sudakov-suppreaced Landaholf multiple
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j\._ (pp... M) =~ ﬂ-— f“”(cmﬂ tnpr}

-_"The mgulu dlpmdanu reﬂacu the- structum of the bard scattering perturbative T
i _lmplitudl, whizh in turn follows from the Aavor patiern of the contributing duality dia-
-grams. For example, a. l:mnimnlly connected quark inurch;nge diagram is approximately

chnuhriudu

Qir- . THzt_’

[ S
[

Compuiwnl between channels related by croasing of the Mandelstam variables places

& sovere constraint on the u;ulu dependence and analytic form of the underlying QCD
uduﬂ\'l l.mp]iwda. For exunp!e, it is pombla to mensure and compare

R “Pp‘-'-fr:‘:ﬁp-**rp:'n—*pp
Pp—r® s qpx’p i x’p—p.
SLAC mw&menu“ of the ; 1p —utn cross section at fopr = w/2 are conalstent with
T 1aob
I . ('IP—" ") Wﬁ—é'év_r"(t/')

On. t]:us uph:tl limilu‘ nurmllulhnn and l-u]u:; for § (pp — ~x°); all angle measure-

 rants up tos$18 Gevia appear possible given s high luminosity p beam.

The dmlnlinnl] counting rules give the leading power behavior of exclusive ampli-

, tudes and are emsential faatures of the theory. They sppear to be reasonably well verified

by upcrimctlr. mchldm; the recent serise of measurements of meson-nucleon resctions done
A BNL.P By comparing the magnitude and angular deptndenca of varicus meson-nucleon
crom mtim in the power-law scaling regime, one can sstablish that quark interchangs
l:nplitu:l- nlh!r than fiavorindependsnt glucn exchange diagrams appear o dominate

at lazge momentum transfer.

. a" ’ ) 7 N - : IB



‘In the case of pp elaxtic scattering, tha fixed angle dat on & fog-log plot {see Pig. 11)
sppears consistent with the nominal a=1° f{0rac) dimensional counting production. How-
aver, ns emphasited by Hendry ™ the 2'0dz /dt eross section sxhibits cecillatory behavior
with pr. Even more serious is the fact that palrrization massurements (see Fig. 12) show
significant spin-spin correlations (An ), not predicted by QCD-inspired medelr. suggest-
ing ngmﬁcant non-ludin; corrections. Recent discussions of these effects have been given

by Farrar®® and Lipkin®

with color transparency is given in the next section,

- -

1

T

.1y

|

n’l-.
r-1e

Figure 11,
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3. Co]or Transparency

Cl chnnmlmo{uduﬂnpmdfpmdsunlhoconmptduroﬁm
. .,;umahnd(h nucleon wave function, projected cato the basis of fres quark and gluon
- ach sate mwhm.uqmummmmmmmmphyﬁm'
H;lltumum .Ml.lr(t mnmmtum lunﬂn the lowsst particle-numbaer *valancs” Pock

7 7,mtithdl&hnquuh Iithjnmimputduuwh € 1/Q conlrols the farm

“actor uh berge Q. Stch a Fock state component has a small color dipols moment and
mmmmmammﬂnmmm“nmumm
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scaltaring s measured ns & quasi-elastic procass inside a nucleus, one predicts negligible
slastic and inelustic fAinal state interactions in the target sa @ bacomes large.

This is illustrated in Fig. 13. Integrating over Permi-motion, ona predicts’’ that the
differantia) cross section is additive in the number of nucleons io the nuclaus. The primary
test of Lhis idan iy o atudy the attenuation of tha recoil nucleon in quasi-alastic slectron-
nucloon seattering inside of & nuclexr target. At large momentum transfers the final state
nucleon thould emerge from the target without suffering elaatic or final state scattering.
Most .importmt, the shape of the transverse momentum distribution out of the scattaring
plane should be determined by the Fermi distribution alone.

$4A7A2% A-1

Figure 13, Quasi-¢lastie hadron nuzlano scattering in
a nuclear target. Color transparency predicls diminis
]uitjnl and Anal state slastic and inelastic inleractions at
arge momentum transder.

A test of this novel effact, “color transparsncy™, has recantly been carried cut at
Brookhaven for large momentum transfer slastic pp scattaring at # = w2 in nuclssr
targets by & BNL-Columbis collaboration?® The attenuation of the recoil proton as it tra-
verses the nuclvus und ila momentum distzibulion d¥/dp, transversa to the x-s sattering
plans wers measured. The accaptance is restricted so that only quasi-slastic svents are
salectad. The data for incident proton momentum prs = 10 GaV/e (/3 = 4.54 GeV),
in Aluminum (A=2T) wre particularly interesting. The dN/dp, distribution shows strong
peehing for | p, |< 0.2 GeV/c, consistent with Fermi smearing alone. In convantionad
multi-scattering theory, the d¥/dp, dictribution refiscts the Formi motion of the bound
nuclpon plun thy initial atyte intaractions of the incoming proton and the Bnal state inter-
actions of the two putgoing protens. The spparent absence of xignificant slastic initial or
finnl statla interactions provides striking confirmation of the color Lransparency conceps.
The transparsncy ratio ‘

7 o dofdtlep ~ pp{A-1))
Zda [dt{pp — pp)
messured at prgy = 10 GoV /e in aluminum and carbon is about 50% of the value sxpectad

from standard multi-scattering theory, also supporting tha color transparency predictions.
L.




S Haw ver. the‘d_ptl ltpm =: 12 GlV;’c, \/" r= 4.93 GeV) show quite dxﬁarcnt behavior:
: .tht dN/dﬁ out-al‘ plmt mominlum dhm’buﬂon lhOWI almost no peaking. The spreading
of} A ,r«.éll di!tril:ution lpplll'l consi.lunt wlth conventiunnl elustic Glauber inlth.l and

tlonl lro pp mturin; frornhud n.lurin[ procum, lur.h as quark intarchangs, as
~well a8 *pinch® [Llndshuﬂ') cantributions arising, for. example, from three equal-
. angle’ nur]y nnahnll " mtthinp As discusaed earlier, pinch contributions are
. - suppressad. by Surll.knv form factors in QCD changing the 8~8 F(#,.,.) perturbative
~ contribution to da/d‘l(pp — pp), ‘closs to the canonical 8~ dimensional counting
R pradtciion Beuun of the campﬂuud phase atructure of the pinch amplitudes,
U Lis cnnuivablt thlt interferance®’ ‘with bard szattering terms cun reproduce the
" observed fl.cLor oltwo oacillation® in nmda/dl(rﬁ) A relative maximum occurs at
=27 GeV2 [See Fl; 12) The vanishing of cclor transparency at pgy = 12 GeV/c
in this mode] Is then abtributed’ 1o the relstive dominance of the pinch amplitudes
which mvolvemmhnt lu;ar unle phynu than the uhort-dutnnct dominated hud

. mtwinl eontnbutmm.“ S

2. Ru-unlnr:e plus hard mnennl Tha spin uymmetry Ann?inpp scattering with
" both protons. polurized normd to the scattering plane, shown in Fig, 12, displays
s strong. mhlnumcnt lt /3 & 5 GeV, the same energy where the oscillation is
o large, and whm mlnr tumplnncy fuils. All of these phenomena can be simul
T ,untntu]y upmned ila dibmon rescnancs exisly with masa M = § GeV and
width T’ = ='0.5 GaV, in nddltian to the usual hard scattering contributions. The
* resonance mntnbutmn to l.he elastic cross mection has u slow #p depandence and
e .. thuswill dominate over, the hard uuunnl contribution at large angles. Note that
AR a lpm~l.np1a|. S =1 pp resonance will aubumntlully lead to n large value for Appy.
S (A2 akown i in Rel. 12, lbo pinch singularity model gives somewhat amaller values.)
: Furthermare. unhie the-hard scattering contribution, a resonance couples to the
full llrse-uule structure of the proton. Thun ordinary initisl and final state inter
. aciions are cxpected in the nu:lem wherever s ci:baryon resonance dominates the
scattering amplitude.

