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1. INTRODUCTION 

A remarkable claim of theoretical physics is that virtually all aspects of hadron 
and nuclear physics can be derived from the Lagrangian density of Quantum Chromo-
dynamics (QCD): 

CQCD - - k Tr I f ' ^ l + *(i 0 - m)0 

f" = d»A" - 9" .4" + ig[A',,A1'\ 

fl" = a* + i3A>' 

This elegant expression compactly describes a renormalizable theory of color-triplet 
spin-1 quark fields ij) and color-octet spin-1 gluon fields A* with an exact symmetry 
under SU(3)-color local gauge transformations. According to QCD, the elementary 
degrees of freedom of hadrons and nuclei and their strong interactions are the quark 
and gluon quanta of these fields. The theory is, in fact, consistent with a vast array of 
experiments, particularly high momentum transfer phenomena, where because of the 
smallness of the effective coupling constant and factorization theorems for both inclu
sive and exclusive processes, the theory has high predictability. (The term "exclusive1" 
refers to reactions in which all particles are measured in the final state.) 

The general structure of QCD indeed meshes remarkably well with the facts of the 
hadronic world, especially quark-based spectroscopy, current algebra, the approximate 
point-like structure of large momentum transfer inclusive reactions, and the logarith
mic violation of scale invariance in deep inelastic lepton-hadron reactions. QCD has 
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A T ' r.^cssf":! in predicting the feaLures of election-positron tnd i>iiotoLi-tiiiotc-:i a*. 
niV-atjon into hadrons, including the magnitude and scaling of the cross sections, thi 
::h«j--' of 'he photon structure function the production of hadronic jets w-th pattern-
tiii.-i'--.'n'jng to elementary quark and gluon subprocesst-s. The experinv-ala! mea.-i.r< 
•lients appear to be consistent with the bask postulates of QCD, that the charge .-»•».I 
we=Jr currents within hadrons are carried by fractionally-charged q.sarks., and that tin 
strength of the interactions between the quark* *nd gluons becomes weak at shivt 
distances, consistent with asymptotic freedom 

Nevertheless in some very striking cases, ihe prediction* of Q(.'l» <±ppeai !o b<_- in 
dramatic conflict with experiment: 

1 The spin dependence of Urge angle pp elastic seni luring h.1.1 an extraordinar
ily rich structure—particularly at center-of-mass energies Ecu = 5 GeV. The 
observed behavior is quite different than the structureless predictions of pertur-
bative QCD for exclusive processes. 

2. QCD predicts a rather novel feature: instead of the traditional Glauber theory of 
initial and final state interactions, QCD predicts negligible absorptive corrections, 
i.e. the "color transparency" of high momentum transfer quasi-clastic processes 
:u nuclei. A recent experiment at Brookhaven National Laboratory seems (o 
'j!>r>firm this prediction, at least at low energies, but the data show, that at the 
same energy where the anomalous spin correlations are observed in pp elastic 
scattering, the color transparency prediction unexpectedly fails 

•i. Recent measurements by the European Muon Collaboration of the deep inelastic 

structure functions on a polarized proton show a number of unexpected features: 

a strong positive correlation of the up quark spin with the proton, a strong 

negative polarization of the down quark, and a significant strange quark content 

of the proton. The BMC data indicate that the net spin of the proton is carrii"' 

by vlunns and orbital angular momentum, rather than the quarks* themselvi>-

i. fhe J{4' and £•' are supposed to be simple S-wave n=l and n=2 QCD bound 

states of the charm and anti-charm quarks. Vet these two states have anomalously 

different two-body decays into vector and pseudo-scalar hadrons 

5. The badroproduction of charm states and channonium is supposed to be pre
dictable from the simple fusion subprocess gg -» c? Recent measurements in 
•Jirate that charm particles are produced at higher momentum fractions than 
allowed by the fusion, mechanism, and they show a much more complex nuclear 
dependence than simple additivity in nucleoli number predirled by the mod'1! 
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-.;. A thfsd anomalies soggc*! tli<it (IN.- piuton -ttelf JS « much ii^rc . <>iiipit-.\ oi) 

:c-. i 'iw.i suggested by simple non-rclativistir quark models. Recent analyses of t lv 
proti.n <;istribution amplitude using QCD sum rules points to highly-nontrivial proloi: 
struc'«i- - Solutions to QCD in oiw-spaa? and one-time dimension suggest thai the 
jjior.-icr: itn distributions of non-valence quarks in the hadrons have a non-trivial os 
dilator.- structure. The data seems also to be suggesting that the "intrinsic" bound 
state structure of the proton has a non-negligible strange and charm quark content, in 
addition to the "extrinsic" sources of heavy quarks created in the collision itself. As we 
shall see in these lectures, the apparent discrepancies with experiment are not so much 
a failure of QCD, but rather symptoms of the complexity and richness of the theory. 
An important tool for analyzing this complexity is the light-cone Fock state represen
tation of hadron wavefunctions, which provides a consistent but convenient framework 
for encoding the features of relativistic many-body systems in quantum field theory. 