" Because of Fermi statistics, » triplnl'. S =1 pp state has ood parity. Thus the state
Cat /8= 5 GeY cannot be a simple s-wave six-quark resonancs. Ds-hlryn.n Te30DANCES CAD
be associated with hidden color” degrees of freedom of the six-quark state®® An attractive
" poasibility is that thers nre & series of B = 2 overall color singlet states corraponding to
 six quatks pll.u one or more gluoo constituents. The svidence for a ppg state at mas =
. 3GeVis discussed in section 10. The corresponding ¢qggeggpe dibaryon resonance would
ithen have mass 2 § GeV. ~An even more provmﬁv- posaibility ia that*! the resonance
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corresponds Lo vuuudde?; v.¢.: & B = 2 resonance at the charm praduction threshold. In
aither case one can sccount for the high mass scale of the di-baryon atats, explain why
the resonance is 30 inelastic (couples so wankly to two protons), and explain the strong
Any corrslation. An important test of the resonance plus hard scattering mode! is that
coler trensparancy will reappesr in dN/dp, st lowar values of §,,. where hard scattering
dominatas. If the resonancs is & (hidden) charm state, ita main decay channols will contain
two charmed hadrans. The initial results are suggeative of diminished abaorptive cross
sections at large momentum transfer. H thess preliminary results are verified they could
provide s striking conBrmation of the pertutbative QCD predictions.

Color transparenty can be used to discriminate mechaniama for hadron scattering. For
sxample, in the cose of nucleon transition form facters measurable in inelastic electron
nuclson seattering, the magnituds of the final state interactions should depend cn the
nature of the excited baryon. For exampls final state resonances which are higher crbital
¢9¢ ntates should have large color final state interactions. Perhaps the most dramatic
application of color transparency is to the CD analysis of the deuteron form factar
at large momentum transfer!’** A basic feature of the perturbative QCD formaliam ia
that the six-quark wave function at small impact separation controls the deuteran form
factor at large Q2. (I discuss this further in section 11.}) Thus even » complex six-
quark stats can have negligible finel state interections in a nuclear target-pravided it is
produced in a Jurge momentum transfer reaction, One thus predicts that the "transparency
ratic® #(eA — ed{A - l)]/ﬁ-[ed — ed] will increase with momentum transler. The
normalisation of the effactive number of deuterons in the nucleus can be determined by
single-arm quasi-elastic scattering.

4. Diffractive Electroproduction Channels
at Large Momentum Transfer

As a fuither example of the richness of the physics of exclusive electroproduetion
consider the *diffractive® channel 4°p — %, At large momentum transfer, QCD faztor-
igation for exclusiva amplitudes applies, and one can write aach helicity amplitude in the
form:?

Myepoprp(n,tie) = jIIdx« Ta{zi, k1 0em, 0°) ¢z pT)o) (51, 7) 5 (00 p7) -

This represants the convolution of the distribution amplitudes ¢(z,Q) for the in-going

and out-going hadrons with the quark-gluon hard scattering amplitude Tg (" + (ggg), —

(#3),» + (9g9),)} for the scattering of the quarks from the initial to fina! hadron direc-

tions. Since Ty involvea only large momentum transfer, it can be sxpanded in powern

of a,(@1). Tha distribution amplitudes #(z;, pr) only depend logarithmicrlly on the mo-

mentumn transfer scals, as determined from the mesan and baryen avolution equations.
20
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AR din, mlm muom, :h. fun:t.lanl.l dapcndcnce of the mescn and baryon dis-

| mbuqmpmq&u can b predictad from QCD, sim rulss. A surprising fanture of the -
‘Chernyak and. Zhi!.niukii ullnls' of the dqtribution amplitude of halicity-zero mesons
' | th pl:'dicﬁon ofa dnuhh-hump shapa. o!#u{x, Q) with & minimum at equal partition
| thlllghl-conlmomtum fractions, (See,Fig. 14.) This result has Dow been confirmed
in lhuiu ||np th-pry c;!culnicm of thi plon dh{nbution amplitude mnmmu by Mar-
s tinlIli ln:l Blcbnjdl. B!.tmll.r :on:lu.linu lllo nmlrn {rom the wave function ansats of
D:iunbomki and. mnkiu;u“’ -

‘5 -l oL
1 .

Eeny- LF- AT4IAH

Fl;u redictions for the plon
dlltrihutjon nmplit.ude Eﬁmufeld and Photiadis,

t»;,,-w 18]

'I'hl m:in dynuniul dlpendnnu of the qucl.roproducUan amplit:?=-*s delarmined
! by Ty.. 'Iblndln: crdu in a.(ﬂ-}. Tn can bc calculated from minimaly~ _Teclad tree

s o ‘;;E- ,:-. _ xr. V;".'- . . i ‘ - . A )
o S L (- F)
o lu.din; oxder in up} and alod).. This prediction is consistent with the dimensicasl
‘.eounting Tuls dp/dt ~ 41" f(fom) whare n = U in ths total number of initial apd Anal
" Balds. The sealing laws hold for both real and virtual photons. The data™ for 4p ~ a*n
' f m Mﬂntdtb the QGD scaling law pndlction

'I‘hl lﬁuﬁu muibutima: lugc mementum traceder in QOCD satisty hudrm balicity

mmnﬁm

A= Ar"""c

Thhnlnﬁmruhhsnimpmhnlhﬂdth:nﬁumplin;dthglmhqcn The
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result is independent of the photon helicity! Fu:thlfr'xion, the l2ading bakuvior comas from

ths *point-like” Fock companent of the photon. The vacior-meson-dominancs eontribution

corrmpands (o the 3 state whare the constituant momenta are resiricted to ba collinear

to the photon. This rqmn gives l.powmhw lupprnud (llp})' contnbuuon 1o the cros
_maction at fixed #m. ‘ .

T

Tha dependence on the phol.on masm in udunﬂ ohctropm-ductmn mp.htudvu in QCD
occurs through the scaling va jable Q*/p). Thus for Q* « p, the transvarse photon
slactroproduction amplitudes are prodicied (o be insecsitive to Q. Ttis is in wiriking
conpaquencs to tha vector meson dominance picture, which predicta o u.mvarul 1/(1+
Q'/ml) dependenca in the amplitude. Purthermors, sincs noly the point-like cpmp-ornnt
of the photon is important at lazge pr, one sxpacts no absorption of the initia! state photon
& it penetrates a nuclear target. The reaction 7°n — r~p is & particulazly interating
test of color tuntpnmncy since tha dependence on phnton mase and mom-lntum trangfer
can be probed.

“ o . '!. » ',l‘. ‘__'..- r. ID'
Figure 15, Convention=! description ‘ ‘ :
of nuelear shadowing of low QF virtua! pho- ‘
ton puciear interactions. The 2-alep am- R .

I I
plitude is oppesite in phase to the direct Ny Ny N N Np N>
conbribution on nueleon Ny becayuse of the :
diffraclive verior nwson producllcn on up- I-Step 2-5hp
atream nuceme] :‘ . -ty —_

Tha convantionasl thmy" ohhndmvm; of photon interactions in illustrated in Fig, 15,
At Iarge Q! tha two-step amplitude is suppressed and the shadowing afect becomes neg-
ligible. Thiw is the basin for a general axpectation that shadowing of nuclear structure
. functions is actusliy s higher-twist phenomena, vanishing with ircreasing Q1 at fxed
- z. [A recent snalycis on shadowing in elsctroproduction by Qiu and Muellee®® based on
higher-twist inter-nuclecn intaractions in the gluon evolution equstion in w pucleus sug-
gesta that shadowing decreases slowly as Q? incresses.] Thus one predicts simple additivity
for exclumive elsctroprodyction in nuclei

&, . : do
5 (A= PNA-1)) x4 2 (7N = °N) MR

" to laading order in 1/pd. (The bar indicates that the cross sactions are integrated ovor
thy nucleon Fermi motian.) This {s sanothar spplication of color transparescy. What is
pethape surpricing is that the prediction heids for small @, sven QT = 0! Note that
the leading contritution in 1/p {all orders in a,(p}}) comes from the v — ¢3 point-like
photan coupling io Ty whate the relstive tranaverse momeatum of the ¢} ara of order pr.
Thus the *impact™ o: transverss sis of the g} is [/pr, and such & “wmall® color dipote hus
nagligible strong interschioss in & cucleus. The final stats proton mad g% alse couple in
laading ordur to Fock companents which are smali in impact space, again having miuimal
injtial o Anal stale interaciions. ¥ this additivity and abeence of shadowing is verified, it
2
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5 Electropmdui:uon of Dlﬁ'racuve Channels and the QCD Pomeron

| Exclusive’ prcr.mu luch a vir:unl Campton l-uturlng. 4% — ap and 2 sleciro-

. production 5°p — p0p play a special role o QCD a3 key probu of *pomaton” exchange

and its pomiblae basis ia un:n: of muldp!e-;luan exchanget® AL large photon waergy, tha
diffractive nmpllludﬂ m danﬂnlud by J = 1 Regge dn;uluitiu

. Recent measuremments of °p — #°p by the EMC §roup ¥ using the high energy muen
beam at ths, BPS ‘show three unexpscted features: (1) The o is produced with sero
helicity at Q' a X G.V" (2) the falloff in. momentum trm::'ur becomes remarkably Aat

L I_'I '7" N
I R S

"
R

[a) :V L i
.0 20 -] [14] 15
ey ot (Gev®) N

Figure 18.  The slope parameter b for the form -
do fét = A il to the EMC data (Ref. B0} for pp = up®p
for |t} < LB GeV3,

b
-
-

. The most surprising feature of the EMC dsta is the very slow fall-off in £ for the
highest @° data. (Ses:Pig. 16} Using the parameterisution ¢¥’, ¢ = [t — tmu|, the
alope for 7 < Q' S 25 GaV3, Eyp = Zchthuull-v!GcV’" If one ascumes
Pomeron factorisation, then the fall-off in momentum tranafer to the proton should be at
Jenst s funt as the square of the proton form factor® representing tha probability to keep
~tha scattered proton intset. {See Pig. 17(b).) The predicted slope for [t] < 1.5 GeV? is
&~ 3.4 GaV-Y, ‘much stesper than the EMC dats, The background dus to inelastic «fects
s estimated bythamcmupwbclmthmmwthukmcmuﬁcdomm
n



In the vector meson dominance picture aos axpects: (1) dominantly trancveme
polarization (s-channel belicity canservation); (2] fall-off in ¢ eimilar to the square of
ths proton form factor (Pomeran fastorizatisn); and (3) & 1/@? asymptotic falloff when
loagitudinal photons dominata.
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Figure 17. (&) Diffractive electroptoduction of vector
mescnr, (k) Loza) pemeron entribution coupling to one
quark. {c¢) Pesturbative pomeron contribution. For large
transverse loop momentum: &7 m 7 two-gluon exchange
contributions are dominant.

The physica of electroproduction i quite different in QCD. At large @ > p} diffroc-
tive channels take on a novel character!® (See Fig. 17(c).) The transverso momentuin kr
ia the upper loop connecting the photon and p° i of order the photon mass ozale, &7 ~ .
(Other regions of phase space are suppressed by Sudakov form factors). Thus just o- in
deep inelastic inclusive scattering, the difftactive amplitude involves the proton matrix
slement of the product of operators near she light-cons, In the cose of virtual Comptan
scattaring 4°p — 7p’, one measures product ¢ two electromagnetic currents. Thus one
can test n operator product expansion similar to that which appears ip desp inolestic
lsptao-nucleon scattering, but for non-forward matrix slements. In guch o ¢tz the upper
loop in Pig. 17{c) can bs calculated wiing parturbative mothodn. The p cotern through the
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. i same dut.ribuunn lmplitude that appears in hrn momentum tnmfer exclusive reactions.

Yo Since the ‘gauge interactions conserve helicity, this implies A, = 0, A, = A] indepandant
~ .. of the phomn hnhmty The predictad unnnicd Q? dependmo- - UQ". which is not
‘ inconmtant mth t]:u EMC dats.

BinuthnEMCdmhlthuh anergy (B, = 2COG|V l}n}) omcxp-ct.lthutthe
nctu.r [lunrn u:hln;a dia;nma duminete quuk-ur_hnnge contributions. One can show
‘ llnl. tha virtuality of the |Iuonl duo::‘ly coupled to the 4 — p transition is eSectiveiy of
ordu Q’ allowing » peﬂuxhau" expansion. The effect is & known feature of the higher
Bnrn mu]t.i—pbnf.un m-.hnnp contnhulior'! to’ muma Bethe Haitlor processes in QED.*

The dommnm ur.l:mn in the t-c.hmne] should thus be the two-gluun Indder shown

S in Fig.. IT(c) This is nm!o;oul to the djmum contributing to the evolution of ths

~ gluon structurs hmction If sach gluon carries roughly half of the momentum transfer to

g differsnt quuh in lhﬂ nudeon then the l'n!]-oﬂ'in t can be sigrificantly slower than that

of the proton fom l’lcl-ox, lim:e in the latter case t.he momentum transfer to the puclson
is due to the cﬂuplm: to one ‘quark. This result assumes that the natural fall-off of the
. nuclaon wave fum:ticn in transverse momentum is Gaumisn rlther than ';Jmlrur-llw at Jow
‘ mommtum trm:fer : :
. Inthecase o!'quuHJuhc diffractive oI-:tmproductmn ina oueu target, oila axpecis
‘ naither l.hndawmloflhn incident photon nor final state interacticns of the outgoing vecior
© moeson et large @2 (co!or transparsncy).
S Thu: ” d-:troproductmn and virtual Compton scattaring can give sssential informe-
: tlon on the nature of diffractive (pomuo:: exchange) processes. Data nt all encegion and
hmmlti: m[inm are clu.ﬂy sspantial,

6 Fonnat:on Zone Phenomena in Deep Inelastic Scattering

‘ Om of the remuhblc conuquenuo of QCD factorization for inclusive reactions ct

- Iazge pr is the abeence of inelastic initial or Snal state interactions of ithe bigh snergy
particles in & puclear target. Sincs structure functions messured in deep inslastic lapton

scattering are essentinlly sdditive {up Lo the EMC devistions), factorization implise that

". the ¢ — p*4~ wubprocesses in Drell-Yan reactions occurs with squal effect on vack
pucleon throughout the nucleus. " At first sight this seems rurprmn‘ sincs one expects
epergy Loss frons ina)astic initial state munctxum.

'In fact, potmt.ill inetastic reactions scch as quark ¢r gluon bremsstrahlung induced
in the nucleus which could potentially decrease the incidunt parton energy {iliustrated in
Fig. 18) are suppressed by coberencs if the quark ar gluon energy (in the laboratory Eum-)

' bln;e cumpu-dtothtu.r;etlmgth ' , !

E'>p LA

Hers " is the-differance of mam squared that occurs in the initlel o final state collision. _
Tbin phepornenon had ita origin in studiss of QED procssses by Landuu and Pomeranchuk.
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The QCD analysis is given by Bodwin, Lepage and myself! Elastic collisions, howevr, aro
still allowed, sc one sxpects collivion brosdening of the initial parton transverse momnn»
tum. Faecent maasuremaents of the Drell-Yao process x4 — ptu~ X by the NA-10 group
at the CERN-SPS confirm that the crom saction for muon pairs at Jarge transverse mo-
mantum is increased in » tungsten target relative to a deuteron target. (See Fig. 19).
Since the total croms section for lapton-pair production scales linearly with A {aside from
relatively amall EMC-offact corrections), thers must be & correaponding decresse of the
ratjo of the diffarential croes section at low valuss of the di-lepton transverse momentum.
This is also apparent in tba data.

1.8 T A T
[ 286G ‘ (bl 7
14 - + + _
N = L AL
Q6 | I I |
.
£ LB 1= 140 Gev ()
St
. -t -
Fol DT o R
k-8 [ TEY ENFS q_
Figure 18. Induced radistion from 05 ' - ' L
the propagation of an antiquark through 0 N 3 4 5
s ouclear targed in massive Jeplon produc- “tr Py  {Gevr) o
"“ﬂ,s"*,..ﬁ"““‘”“‘”“' ae Figure 19. The ratio o{x~ W — p*tu-X}/
mp«hond to Lg: e(x- D — ptu=X) as a function of the pair trans-
lm(th of Lthe ur; verse momentum. From Ref. 53

Thees results have striking implications for the intersztion of the reccil querk jat in
desp inelastic electron-nucleus scattaring. For the quark {and gluons) satisfying the length

“ e tiok, there should be po extra radiation inducsd as the parton traverses the nuclous.