2. FOCK STATE EXPANSION ON THE LIGHT CONE 

A key problem in the application of QCD to hadron and nuclear physics is how 

to determine the wave function of a relativistic multi-particle composite system. It is 

not possible to represent a relativistic field-theoretic bound system limited to a fixed 

number of constituents at a given time since the interactions create new quanta from 

the vacuum. Although relativistic wave functions can be represented formally in terms 

of the covariant Bethe-Salpeter formalism, calculations beyond ladder approximation 

appear intractable. Unfortunately, the Bethe-Salpeter ladder approximation is often 

inadequate. For example, in order to derive the Dirac equation for the electron in a 

static Coulomb field from the Bethe-Salpeter equation for muonium with m^fvn.,, —* oc 

one requires an infinite number of irreducible kernel contributions to the QED potential. 

Matrix elements of currents and the wave function normalization also require, at leas' 

forma)ly: the consideration of an infinite sum of irreducible kernels. The relative-time 

dependence of the Bethe Salpeter amplitudes for states with three or more constituent 

fields adds severe complexities. 

A different and more intuitive procedure would be to extend the Schrodingcr wave 

function description of bound states to the relativistic domain by developing a rela

tivistic many-body Fock expansion for the hadronic state. Formally this can be done 

by quantizing QCD at equal time, and calculating matrix elements from the time-

ordere-3 expansion of the S-matrix. However, the calculation of each covariant Feynman 

diagrcr n with n-vertices requires the calculation of n! frame-dependent time-ordered 

amplitudes. Even worse, the calculation of the normalization of a bound state wave 
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:•: ,s.->oi. ;._»r the matrix element of a ibarge or current operator) requires the coir 
putation of contributions from all amplitudes involving particle production from the 
vacuu.ii. (Note that even after normal-ordering, the interaction Hamiitonian densiu 

for QED. H) - c : ̂ p iM'' :, contains <-untrihutions fr'd*^ which create particles from 
'he perturbative vacuum.) 

Fortunately, there is a natural and consistent covariant framework, originally due 
to Dirac. {quantization on the "light front") for describing bound states in gauge 
theory analogous to the Pock state in non-relativistic physics. This framework is the 
ligln-one quantization formalism in whirl* 

\*) = lift 0 ^ *• !«*) g''»« * 
(i) 

|p)-l*OT)l/& 9 + lOTW}K'5rM * •• 

Each wave function component ipn, etc. describes a state of fixed number of quark and 
gluon quanta evaluated in the interaction picture at equal light-cone "time" T = t+zjc. 
Given the {̂ >*}, virtually any hadronic property can be computed, including anoma
lous moments, form factors, structure functions for inclusive processes, distribution 
amplitudes for exclusive processes, etc. 

The use of light-cone quantization and equal r wave functions, rather than equal 
( waw functions, is necessary for a sensible Fock state expansion. It is also convenient 
to use T ordered light-cone perturbation theory (LCPTh) in place of rovariant pertur
bation theory for much of the analysis of light-cone dominated processes such as deep 
inelastic scattering, or large-pi exclusive reactions. 

Thir use of quark and gluon degrees of freedom to represent hadron dynamics seems 
paradoxical since free quark and gluon quanta have not been observed. Nevertheless. 
we f *n use a complete orthonormal Fock basis of free quarks and ghions, color-singlet 
eigeristates of the free part Hff of the QCD Hamiltonian to expand any hadronic 
state at a given time t. It is particularly advantageous to quantize the theory at 
a fixed light-cone time T = t + z/c and choose the light-cone A+ = A0 + A1 = 0 
gauge since the formulation has simple properties under Lorentz transformations, there 
are no ghost (negative metric) gluonic degrees of freedom, and complications due to 
vacuum fluctuations are minimized. Thus in e+e~ annihilation into hadrons at high 
energies it is vastly simpler to use the quark ind gluon Fock basis rather than the sei 
of J — ', Jt — i, Q = 0 multi-particle hadronic basis to represent the final state. 
Notice that the complete hadronic basis must include gluonium and other hadronic 
states with exotic quantum numbers. Empirically, the perturbative QCD calculations 
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of in; linai -state based on je's or cluster;* of quarks and giuom nave been shown tv give 
a very successful representation of the observed energy and momentum distribution-

Since both the hadivnic and quark-ghion bases are complete, either can bt usi-i 
to represent the evolution of a QCD system. For example, the proton QCD eigensta'e 
can be defined in terms of its projections on the free quark and gluon momentum space 
basis to define Fock wavefunctions; the sum of squares of these quantities then defines 
the structure functions measured in deep inelastic scattering. 

fn the case of large momentum transfer exclusive reactions such as the elastic pro

ton form factor, the state formed immediately after the hard collision is most simply 

described as a valence Fock state with the quarks at small relative impact parameter 

b± ~ l/Q, where Q — py is the momentum transfer scale. Such a state has a small 

color-dipole moment and thus can penetrate a nuclear medium with minimal interac

tion. The small impact parameter state eventually evolves to the final recoil hadron, 

but at high energies this occurs outside the nuclear volume. Thus quasi-elastic hard ex

clusive reactions are predicted to have cross sections which are additive in the number 

of nucleons in the nucleus. This is the phenomenon of "color transparency." which is 

ia striking contrast to Glauber and other calculations based on strong initial and final 

state absorption corrections. Alternatively, the small impact state can be represented 

as a coherent sum of all hadrons with the same conserved quantum numbers. At high 

energies, the phase coherence of the state can be maintained through the nucleus, and 

the coherent state can penetrate the nucleus without interaction. This is the dual 

representation of coherent hadrons which satisfies color transparency. 