However, low snergy gluono, emitted in the desp inslastic electron-quark collicion, can
suffer radintive lossss, leading 1o cascading of soft particlss in the nucleus. It io clearly
wary important to study this phenomens as & function of recoil quark energy snd cucleor
sise.

It should ba emphasised that the sbeancs of inelastic initisl or flnal ctata colliicnn
foe bigh energy partons doca tot preciude collieion broadening duc to clastic initial or
final state interactions. The elastic correctiona are unitary to leading order in 1/Q ond

do not effect the normalisation of the deep inalastic cross section. Thus one predicts that
2



tbtmn.nmmtrmummommtumoflhemoi] quuk tndiuludmgpuuclumll
 incresse as A2, e , ‘

., Ths tranevarse mnmenl.um of the recoil quuk reflacta tha intrinsic trunsversg mamen-
" tumof the nncl.unwncfunchan The BMC effoct™® irplies that quarks in & nucleus have
_ tmn.[ler tnrqe Iunlitudinnl mcmuntum than in & pucleon®?’ Independent of the specific
ph:rlzul machanism underlying the EMC effect, the quarka in & puelsus would also be
expected to Bave rmaller transverse momentum. This effect can counteract to & cartain
‘extent the mﬂinm hoadmnl of the outgoing jet.

Un]ii;o tha ltmcl: quuk thv jamnast of the target system does not avclve with the
‘pfobo m.om-hm: Q. However, sincs the quantum puymbers of the spectator system is ¥
in color, non;nrtur'blhu badronisstion must occur. Since the trensverse momentum of
the' lndin; particles in he spectator jet in not affected by the QCD radiative corrections,

- it moﬂ c]o-!y reflacts the ml.mmc transverss momentum of the badron state.

It- is allo inhrutml to ltudy the beharior of the transvoree momentum of the quark
lnd lpacutajﬂ.l as s function of zp;- For'zp; ~ 1, the 3—quui Fock state dominates
tbe m.ctlun. ¥ the nl-enca state bas » smaller transverus m than that of the nucleon,
VlVﬂl‘td over all of ita Fock componenta, then coe expects an incressa of (k) in that
npmn Evidence for & significant incresse of (k1) in the projectile fuammution region
et Iup quurk momntum fractions has been reported by the SFM group®™ at the ISR for
pp — dicjot +X reactions.

R 7. ﬁiffra.ction Channels and Nuclear
Stmcture Function Non-Additivity

Ope u.nml.l uourcl cf non-additivity in nuclear stzucturs functions (EMC effect)
are clnd-mptodnchnn svents at lazge QF and low £ which revartheless leava the nu-
clons mmphhl: ml.u:t e < {I/MLy). In the case of QED, analogous processss such ws

TA =t X yidd puclsar-coherant :onu'fbnhom which scalss ne Aypy = Z3/A. (Gee
Fig. 20(a).) Such pmcmu contribute to the I‘Blurhen-nhn;. Yaading-twist cross section®’
In QCD ws npu:t" the puclear dependen’a to be less than additiva for the analogous
gluon exchange c.untnbutinnl {ses Fig. 20(b)} because of their diffractive coupling Lo the
nucleus. One m ‘identify puclear-coherent events contributicns by observing u np:djty
‘gap between tla producud particles and the recoiling target. An interestiog question is
bow ths ;lum:l mu wntum fraction sum rule is rnodlﬁmd by the diffractive coatributions.

v . T VoL
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Figure 20. Leading twist contributions to
deep inelastic lepton-nucleus scatiering that leave
the target intact. (1) QED example. (b) QCD
example.

8. Studying “Jet-Coalescence” in Electroproduction

What bappens if two jeta overley in phase-space? Cartainly independent fragmente-
tico of the juts will fail because of coherent oeffects. For example, in QED there arc ctrong
fina] stute izteract'uns when two charged particles are produced at low relative velocity.
In the came of particles of opposits charge Zye, —Fze, the QED Born creas eections are
corrected by the factor:**
= o 2+ Dyafv

1= r2p(2x 2y Ty fv)
which increnses the cross saction dramatically at low relative velocity v. We expect cimilar
affects in QT when two jets can coaleace Lo attractive color channels {2 Z3a — Cpa, for
¢ color singlets). In the case ¢ electroproducticn, the low relative velocity enhancements
provide s siinple sstimate of the incresse of the ep — £X er  czction at low values of
W? = (g+ p)?, beyond that given by simple duslity urguments.

Gunioa, Soper 1nd 1'? have recently proposed this jet coaleteance mechaninm es an
sxplanation of the observed lsading parikcle correlations seen in charm hedropraduction
axperircents snd the snomalously large cross section® observed at the SPS for BN —

e}
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A“'[m)."' a Ihp :r:, [Thu hypcmn momentum was 133 Gu\'{c] In the casé of heavy
quuk dc-:uopmductian £.9. “y°¢ — 4l ct, one prodicts an enhanccment of the croms
section whtn the produced quark i» st low repidity relative to the target fragmentation
quion. The wrraction to the rate, integrated over ralative rapidity, is found to vanish
.. only s ll&uln inverss power’ d'thn beavy quark masd, and thus may give significant
e _'eornctlom o ehum producuon rates and distributions.
o Tha, Bommurfald factor also can be taed to sutimate the behavio: of exclusive ampli-
“ tudes near threshold, For txtmpla, the production of mesan pairs in two photon anpihi-
Iltion can ‘be mcde]od“ by calculating the differential crom section in QCD trpe graph
lpprcrmution (l.l in Fig. 6}, and then mu]lip]ym; by the QCD varsion of the Sommerfeld
factor appropriate to the relative velocity and cnlor correlation of each quuk pair. Further
: djuu.uinn m.ly be 'found in Ref. 61.

9 DlSCretlZed LJght-CUne Quantization

it pouible to silve f.he hght-cona equation of motien Hic¥ = M?¥ for QTD, at
lsast in an approximate !'arm? Recently H. C. Pauli and | have taken a direct approech
of ntwmpting to diuonllue the light-cone Hamiltonian on & free particle discretized mo-
mentum Fock state basis. Since Hyc, P+, Py, and the consarved charges all commuts,
Hipo is block diagonal. By chomting periodic {or anti-periodic) boundary condjtions for
the buh state l.!on; ths nelltive li;ht-com

\ﬁ{: = +L] = iy‘.!(: = -L) y

* the Poek buh bocnmu r-tmud to finite dimensional rapresentations. The sigenvalua
problam thus reduces to the dl_llonﬂiutmn of & Bnite Hermitian matrix. To pee jhis, note
- that periodicity in &~ requires K

P*'-—x k,;+=—n.r. Sh=K.

W T SR inl
_ The d:mnlion cfthn npmentuion mrupnnds to the numbar of partitions of the integer

' K a» & sum of positive integars n. One can emily show that P~ scales ps L: we define
_ P"B#H 'rhmgmmamu:fﬂ M’nﬂxadP*mdP;thhmntufy '

RE|W)=M(¥) ,

lnatpcndeﬁi of L (whlr.h Cl“J!TEIPDndl to a Lorents boost factor). Unlike copvar onal
lpuo-ﬁmthtti:u L in DLCQ doew not impose a phytical scals on the thaory.
Forlﬂnluruolution K,I.hlwaufuncﬂmi:nmpluduth!dmnupoinh
' K m { 3 'xu:}
S e RS R R
m:onﬂnumﬁmithchnlyx-ow
9



Tha commuting oparators X, @ and H = Hp + V are given by

K =3 n(tht.+did.) + n(aken)

Q=73 (blb. - d\dy)
=)

1
Ho= 3 Tk (thon+did) + A alan

nxl

V:E;- Y bfamd_""'“' +oae

nm b faD m):

I have only displayed one fermion anti-fermicn (abelian) interaction, corresponding to
instantaneous gluon exchange. The @ = 0 Fock state basis states are of the form

Bidlag |0} = In;m; &)

(mn+m+ 2 = K) where [0) is the perturbative vacuum. (Spin, color and traneveres
momantum for any number of dimensions are reprasentsd as extra internal variables.) We
then solve

HK|%) = M3 ¥)

on the fres particle buris

:;C(Il.) .