In these lectures I will discuss a number of recent developments in hadron and 

nuclear physics which make use of the quark/gluon light-cone Fock representation 

of hadronir systems. The method of discretized light-cone quantization (DLCQ) 

provides a numerical method for solving gauge theories in the light-cone Fock basis. 

Recent results for QCD in one space and one time are presented in Section 36 Th<* 

most important tool for examining the structure of hadrons is deep inelastic and elastk 

lepton scattering, especially experiments which use a nuclear target to filter or modify 

the hadronic state. I also give a brief review of what is known about proton structure in 

QCD. A new approach to shadowing and anti-shadowing of nuclear structure functions 

is also presented. The distinction between intrinsic and extrinsic contributions to the 

nucleoli structure function is emphasized 

One oi the /nosi important challenges to the validity of the QC'l) description of 

proton interactions is the extraordinary sensitivity of high energy large angle proton 

proton scattering to the spin correlations of the incident protons. A solution to this 
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,ji\jbleiH jased on heavy quark threshold:- is described in Swtion 20. \ prediitscm ;"<JI 
a new f-'rm of quasi-stable nuclear mailer is also discussed. 

3 ~i»!N EFI •(. r« IN D m - INIXAMT'- SOTTERIJCC 

As noted above, the EMC and SLAC data on polarized structure (unctions imply 

significant correlations between the spin of the target proton with the spin of the gluons 

and strange quarks. Thus there should be significant correlations between the target 

spin and spin observables in the electroproduction final state, both in the current 

and Target fragmentation region. It is thus important to measure the spin of specific 

hadrons which are helicity self-analyzing through their decay products such as the p 
and the A. 

The gluon distribution of a. badron is usually considered to be derived from QCD 

evolution of the quark structure functions beginning at a initial scale Qjj. In such a 

model there are no gluons in the hadron at a resolution scale below Qo- The evolution 

is completely incoherent.; i.e. each quark in the hadron radiates independently. In 

fact, the bound state wavefunction itself generates gluons. This is clear since one "an 

connf-t the gluon distribution to the transverse part of the bound-state potential. To 

the extent that gluons generate the binding, they also must appear in the intrinsic 

gluon distribution. The diagrams in which gluons connect one quark to another are 

not present in the QCP evolution. The evolution contribuctons correspond in the 

bound-state equation to self-energy corrections to the quark lines at resolution scales 

or invariant mass larger than the scale Qg. 

It is useful to keep in mind the following simple model for the helicity parallel and 

helicity mti-parallel gluon distributions in the nucleon: G?.N{x) = §(1 - i)*/x and 

G~.^l :\ = \{\ - T ) S / I , respectively This model is consistent with the moment!<>:: 

frai-i 1-.--I carried by gluons in the proton, correct crossing behavior, dimensional count hip. 
i-uifi tt. x -•+ 1, and Regge behavior at small x. Integrating over x. one finds that tin. 

gluon carries, on the average, 11/24 of the total nucleon Jt. It is thus consistent with 

experiment and the Skryme model prediction that more of the nucleon spin is carried 

by gluons rather than quarks. 

Recently Ivan Schmidt and I have given model forms for the polarized and unpo-

larized intrinsic gluon distributions similar to the above parameterization in the nucleoli 

which take into account coherence at low x and perturbative constraints at high x. It 

is expected that this should be a good characterization of the gluon distribution at 

the resolution scale Q\ ~ A/jj. The leading power at x «•> I is increased when QGD 
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fv..';. 'on is taken iuti. account. The change m power is 

±rtlQ2) -n-A ;<Q\Ql) = - 1%-oA<*». t2) 
It J K-

0? 

where CA = 3 in QCD. 6 For typical values of Q0 - 1 GeV, A-^g ~ 0.2 GeV the change 

in pow« is moderate: Ap,(2 CeV2) = 0.28, Aps(l0 GeV2) = 0.78. 

A recent determination of the unpolarized gluon distribution of the proton at Q2 — 
2 GeV2 using direct photon and deep inelastic data has been given in Ref. 7. The 
best fit over the interval 0.05 < i < 0.75 assuming the form xG{x,Q2 ~ 2 GeV2) = 
A(l — x)'» gives ifg = 3.9 ± 0.1I(+0.8 — 0.6), where the errors in parenthesis allow 
for systematic uncertainties. This result is compatible with our model for the intrinsic 
gluon distribution, including the increase in power due to evolution. 

The analyses of the EMC and SLAC spin-dependent structure functions as well 
as clastic neutrino-proton scattering imply substantial strange and anti-strange quarks 
in * he proton, highly spin-correlated with the proton spin. The usual description of 
the strange sea assumes that sS is strictly due to the simple gluon splitting process. 
However this implies minimal strange quark spin correlations since the strange quark 
and anti-quark tend to be produced with opposite helicities. Alternatively the strange 
sea may be "intrinsic" to the bound state equation of motion of the nucleon, and 
thus the strong strange spin correlation may be a non-perturbative phenomena. One 
expects contributions at order Ifm2 to the strange sea from cuts of strange loops quark 
loops in the wavefunction with 2, 3, and 4 gluons connecting to the other quark and 
gluon constituents of the nucleon. Alternatively, one can regard the strange sea as a 
manifestation of intermediate K — A and other virtual meson-baryon pair states in tho 
flue! uations of the proton ground state, 

Experiments which examine the entire final stale in ek.jt reproduction can discrimi
nate between these extrinsic and intrinsic components to the strange sea. For example, 
consider events in which a strange hadron is observed at large z in the fragmentation 
region of the recoil jet, signifying the production and tagging of a strange quark. In 
the case of intrinsic strangeness, the associated 3 will be in the target fragmentation 
region. In the case that the strange quark is created extrinsical!}' via Yg —* ss, both 
the tagged * quark and the s hadrons will be found predominantly in the rurrrnt 
fragmentation region 
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; "EXTKINSIi." VERSCh ''IN rHIN&Jf" CONTRIBUTIONS TO IHK PHOTON STRUC 

rUBK FUNCTIONS 

fh- central lo>us of inelastic electroproduction is the electron-quark interaction, 
which at large morrentum transfer can be calculated as an incoherent sum of individ
ual quark contributions. The deep inelastic electron-proton cross section is thus given 
by the convolution of the electron-quark cross section times the structure functions, 
or equivaiently the probability distributions Gg/t{x,Q2). In the "infinite momentum 
frame" where the proton has large momentum P^ and the virtual photon momentum 
is in the transverse direction, G^p[x,Q2) is the probability of finding a quark q with 
momentum fraction x = Q2/2p • q in the proton. However in the rest frame of the 
target, many different physical processes occur: the photon can scatter out a quark 
as in the atomic physics photoelectric effect, it can hit a quark which created from 
a vacuum fluctuation near the proton, or the photon can first make a qq pair, either 
of which can interact in the target. Thus the electron interacts with quarks which 
are both intrinsic to the proton's structure itself, or quarks which are extrinsic, i.e. 
created in the electron-proton collision itself. Much of the phenomena at small values 
of i such as Rcgge behavior, sea distributions associated with photon gluon fusion 
processes, and shadowing in nuclear structure functions can be identified with the ex
trinsic interactions, rather than processes directly connected with the proton's intrinsic 
structur'.'. 

There is an amusing, though gtdanken way to (in principle) separate the extrinsic 
and intrinsic contributions to the proton's structure functions. For example, sup
pose that one wishes to isolate the intrinsic contribution Gj. (x,Q) to the d-quark 
distribution in the proton. Let us imagine that there exists another set of quarks 
{q0} ~ uotd0,s0,Co.... identical in all respects to the usual set of quarks but carry
ing »:;o electromagnetic and weak charges. The experimentalist could then measure 
the •liffereice in scattering of electrons on protons versus electrons scattering on a 
new ba.-yon with valence quarks \uud0 > • This is analogous to an "empty target" 
subtraction. Contributions from qq pair production in the gluonic held of the target 
(photon-gluon fusion) effectively cancel, so that one can then identify the difference iit 
scattering with the intrinsic d-quark distribution of the nucleon. Because of the Pauli 
exclusion principle, dd production on the proton where the d is produced in the same 
quantum state as the d in the nucleon is absent, but the corresponding contribution 
is allo'A-i-'l in the case of the \uud0 > target. Because of this extra subtraction, the 
contribution!, associated with Reggeon exchange also cancel in the difference, and thus 
the intrinsic structure function Gl[xt Q) vanishes at z -» 0. The intrinsic contribu-
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tion gives finite expectation values for the light-cone kinetic (•ncigv 'jporator, "sigma" 

terms, and the J = 0 fixed poles associated with (i/i)-

f>. EXCLUSIVE PROCESSES IS QCD 

We now turn to one of the most important areas of investigation in quantum chro-

modynamics: few-body exclusive reactions initiated by electromagnetic initial states, 

such as e + e ~ —• H~H, e+e~ -* -yH, and the two-photon processes 77 —» HH shown in 

Fig. I. The simplicity of the photon's couplings to the quark currents and the absence 

of initial state hadronic interactions allows one to study the process of quark hadroniza-

tion at its most basic level—the conversion of quarks into just one or two hadrons. In 

the low energy threshold regime the quarks interact strongly at low relative velocity to 

form ordinary or exotic resonances: qqy qqg, qqqqt ggg, etc. At high energies, where 

the quarks must interact at high momentum transfer, a perturbative expansion in pow-

ers of the QCD running coupling constant becomes applicable, leading to simple and 

elegant PQCD predictions. In this domain one tests not only the scaling and form of 

elementary quark-gluon processes, but also the structure of the hadronic wawsfunctions 

themselves, specifically, the "distribution amplitudes" ^ / / ( i i , ( J 2 ) , which describe the 

binding of quarks and gluons into hadrons. Physically, 4>n{xi,Q) is the probability 

amplitude for finding the valence quarks which carry fractional momenta x,- at impact 

separation 6, ~ i/Q. The valence Fock state of a hadron is defined at a fixed light-cone 

time and in light-cone gauge. The z; = (k° + k*)/(P° + P') are the boost-invariant 

momentum fractions which satisfy £,• z; = 1. Such wavefunction information is criti

cal not only for understanding QCD from first principles, but also for a fundamental 

understanding of jet hadronizavion at the amplitude rather than probabilistic level. 