Wa also take the 2, as discreie varisbles on & finits cartesizn baris eonsigtent with the
ultraviclet cutoff.

The sigenvalues of H projected on the discrete light cone basin give not only the bound

stats spectrum, but also all of the multi-particle scattering states with the same quantum
pumbers.

The simplest .nppliutéun of DLCQ to local gauge theory is QED in one-cpace and
one-time dimensions. Since A* = 0 is u physical gauge there ere no photen degroes of
freedom. The fermion anti-farmion interaction is mmply

1
v=" [otm - w )
Thers sr+ alwo induced mase terme from pairwise contractiors of tho sormal-erdered
Hamiltoninn. Explicit forms for the matrix represcntation of Hopp are given in Ref, 22
! : L]




Schwln;u has lhmln th.t mmlm {QED)14+1 is equivalent to a free boron theory.
In the Ii;ht-com formalism one can demanstrats the solution axplicitly. One defnes"?
bilinaar operators in the fermion fields a and af which huv- normal boson commutation
rulu Thim fol"Q = 0 o

H=m'2 (b*s.+a1a..)+—§'j la;;...
' a1 Fam M

“Thusfor _m’ - 0(01- j'/t > m'), Hypp is equivalent to free boson theory with m}] = g1/x.

" For the general case'm?® %0, (GED);4) can be solved by numerical disgonalization.
The complets lpictrurn (normalizsd to the ground stats muse) for K = 16 is shown as »
function olcaupllng constant in Fig. 21. Since the physics can only depend on the ratio
m/g, it is convanlent to introduce the parametrization )

1

A= 1+ :im?pii
‘ o

which mape ths lcptin TADge of m and g cnto the finite ioterval 0 <A<

Figure 8 shows the structurs function [or the groond stata of (QE D)), »a a function
of A. Ip the waak binding Nimit g = 0 or (m = co), the structure function becomes a
‘delts function st squal pastition of the constituent momentum, as expected.

.3 T T
I- K= 16, foll 3pace
St '
‘r
B s —-r”"-
i s,
A fl—
o
Figure 21. Speclrum of QED in cne ir S gD i
:p:;lc a{:ﬁ.una-linla; d}gnﬂo&u;fb;;mnl: _ / l
ul rat M, are B i
plotiad as u function of the scaled coupling ="
conpant A= 1, TluSch-lnwlimilhA- ==
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In the mreng coupling limit § — oo {m — 0) the structurs function bazomes fat.
Thin i consistant with the interpretation of the Schwinger boson a8 u point-like composite
of & formion and anti-farmion. The contribution to higher Fock statss to the lowest mass
structurs funetion ia strikingly smmall; the probability of non-valence etates iv loos than 1%
for any valus of A.

As discursed abova, the upplication of DLCQ to & gauge invarinnt abalinn Seld theory
like QEDy ix straight{orward, For nny given resolution X the number of contributing Fock
staten ic fnita because of the positivity of the light cons momenta and the Pec1li principle
(in the case of masslees farmions). No unaxpected problems sppear in the calculations.
QED; in At = 0 gauga is much simeler than the scalar Yukawa feld theory, since the
tranavarss dagrees of froedom and therefors the photons are abeent in 1+1 dimennions.
One can s immadiataly in the DLCQ spproach that QED; bas an arbitrary mas scale.
This scale can be adjusted by (re)normalising the lowest mass to an arbitrary but fixed
value,

Ve have also satablished precise agreemant between the DLCQ resulta and the sxact
solutions of the Schwinger model proper st any resolution K, s well » in the continuum
limit. This result gives furthar evidencs that quaatizing a system &t oqual light ¢one time
is squivalent to quantising it at squal usual tima.

In the case of the masive Schwinger model (QED;), we satablithed the existence of
the continuum limit numerically; for sufficiently lezge resolution K the results becoms
independent of K. The sssentinl criteria for convergence is that tha intrinsic dynamienl
structurs of the wave functions is sufficiently resolved at the rational values = = n/K,
n=12..,K -1 sccemible at & given K. Unlike the case in the uzual space.time
methods, Lhe nizs of the discratization or Iattice langth scale L, is irrelevant.

In the lerge X limit, the sigenvalum agree quantjtatively with the roulta of
Bargknof™? and with those of & Iattice geuge calculation by Crewther and Hamer™ This
result is important in mtabiishing the squivalence of different complementory nonpertur-
baiive metbods. ‘

We also verified numerically that different Fock spoacy rapresentstions yield the sama
physical results. It particular we solved the QED; spectrum in the space corresponding
to tha solutions of the frec, masmive Dirac squation (i7"3, 4 mp)y = 0 aa well oo of the
maasleks squation sy#8,¢ = 0. We only found convargence problems for the very large
coupling regima X naar 1. ‘

Even for moderately luzge values of tha resolution, DLCQ provides ane witk o qul-
itatively correct picturs of the whols spectrum of elgenfuactiona. This wapact becomes
important for the developinent of scattering theory within the DLCQ spproach. For ex-
ample ws have found the rather surprising reault that the lowest sigenfunction baa vittuslly
no componaents of i:}'; 2}') and Ligher particla Fock statss (i.c. no ‘sen quarks’),

Thete are a numbar of important advantagss of the DLCQ mathod which havoemarged

from this study of twa-dimenaional Beld theories,
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[l) Thl Pod: space ll denumenbh and ficite in particls sumber for any Bxed resolution -
K. Inthe undgtu:othwrr fn 3+l dimensions, one expects that photon or gluon queata -
with saro i-momamum duouph from peutral or color-singlet bound states, and thun nsed
‘Dot ba includd in the Pock basis. The transverse momenta ara additive aad cen be
introduced on » cartesian grid. Hornbostel®™ bas developed methods to implement the
calor dlm offrudom for the non-Abalisn theories.

(3). Uniike Iuﬂu mzc theoty, there are oo special dificulties with fermions: e.g.,

- 8. fermion rlwblln:. fermlon determinants, or necesnity for » quenched approximation.

Purt.hnrmon, the dl.lcrltiud theory has 'bulc;lly the same ultraviolet structure as the

" continoum theory. It n]:nnld ba emphasised that unliku lsitics caleulstions, thers is oo
: ccnstrdnt or nlatinmhip between the physical sixe of the bound state and the langth
7 scale D

(8) The DLCQ method has the mmuhbla feature of generating the complete apec-
trum of tha theory; bound states and continuum states alike. These can ba seporated
by tracing thair minimum Fock state content down to amall coupling constant since the
continuum rtates have higher particle gumber content. In Isttice gauge thecry it appears
intractabls to obtain information on excited or scattering atates or their correlations. The

" wave functions ;anunmd at equal light cone time bave the inimediate form required for

relativistic uulmnl problam.n

(4) DLCQ s buiuﬂy relativistic many bod)' theory, including particle oumber ere-
_ation and destroction, and is thus & basis for relativistic nucloar and atomic problems, In
the ooo-relativistic limit the thwry in aquivalent to many-body Behrddinger thaary.

The immediate goa! is nup thu:ry in 841 dimsnsions. Even in tha Abalian case it
will be intersating to snalyrs QED and the positronium specirum in the large a limit.
Whethar the non-Abelias theary can be solved using DLCQ ~conridering ita greater num-
bet of degrees of froeddrn and its complex vacuum and wymmetry properties is an open
quoltinn Tlu studies for Alulil.n geuge th-ury in 141 dimensions do give some grounds

“10. Helicxty Selectmn Ru]e and Exc]umve Charmonium Decays

The balicity eslection rcle mr‘bt ralevagt to an intaresting pussle concarning tha
exclusive decays of J/¥ and ¢ — px, KK and pooibly other Vector-Preudoscalar (VP)

. . combinations. One axpects J/p(y’) to decay to badrona vin three gluons or, occasionally,

vin & aingle direct photon. In aither case the decay proceeds via |€(0)?, where ¥(0) is the
wavefunction st the origin in the non-relativistic quark model for c2. Thus it is ressonable
tocrpacton tbnbuilofpcﬂu:batiu QcCD, thnfurlny final budroric state A: :

B!ﬁ'-—*h! Bl ~ st~
BJﬁ—th BJ*—OB“' :tD.lSﬁiO.m.