%* 
H 

j" e + 
V H 

e-
9-ag H Y V H 

64 i?A l 

Figurf 1 Exclusive process*.;* ltcini, i * > " find 77 annihilal Lion 

At large momentum transfer all exclusive scattering reactions in QCD are charac-
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terizcd by the fixed angle scaling lav: 

dv(AB-*CD) „F(gcn,) 
dt ~ s1" 

fo first approximation the leading power is set by the sum of tlit; minimum number oi 
fields entering the exclusive amplitude: A' = n& + nfl + nc + no — 2, where n = 3 for 
baryons. n = 2 for mesons, and n - 1 for leptons and photons. This is the dimensional 
counting law for the leading twist or power-law contribution. The nominal power 
N is modified by logarithmic corrections from the QCD running coupling constant. 
the logarithmic evolution of the hadronic distribution amplitudes, and in the case of 
hadron-hadron scattering, so-called "pinch" or multiple-scattering contributions, which 
lead to a small fractional change in the leading power behavior. The recent analysis 
of Botts and Sterman shows that hard subprocesses dominate large momentum 
transfer exclusive reactions, even when pinch contributions dominate. The functional 
form of F(0<m) depends on the structure of the contributing quark-gluon subprocess 
and the shape of the hadron distribution amplitudes. 

Large momentum transfer exclusive amplitudes generally involve the Lz = 0 pro

jection of the hadron's valence Fock state wavefunction. Thus in QCD, quark helirity 

conservation leads to a general rule concerning the spin structure of exclusive am

plitudes: the leading twist contribution to any exclusive amplitude conserves hadron 

helicity—the sum of the hadron helicity in the initial state equals that of the final state. 

The study of time-like hadronic form factors using e + e~ colliding beams can provide 
very sensitive tests of the QCD helicity selection rule. This follows because the virtual 
photon in e+e~ —» 7* —» kjfi.B always has spin ±1 along the beam axis at high 
energies. Angular-momentum conservation implies that the virtual photon can "decay' 
with one of only two possible angular distributions in the center-of-momentum frame: 
(1 -r cos 2 0) for I A^ - As |= 1. and sin 20 for | A^—Ag |= 0, where X^.B are the helicities 
of hadron hj^.B- Hadronic-helicily conservation, as required by QCD, greatly restrict* 
the possibilities. It implies that A.̂  + As = 2A.4 •= —2\g. Conseque-t!y, angular-
momentum conservation requires | XA 1=1 ^B 1= 5 for baryons and | X^ |=j \g j= 0 
for mesons; and the angular distributions are now completely determined: 

- T(e +e~ -» B~B) oc 1 + cos20(baryons). 
a cosy 
-;—-x{^ e~ -* MM) » sin - 6(mesons) d cos 0 

It should be emphasized that these predictions are far from trivial for vector mesons 

and for all baryons. For example, one expects distributions tike sin 2 B for baryon pairs 
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ii theuries with a scalar or tcnsoi giuon Simply verifying thc^e angular distributions 

would eivp strong evidence in favor of a vector gluon. 

Ir< the case of e + c " --* H11. timp-!ike form factors which conserve hadron helicity 
•atisfy the dimensional counting riile 

F»{Q2) - 1/(0V"-'. 

Thus 11 'arge * = Q2, QCD predicts, moduli, computable logarithms. 

XB = - A 5 =̂ ± 4 . Q*F,BlQ2) - const 

for (>aryon pairs, and 

A.M = Xjf = 0 , Q 2 F w ( C 2 ) - const 

for mesons. Other form factors, such as the Pauli form factor which do not conserve 

hadron helicity. are suppressed by additional powers of l/<? 2. Similarly, form factors 

for processes in which either hadron of the pair is produced with helicity other than 

1/2 or 0 are non-leading at high Qi 

In the case of e T e" annihilation into vector plus pseudoscalar mesons, such as 
e + e" —• pir,w, and KK'S Lorentz invariance requires that the vector meson will 
be produced transversely polarized. Since this amplitude does not conserve hadron 
helicity, PQCD predicts that it will be dynamically suppressed at high momentum 
transfer. 

We can see this in more detail as follows: The 7 - ir - p can couple through only 
<i single form factor - t^t^t^p^p^Fr^s) - and this requires | Xe |= 1 in e+t~ 
collisions. Hadronic-helicity conee'vation requires A — 0 for mesons, and thus thew 
amplitudes are suppressed in QCD (although, not in scalar or tensor theories)- Notice 
however that the processes e + e~ -» 7»r,7f,T/' are allowed by the helicity selection 
rule: helicity conservation applies only to the hadrens. The form factors governing 
these such processes are not expected to be large, e.g. F«T(s) ~ 2fr/s. 

The hadron helicity conservation rule has also been used to explain the observed 

strong suppression of 4>' decay to pi; and A'A'*. However, a puzzle then arises why the 

corresponding .//</• decays are not suppressed. I will review this problem in Section 10. 

7 he predictions of PQCD for the leading power behavior of exclusive amplitudes 
aie rigorous in the asymptotic limit. Analytically, this places important constraints 
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•n the i« in of the amplitude even at low momentum transfer. For example, Dubnicta 
and Etim" have made detailed predictions for meson and baryon form factors based 
on vector meson dominance considerations at low energies, and the PQCfl constraint" 
in iht hi-re ^pare-Mkc =>pd tii-ne-Iike Q~ domains. iSre Fig. ? '\ 

figure 2 Prediction Tor Ills time-like magnetic form factor of the ueu: m ..si:'? .etior 
meson dominance and asymplo'it PQf'D constraints From Hef, 12. 

A central question for the phenomenology of exclusive reactions is the regime of 

applicability of the leading power-law predictions and the relative size of higher-twist 

higher power-law contributions. Thus far dimensional counting rules are alt in general 

agreement with experiment at momentum transfers beyond a few GtV. This appears 

reasonibl'- s ine, ignoring heavy quark production, the natural pvpansion scales of 

QCD ore Ajfrj. 'lie iighi quaiL- massr-s. and the intrinsic transverse momentum in the 

hadroi '•< wavffjnctions. An extensive review of the data is given in Ref 9 

Th-- lecently proposed FENICE experiment at Frascati will provide the first mea 

surements of the time-like neutron form factor and the e+e~n/n to pp ratio. A high-

luminosity "Tau-Charm Factory™ would allow the exploration of a large array of ex

clusive channels such as e+e~ or 77 —> pp, tin, AA, x+w~,KK,NN , irp, 7Jr°, 

etc., b<-'- '• uti and off the chariiionium resonance;'. Many of these channels have not yet 

bffn ^ijjjed experimentally, an'! measurements will only become practical at luminosi 

ties of l0' , 3cm"-scc"' or greater. At such intensities, corresponding to approximately 

Iffi ft*,'. |wr year, one can also study nuclear final states such as e*e~ —» dnp. It is 
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very important to measure the ratio of the neutron and proton form factors to high 
precision, and to check the angular distribution of the baryon pairs to test the predicted 
dominance of the helicity conserving Dirac form factor F\ over the Panli form factor 

at large time-like Q-. 

Since exclusive channels have highly constrained final states of minimal complexity, 
they are generally distinctive and background-free. In each exclusive channel one tests 
not only the scaling and helicity structure of the quark and gluon processes, but also 
features of the distribution amplitude, the most basic measure of a hadron in terms of 
its valence quark degrees of freedom. 

A more detailed review of the two-photon predictions applicable to high luminosity 

e+e" colliders are given in Section 15 and Ref. 13. 

6. FACTORIZATION THEOREM FOR EXCLUSIVE PROCESSES 

The predictions of QCD for the leading twist contribution to exclusive e+e~ and 
•yj annihilation amplitudes have the general form: 

I 

AffeV" - . HTf) = fudn 7H{T„c.a{Q2)) 6H(JC,Q) ^ ( r . t ? ) . 
0 

The hard-scattering amplitudeTff(e+e~ —> qqqq) is computed by replacing each hadron 
with its collinear valence quarks. By definition, the internal integrations iu 7// are 
restricted to transverse momentum greater than an intermediate scale Q; it is thus free 
of infrared or collinear divergences and it can be expanded systematically in powers 
of a,(Q2). The distribution amplitudes are gauge-invariant wavefunctions obtained by 
integrating the valence Fock State wavefunctions over transverse momentum up to 
the scale Q. As in the case of the factorization theorem for inclusive reactions, it is 
convenient to choose the intermediate renormalization scale Q to be of order Q in order 
to minimize large higher order terms. 

The distribution amplitude tpg(x, Q) satisfies an evolution equation in log Q2 which 

sums all logarithms from the collinear integration regime. The solution has the form 

n 

where the d are known polynomials, the fractional numbers 7 n are computed anoma
lous dimensions, and the a„ are determined from an initial condition or non-perturbative 
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input for ^y/Cii, Qo)- The results for meson pair production are rigorous in the sensr 
that they are proved to all orders in perturbation theory. In the case of baryon pair pro
duction, one can use an all-orders resumation to show that the soft region of integration 
where i ~ 1 is. in fact. Sudakov suppressed. 

7. ELECTROMAGNETIC FORM FACTORS OF BARYOPJS 

Applying factorization, any helicity-conserving baryon form factor at large space 
like or time-like Q" has the form: (see Fig. 3) 

l i 

FB(Q2) - j[dy] j[dx\ *B(y}.Q)TH(*.,yj,Q)0B(zi,Q) • 
o o 

where to leading order in aA[Q2), TH is computed from 3g 4- "t' -* 3$ tree graph 
amplitudes: 

ar.i! 

is the valence three-quark wavefunction evaluated at quark impact separation 6j_ ~-
0(Q~}). Since tfjB only depends logarithmically on Q2 in QCD, the main dynamical 
dependence of FB{Q2) is the power behavior (Q2)~2 derived from the scaling behavior 

of the elementary propagators in 7//. 