Umlllythilhlmn uhvaﬂdmmmhdmlhf thppf" 2!*’2: x?, x¥r-w, and



8x+3x~x?, hadronic channels. The startling sxceptions occur for pr and K*E where the
present axperimental limite®¢ nre

Qpc <0.0083 and Q. <0.0027.

Recently San Fu Tuan, Petar Lepage, and 1** have proposed an explansation of the puzsle
by assumning {a) the general validity of the perturbative QCD theoremn®® that total hadron
helicity in conserved in high momentum transfer exclusive processes, but supplementad by
(b) violation of the QCD theorem when the J/¢ decay to badrons vis three bard gluons
is modulsted by the gluons forming an intermediate gluonium state O bafore transition
to hadrons. In emence tha model of Hou and Soni®” takes over in this latter stage.

Since the vector ctate V has to be producsd with helicity A = =1, the VP decays
skould be suppremsed by » factor 1/2in the rate. The ¢ seems to respect this rule. The
J/t dowm mot and that is the mystery. Put in more quantitative terms, we expect on the
basis of perturbative Qcp®*

By’ — px)
B(J/p — pr}

assuming quark helicity is conserved in strong interactions. This includes & form factor
suppremion proportional to [My/y/My:]¢. The suppression (3) is nat large enough, though,
to account for the deta— the exponent would have to be greater than 23 to explain it.

Qs = ~ Mg/ My}

One can quasation che validity of the QCD helicity conservation theorem at the charme-
nium mase scale. Helicity conservation hus received important confirmation in J/1f — pp
where tha angular distribution is known experimantally to follaw [1 + coa® 9] rather than
sin? # for halicity fip. The v’ decaxys claarly reapect badron belicity canservation. It is
dificult to understand how tha J/¢ could violate this rule since the J/¢ and ¢ masses
are o clcee. Corrections from quark mass tarms, soft gluco corrections and Enlte cnergy
corrections would not be expected to lead to large J/y differences, It in hard to imagine
anything other than & resonant o interference efect that conld sceount for such dramatis
soergy dependenca.

A relevant violation of the QCD theorsm which does bave significance to this problem,
in the recognition that the theorsm ia built on the underlying sssumption of short-range
“point-like” intsractions armnaongst the conatituents throughout. For instonce J/¢(c?) — 3p
bas & short range & 3 /m, associnted with the short time scals of interaction. If, however,
subsequently the thres gluons were to resonats forming s gluonium ctete O which hos
large transverse nita & 1/Mp covering an extanded (long) tims period, then the theorem
is invalid. Nots that gvep if the gluonium state O has large mass, close to My q, ite size
could still be thy standard hadronic scala of 1 fm, just as the coso for the Dmeson and
D.raesons.

Wa hava thus proposed, following Hou and Sani, that the enhancement of J/op — KR
and J/¢¥ — g#x decay modes is caused by a quantom mechanical mixing of the J/+ with
34
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8 JP9 m 177 vectar gluonium stata O which causes the breakdown of the QCD helicity

> thearem. The decay width for J’N'-- 22(H°X) via the sequence J/¢p — O ~ pr(E°K)

must be Iubltmlid]]' llrglr than the decay width for the gnon-polo) continuum process

J/y — 8 gluons — gx(K°K). In the other chanaels {such as pB, pP0, 2rt 20~ 2%, wto),

~ the branching ratios of ¢he O must be a0 amall that tha cortinuum contribution governed

by-ths QCD theorsm dominates over that of the O pols. Fer the case of the ¢/ the

eontribution of the O pola must always be inappreciable in comparison with the eontinuem

process whare the. QCD thecrem hoids. The sxperimental limits oo Q,. and Qu-x e

now luhlh.nﬁllly mors ltringmr. than when Hnu = Soni made thm estimates of Mo,
l"a...n .nd ra_‘"'.r iD lm £ P . .

It s ioterostivg, ipdesd, that tha existence of tuch & gluonium state O was first
poltu]nud by Freund l.nd ‘Nambu® based on 027 dynamics soon after the discovery of
the J/y and ¢ mesons. In Mact Freund and Nambu predicted that the 0 would decsy
copioualy pracisely ioto e and X *H with severe suppreasion of decays into other modew

like ata™ i.n‘uqu.ircd for the solution of the pusale,

Final states A whjc.b m proca-d only through the intermediate gluorium stats eatisfy
the ratie;

o L B s eten) (Myyy = Mo)'+ ] T8
YUBUN ~ ) My - MoV +1TE
‘Wl hlvt l.uumod thn u:a coupling of the J/% and ¢ to the gluonium state scaies as the
ete” c-ouplln; ThaulutdQ.hnmll] if the O ur_lou in mase to the J/¢. Thus wa

R (u,,,-uo)'+ b szaq,c-v!
Tho upu‘u:n-nul limit for Q,.R then implies
N C 1/2
o o [(!-f:u-_ Ma]' g 1‘3] £ 80 MeV
This implies | My — Mo [< 80 MaV and o < 180 MeV. Typical allowsd values are

‘Mp =3.0GeV, [p=140MeV

Moy =215 GeV, [p=140MeV .

Notlu that the gluonjum state could be either lighter or hewvier than the J/¢. The
bun:hlnl ratio of the O into s given channel must exceed the: of the J/¢.

It lapot nu:nu.rily obvious that & J’c = 17~ gluonium state with these paramaters
would necessarily have been found in experimenta to date. One must remember that
.13



though O — px and & — X'X are important modes of decay, at & meass of order 3.1
GeV many other modas (all be it less impartant) are wvailuble. Henes, & total width I'p =
100 to 150 Ma¥ ir quita conceivable. Because of the proximity of Ma to M,y the most
important signatures for an O sewrch via axclukive modes J/fy = K*Eh, J/1p — prh;
A= ex,n,q, are 0o longer available by phess-space conxiderations. However, tha search
could sl ba carried out using ¥ — K*KA, ¢/ — pxh; with h = o5, und n. Another

" way to saarch fcr O in particulaz, and the thros-gluon bound states in general, in via the

inclusive reaction ¥ — (xw)+ X, whare the wx pair is an iso-singlet. The thres-gluon
bound aiated such as O should show yvp as peaks in the missing maas {i.e., mass of X)
distribution.

Perthape the most direct way to search for the O is to scan Fp ot ¢%e” annihilation st
+/# within ~ 100 MeV of the J/4, triggering on vector/pseudoscalar decayn such oz wp or
Kx-.

The fact that the pr and K 'K channels are strongly suppressed io o decays but not
in J/y decays clearly implies dynamics beyond the atandard charmonium anslysia. An we
bave shown, the hypathesis of u three-gluon state O with masa within = 100 MeV of the
J/t maxs provides u nntural, perhape even compolling, explanation of this anomaly. If
this description is correct, then the ¥ and J/4 hadranic decays ere not only confirming
hadron balicity conservation (st the ¥" momentum scale) byt are also providing a signal
for bound gluonic matter in QCD.

11. Exclusive Nuclear Processes in QCD

One of the most slegant areas of epplication of QCD ta nuclear physics is the domain
of large momentum transfer axclusive puclear processes. Rigorous reaults have been given
by Lepage, Ji and myulf“ for the meymptotic properties of the deutaran form factor at
larga momaentum transfer. The basic factorization is shown in Fig. 22. In the saymp-
tatic @ — oo limit the deutsron distribution amplitude, which contrals large momentum
transfer deuteron reactions, becomes {ully symmetric amaong the five pozsible colar-ainglet
conbinations of the aix quarks. Ooe can alse study the evolution of the *hidden color®
components (orthogonal to the np and AA degrees of freedom) from intermediate to large
momentum transfar scales; the resulls also give constraints on the naturs of ths nuclear
force at short distances in QCD.