Figure 3. Calculation of the time-like baryori form factor from PQCD factorization. 
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Mure explicitly, the proton's magnetic form factor has the form-

x f l + 0{a,[Q)) + 0 

The first factor, in agreement with the quark counting rule, is due to the hard scat
tering of the three valence quarks from the initial to final nucleon direction. Higher 
Fock states lead to form factor contributions of successively higher order in l/Q2. The 
logarithmic corrections derive from an evolution equation for the nucleon distribution 
amplitude. The "/n are the computed anomalous dimensions, reflecting the short dis
tance scaling of three-quark composite operators. The results bold for any baryon to 
baryon vector or axial vector transition amplitude that conserves the baryon helicin. 
Helicity non-conserving form factors should fall as an additional power of l/Q2. Mea
surements of the transition form factor to the J — 3/2 #(1520) nucleon resonance 
are consistent with Jt = ±1/2 dominance, as predicted by the helicity conservation 
rule A review of the data on spin effects in electron nucleon scattering in the resn 
nance region is give:, in Ref. 16. The FENICE experiment and a Tau-Charm fact on 
could provide measurements on the whole range of baryon pair production processes 
including hyperon production, isobar production, e1c. 

\n essentia] question for the interpretation of such experiments is the scale of 
momentum transfer where leading-twist PQCD contributions dominate exclusive am
plitudes. 

The perturbative scaling regime of the meson form factor and 77 —• MM am
plitudes is primarily controlled by the virtuality of the hardest quark propagator- if 
thr- quark is far off-shell, multiple gliion exchange contributions involving soft gluon 
insertions are suppressed by inverse powers of the quark propagator. Thus non-leading 
twist contributions are suppressed by powers of p1/ ((1 — x)Q2), where p3 is a typi
cal hadronic scale. Physically, there is not sufficient time to exchange soft gluons ot 
gluonium. Thus the perturbative analysis is valid as long as the single gluon exchange 
propagator can be approximated by inverse power behavior D(k7) <x 1/jfc2. The gluon 
virtuality {(1 — *)(] — y)Q3) thus needs to be larger than a small multiple of A 2 - . 

' ' MS 

This allows the PQCD predictions to start to be valid at Q 2 of order a few GtV2. 
which 's consistent with data. 

However, the normalization of the leading twist predictions maty be strongly af
fected by higher corrections in Oj(Q2). A similar situation occurs in time-like inclusive 

(s) 
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reai'Uon>. such as massive pair production, where large A' factors occur. Thus at thi-
time normalization predictions for exclusive amplitudes cannot be considered decisivi 
^estsof PQCD." 

The predictions for tiie leading twist contribution!: to the magnitude of the proton 
form factor are sensitive to the x ~ 1 dependence of the proton distribution ampli
tude, particularly if one assumes the validity of the strongly asymmetric QCD sum 

is rule forms for distribution amplitude. Chernyak, et al. have found, however, that 

their QCD sum rule predictions are not significantly changed when higher moment? 
of the distribution amplitude are included. In the analysis of Ref. 19 it was argued 
that only a small fraction of the proton and pion form factor normalization at experi
mentally accessible momentum transfer comes from regions of integration in which all 

20 the propagators are hard. However, a new analysis by Dziembowski, et al. show-
21 

that the QCD sum rule distribution amplitudes of Chernyak, et al. together with th<-
perturbo.tive QCD prediction gives contributions to the form factors which agree with 
the measured normalization of the pion form factor at Q* > 4 GeV3 and proton form 
factor Q 2 > 20 GeV'2 to within a factor of two. In this calculation the virtuality of 
the exchanged gluon is restricted to |A"| > 0.25 GeV2. The authors assume a, = 0."? 
and that the underlying wavefunctions fall off exponentially at the f - 1 endpoints 
Anot.h'-f model of the proton distribution amplitude with di-quark clustering chosp;) 
to satisfy the QCD sum rule moments come even closer. Considering the uncertainty 
in tin magnitude of the higher order corrections, one cannot expert better agreement 
between the QCD predictions and experiment. 

Measurements of rare exclusive processes are essential for testing the PQCD pre
dictions and for plaring constraints on hadron wavefunctions. However, the relative 
importance of non-perturbative contributions to form factors clearly remains an impor
tant issue. Models can be constructed in which non-perturbative effects persist to high 

jo . . . . 23 
Q In other models, which are explicitly rotationally invariant, such effects vai)>>-i. 

"M ^5 7 6 "*" 

rapiul;- as Q increases" " '" "" The resolution of such uncertainties will require bettei 
understanding of the non-perturbative wave-function and the role played by Sudakoi 
form factors in the end-point region. In the case of elastic hadron-hadron scattering 
amplitudes, the recent analysis of Botts and Sterman shows that, because of Su-
dakov suppression, even pinch contributions are dominated by hard gluon exchange 
•iubprr-cessf-

ff t lie QCD suiii rule results an-, cojrect, then hadrons have highly stru.tured 
•Momentum space valence wavefunctions. In the case of mesons, the results from both 
the lattice calculations and QCD sum ruies show that the pion and other pseudo-scalar 
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mesons have a dip structure at zero relative velocity their distribution amplitude-- the 
light quarks in hadrons are highly relativistic. This gives further indication that whilf 
nonrelativistic potential models are useful for enumerating the spectrum of hadrons 
(because they express the relevant degrees of freedom), they may not be reliable in 
predicting wavefunction structure. 