Of the five color-singlet ropresentstions of six quarks, anly one corresponds to the
usual system of two color singlet baryonic clusters™ The exchange of a virtua! gluon in
ths druteton at short distance {nevitsbly produces Fock state components where the three-
quatk clusters correspond to color ccbet nucleors or isobars. Thus, in general, the deuteron
wave function will have s complete spactrum of “hiddan-calor™ wave function components,
although it is likely that these states are importsnt only at small inter-nucleon caparation.

Daapite the complexity of the multi<olor representations of nuclear wove functions,
the n.na]ynil“ of the deutsron form factor st large momentum trancer can be carried
38



$ 1,0

18 - $q ¥ )
Figure ‘.‘2 Flcton:uinn of the deuteron form factor at luye Q’

out in plnlid with the pucleon case. Only the rmnimnl six~quark Fock state needs to be
considered to leading order in 1/Q*. The deutaron form factor car then be written an a
convolution {see Fig. 22,

Ri(QY = j 4] 9] #4(0,Q) TH* T ~4(6.4,Q) #:(=.Q),

" where the hard scattering amplitude acales as

| r;'”"-"=[ﬂ}§’l]"(”) [1+ otaut@]

The snamalous dimensioos 1% are calculsted from the svolution equations for ¢y{z;, Q)
derived to leading order in QED from pairwise gluon-axchange interactions: (Cp = 4/8,
Ca==Cp[8) ,
... 8 Mr Ca / |
o 2 ¥ = =S flay] v{e.w)8w.Q) .
| - Iafg e =-F fel Ve s
. Hore wabave defizad
i ¢(z,Q) = H ni(n‘Q)s

; ‘lnd the "aluuonhux \bs varisble

(e =< f %’—a.(t'-i ~ rhﬁiﬂ‘%)
ql

Thghdehmmpuhdbhndiuur&nina.(Q’)ﬁomthtmmdgluo:inw
. ”



batween ouark pairs. The general malrix reprasentations of 4, with baszs I]'I{‘m z}")
is given in Ref. 4). The effective loading anomalous dimenaion 7p, cnrmpand:ug to the
sigenfuncticn €(x) = 1, is 70 = (6/6)(Cr/8).

In order to make mare detailed and experimentally accessible predictions, we witl
deflne the "reduced” nuclear form factor in ordgr to remova the effacts of aucleon com-

pajhnun:m
Fi(Q%)
JACHL I3 ‘Eq:/“) )

The arguments for each of the pucleon forin factors (Fiv) is 32/4 sinea in the limit of zero
binding energy ench nucleon must change its momentum from ~ p/2 to {p+ ¢)/2. Since
the leading snomalous dimensions of the nuclson distribution amplitude is Cp /28, the
QCD prediction for the aymptotic @¥-behavior of f4(G?) in

-1
1@ ~ ) :

al(Q ) (‘
A:

where ~(2/8)(Cp/B) = ~8/145 for ny = 2.

Figure 23. (a) Comparison of the
asymptetic QCD predictions with experi-
mant using Fn (G%) = {1+(Q%/0.71 cev’)l-ﬂ'

The notmalization s fit a} Q7 « 4 GeV1.
(b) Comparison of the prediction [1 +
(@ /N falQ@Y) = (enQP)=I-(BKEr1R)

uwi.:g data. The walua m3 = 0.28 GeV? s

ra 07 {Gev?) s

Altheugh this QCD prediction is for seymptotic momentum trancfor, it is ipterssting

4o compare it dirsctly with the avsilable bigh @7 data® (oeo Pig. 23). In georrol ooe

would axpect corrseilons from highar twist ¢ffecta (o.g., mass and &, omoaring), bigber

pariicla numbr Fock states, higher order contributiors in a,(Q1), as well as oeo-leoding

anomalous dimensions. However, the agreement of the dato with simple @1 f4(Q°) ~ canat

bebavior for Q¥ > 1/2 GaV? impliss that, unlee there (s a fortuitoun cancelintion, &l of
hi3



A N MU NIV AENE .
sl oE=RIERIENG

-tbllnh—hﬂhllﬂtdamlmﬂl ndthlprmntQGDpumhhuulmhtiouln‘
‘ﬂlhhmdtppﬁelbhminthnnudmphmadmdmmhddduﬂlﬂmbumth
Q@mﬁnﬁwhnuﬂuwthmm.&hmﬂl A comparison with
umduddnﬁniﬁnnmhuakmvuddnqmmscﬂculuiundnmtohadin;uﬂ‘mu
, Amdﬁdﬂnwdmmhmwcﬂwhﬁngthnorm:!huicmcff‘(Q’)
‘iﬁvanndﬂntmlnhnnoItbedlum“vofumhntothmdhtmm it in adso
immtwmﬁmuptﬁmhnythnthohnﬂutyluxaﬂbmfumhmdwd
dumiuwt.-

Bumdhiddmmlm th-dwtuumnotbodwibeduhlyinkmdmndnd
nndanphuhdomdbudnm and in principle, any pbysical or dynumical peoparty of
tbldmlﬂunhﬂd[ﬁdbgthnmudmhm-Abdimwmpomnu In particulsr,
thmduﬂ"imptholpwnnmnm' fmmfu:&odmtuonfnrmfu:tor -

ra(ra’) QY FU@Y

wbm F ixthe onahdl nur.!oon form lu:t.or, cannot be pnciu{y valld st any mummtum
trangfer scals G = ~g7 # O because of hidden color compenests. More important, eves if
only the nuchan-nuclson component were important, Thus the conventioon factarisation
‘eannot ba reliable for camposite nucleons sines the struck nucleors is necesarily of-abell™
in the puclsar wave function: k" - &' ~ }Q?. Thus in general oaa requircs knowledge
* of the nuclean form factors Fa{g?, k3, k') for the case [n which ane or both uclecn legs
ars off.sbel). In QCT such amplitudes have comp]mly different dynamical dlpmdmta
mmpnnﬂ to the an-ebiell form factors.

Althou;hon—lhoﬂfnﬂtmminnbubunundcxmdrdyin nuclaar phyli:tunliu-t-
h‘pofut&thmdmofnudurfo:mfl:ton il-rrl.n(!afnhdllyhumubom
sariously. quastionad. Cutnin!ym&hnnmrﬂmvhﬁcuomﬁnwh&nurptmﬂwd
MMmhn&;lmd the charge form [sctor of & composite system can be
cqtupuwd&unthtconvoluﬁmdchundnuibuﬁm Howevar, in the genera! sftuation,
the struck gucleon must transfer & large fraction of its momentum to the epectatar system,
* rendering tha sucleon state off-sbell. Alnhmiaﬂe!.“ the region of crnhd.it’d‘on-dull
fmhﬂwhﬁoﬁnﬂmh&edmhmmaﬂ

CQt<cIMyy

l.l.QSletV However, mthunpm&huuchunkwhcwdmmtdﬂhu

signiScantly from unity, so the standard factoriastion is of doubiful utility. The reduced

[mmfmumlth-mudmihtynwymmummmh 1t b2 also important to
confirm sxperimsntally thet the helicity X = A' = 0 form factor is indesd dominant.

The calculation of the pormalisation T8 ™ to lesding order in o, (@) will require

the evaluation of over 300,000 Feynman disgrams involving Sve exchanged gluczs. Feriv-

‘nataly this appescs pomible using the slgebraic computer methods introducsd by Parrar
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and Neri® The method of seiting the appropriate scale § of o?(Q?) in Tz i given in
Rel. Td.

The deutaron ware function which corttibutes to the asymptotic limit of the form
factor is tha toislly antisymmetric waye function correponding to the orbital Young
symmetry given by (8] and iscepin {TH» spin {5} Young symmetry given by {33}. The
deuteron state with this symmstry id related to the NN, A4, ard hidden color (CC)
physical basss, for both the (T'S) = (01) and (10) cases, by the formule™

ﬁq{u)=\/;inn+\/?—;'&u+£¢-cc .

Thus the physical devteron stale, which ja mostly iy at large distence, muat evalve to
the yej(as) stats when the six quark transvarse separations ¥, < 0(1/Q) -+ 0. Sincs
this stuto e 80% hidden color, the deuleron wave functive cannct be describad by the
mesot-pucloon isobar degress of fresdom in this domain. The fact that the six-guark
color singlet stats inevitably evclvenin QCD to a dominantly hidden-color configuration
at amall tranyverss saparation also bas implicstions for the form of the nucleon-ouelean
(8, = 0) peoiential, which chn be considersd as one interaction comporent in 8 coupled
scattering channsl system.

Az the twonuclsons approach sach other, the systam must do work in order to change
the six-quatk state Lo & dominantly hidden color configuration; ie., QCD requires that
the puclann-pucleen polantind must be repulsive at short distances {son Fig. '.H)T' The
evolution squation for the kx.quark systern suggests that the distance whers this changa
occurs is {n the domain whare a,{@?) mont strongly varies. The general solutians of the
svolution squation for multi-quark systemas i discusesd in Ref. 43. Some cf the solutions
ars arthoganal to the usual nuclenr configurations which correpend to upauted oucleans
or isobure at large distances.

mmdbﬁdmm!admdﬁ-dnmfuﬂhrmunmmthommplnﬂy
of nuclesr systems in QCD. It is conceivable that six-quark d* resanances correspanding
to thess new degrem of fresdorn may be found by crveful searches of the 4'd — vd end

7°d — xd channals, v
i

Fi 4. Schematic nprutﬁul.ion
of th-e taron wave function “ﬁ?
dicating the presence of hidden X
quark mpﬁnmu at chort distance.




12. Reduced Nuclear Amphtudes

Ons of uu bn.lc p:ob]aml in the analysie of nuclear scattering amplitudes is how to

_eon.litmﬂy account for the effects of the underlying quark/gluon component structure
“of aucloons.  Traditional methods based on the use of an efective auchen/meeon local
e La(un(il.n fald t.hoory a3 not really apphubh, giving the wrong dynarnical dependence

inﬂrtuullynmklmmﬂinui&bhfarwmpaihhldm The inclusion of ad kor vertaz
wmmbnnumdmmmmmmdtheoﬂmmwmhu:h

: l.;whihmﬂnhgcmpmhmmhmhnd:hwaﬁmopndmﬂupm On the

other hand, the explicit avaluation of the multi-quark hi=-scattering nmpll-ndunudad
topr-dktthowmdinﬁonmdln[uludnpmdmmfw-nudmpm— svan at Isading
Muha.mﬁnhmﬁhﬁmdmﬂﬂmdhmdum B-ayundluding
order ons must’ inelude contributions of poo-valenes Fock states wave ﬁmcum, and a

. rapidly expanding pumber of radiative mn-u:ﬂnm and Joop diagmm .

The nduud unp[itndo u'ml.lmd""':l n!though not an exsct replacement dor & full QCD
ealculation, provides & :imple method for identifying the dypamical effecta of puclear sub-
ltructurl, consistant with covariance, QCD scaling laws and gauge invariance. The baaic
ides bas already baen introduced for the reduced deutsron form factor. Mare generally
il we naglect nucloar bicding, then the light-cons nuclear wave function can bs written
as & cluster decompoaition of collinear uucleons: ¢ 4 = ¥4 [Ty ¥y/n whers each ny-
cleon bas 1/4 of the nuclsar momantum. A large momentum transfer puzleon amplitude
then contains as & factor the probability amplituds for aach nuclecn to ramain iniz it alter

- abeorbing 1/4 of the respective nuclear momentum transfer. We can {dactify sach prob-
‘abllity amplitude with the respectivs nucleon form factor F (i‘ =y "A) Thus for nny
u:.lu.lin nu.elu.r nnurin; process, we defins the r.ductd ouelear amplituds

M
mul Fﬂ(‘()

TthCUmlin(ltwfotthnduc-dnudurlmplitudomkl.hnldmuultothud

. nucle with pdm.-un nuclu.r compmh. o8, tho roduced nuclest form factors abey

fA(Q’)E_—Qﬂ—j [ ]A-.-

[ (@ /a0

| Compuhmvithaxpmmtmdpndnchmfwh&din;louﬁ&hmkm&ouhtbu

result are given in Ref. 70. In the case of photo- (or electro-) disintegretion of the dyutaren

ons has
M
Midrp = mﬁ—; = f(m)

B Il thl same dunmh.ry scaling babavior 88 for Moaf—ey Compariscn with sxperiment
b tncaun;i:nl (e Ref. 70.) showing that as was the case for @3/4(Q"), the perturbative

41



QUCD scaling regime begins at Q¥ & 1 GeV?, D-=tuiled comparisons and & model for
the angular dapendance and the virtua! photon-mass dependence of deuteron electro-
disintagration are discussed in Rel. 70. Other ptentially useful checks of QCD sealing of
reduced amplitudes are

Myydrt =~ P;: )'('1")
My geat ~ P13 J(t/9)

Meged ~ p3 J(1/9) .
It in alsc pomsible to usa those QJCD wcaling laws for the reduced amplitude as a
parametrization for the background for detecting poasible new di-baryon resonance otates.
In ench case the incident and outgoing hadron and nuclear states are predicted to display
color transparency, i.e. the absenca of initial and final atate interactions if they participsate
in » |arge momentum tranefer exclusivs reaction.

13. Conclusions

There hus clearly been remarkable recent progress understanding the structure of the
hadronc and their interactions from Srst principles in QCD. Lattice gnuge theary and
QCD sum rulss are providing beautiful constraints on the basic shape of the distribution
amplitudes of the mesons and baryons, A new method, discretized light-cone quantization,
bas besn tested suzcessfully for QCD in one space and cne time dimensions and should
soon yield detailed information on physical light-cone wavefunctions,

The recent work of Dsiembowaki and Mankiewica provides a convenient relativistic
model for hadronic wavefunctions conaistent with the known constraints. Their work
peovides the starting point for & conslstant description of exclusive amplitudes such eg
form factors fror low te high momentum transfer. The controveray concetning the range
of validity of perturbative QCD predictions for exclusive amplituden has thus been largely
resclved. Where cloar tests can be made, such as two-photon processes and the hadron
form factors, the perturbative QCD predictions appear correct in scaling behovior, belicity
structure, and abeolute normalisation. Most interesting, there is now evidence for the
remarkable color transparency phenomenon predicted by perturbative QCD for quaai-
slaskic scatiering within & auclsua,

One of the most serious challanges to the validity of QCD nre the psrudo-ocalar vector
decays of the J/¥. We have shown that this pussle can be resolved if o gluonium otate
exists with mess near 3 GoV/c. 1 bave also discussed a possible explanation for the otrong
spin correlations in protop-proton slastic scsttering in terms of novel type of high maes
di-baryon resonaucs. A key tool in this nnalysis is the use of color trenaparency in nuclei
to filter cut large and short distance phenomens. I also discussed the raole of the formation
sone and target lengih condition in understanding nuclear effects in the propogation of
quarku and gluons in nuclesr matter.
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Amthumndhnpaummﬂnzmdﬂ‘@ﬁmmpmdmn-

“Inrge virtus! photon mas. We have abown bow the operator producs analyuis can bu ax.
" tanded to thess exclusive chunnals, with results in stroog contrast with vactor mesan dom-

inance models. Many of the anomalous featurse recently observed in 2P muo-prodoetion
are readily np!ﬂnldintthCDippm .
Finally, I have discumed applications of QCD to nuclsar amplitudes and 1o the basic

- structurs of the ouclous itaelf. 1 bave also noted areas of potantisl conftict baf.w-m QCDh

and more copvantional approaches to puclear interactions; ¢.p. Dirasc phenomenciogy,
factorization of co-abell nucleon farm factors, and the braakdown of conventicnal Glauber
theory due to color tun:ptnnq in cxclu-iu n.nr,li.nm and l‘orm:tmn 2000 phcnomlnnlnn
in indnnve resctiona, \
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