8. SUPPRESSION OF FINAL STATE INTERACTIONS 

In genera], one expects exclusive amplitudes to be complicated by strong hadronic 
final state interactions. For example, the intermediate process e + e~ —» pp shown in 
Fig. 4 leads by charged pion exchange to a contribution to neutron pair produc
tion e + e~ -» nn. Such final-state interactions corrections to the time-like neutron form 
factor correspond to higher Fock contributions of the neutron wavefunction. By dimen
sional power courting, such terms are suppressed at large Q"1 by at least two powers of 
1/Q2- Thus final state interactions are dynamically suppressed in the high momentum 
transfer domain-

Figure 4. Illustration of a final-state interaction correction to the time-like neutron 
form feeler. As shown in (b), the meson exchange contributions correspond to higher Fecit 
components in the neutron wavefunction and are suppressed at high Q3-

Because of the absence of meson exchange and other final state interactions, the per-
turbati ve QCD predictions for the time-like baryon form factors are relatively uncompli
cated, and directly reflect the coupling of the virtual photon to the quark current. For 
example, in the case of the ratio of nucleon magnetic form factors GJ^(Q 2)}GV

M(Q 2), 
the ratio of quark charges ej /e u = - 1 / 2 is the controlling factor. Various model wave 
functions have been proposed to describe the nucleon distribution amplitudes. In the 
case of the QCD sum rule wavefunction calculated by Chernyak, Ogloblin, and Zhit-
litskii the neutron to proton form factor ratio is predicted to he -0.47 because of 
the strong dominance at large light-cone momentum fraction x of the u quark which 
has its helicity aligned with of the helicity of the proton. An alternative model given 
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Figure 5. Comparison of the scaling behavior of the proton magnetic form factor with 
the theoretical predictions of Rofs. 14 and 2!. The slow fall-off is Mainly due to the QCD 
running coupling constant The C2 predictions are normalised in sign and magnitude 
The data are from Ref. 28 

iiy Clary and Stefams gives a much smaller ratio: -0.10. Both the COZ and <JS 

model forms for 0p{Xi,Q) takrn together with the PQCD factorization formula can 

account for the magnitude and sign of the proton form factor at large space-like Q' 
Q*GP

M(Q2) = 0.95 GeV* for COZ and 1.18 GeV* for GS. (See Fig. S.) Experimental I \ 

Q*GP

M(Q2) * 1.0 GeV* for 10 < Q2 < 30 GeV 2. These QCD sum rule prediction.* 

assume a constant value for the effective running coupling constant, eta(Q~) = 0.3. The 

validity of such predictions for the absolute normalization of form factors is thus in 

considerable doubt, particularly because of the many uncertainties from higher ordfi 

correction1!. Still it should be noted that the predictions of the general magnitude ami 

îgn •.« non-trivial. For example, a "noii-relativistir" nuclcon distribution amplitude 

proportional to «(r, - l/-3iAf.r. • 1/3J fives Q*Gp

Kf(Q2) ~ -0 3 * 10" 2 

In the case of the inverse process, pp -t e + e~ , initial state interactions are sup
pressed. It is interesting to consider the consequences of this PQCD prediction if the pp 
annihilation occurs inside a nucleus, as in the quasi-elastic reaction pA —» e+e~ [A—]). 
The .ibsrno- of initial state interactions implies that the reaction rate for exclusive an-
fihiiation in the nucleus will be additive in the number of protons Z. This ts the 
prediction of '"rotor transparency."" In general, this novel feature of large momentum 
quasi-elastic processes in nuclei is a consequence of the small color dipole moment of 
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ihe hadronic state entering the exclusive amplitude. Even in the case of hadronic scat

tering such as pp —» pp where pinch contributions are important, one can show that 

the impact separation of the quarks entering the subprocess is small, almost of order 

? fQ -;o that color transparency is a universal feature of the PQCD predictions, 

An important test of color transparency was recently made at BNL through mea
surements of the nuclear dependence of quasi-elastic large angle pp scattering in nu
clei. Conventional analysis of the absorptive initial and final state interactions predict 
that only ~ 15% of the protons are effective scatters in large nuclei. The results 
for various energies up to Ecm - 5 GcV show that the effective fraction of protons 
Ztfj/Z rises monotonically with momentum transfer to about 0.5, as predicted by 
PQCD color transparency, contrary to the conventional Glauber analyses. However. 
at Ecm ~ 5 GeV, normal absorption was observed, contrary to the PQCD predictions. 
This unexpected and anomalous behavior, as well as the sharp features observed in the 
spin correlation A//// seen in large angle pp scattering at the same energy could be due 
to a resonance or threshold enhancement at the threshold for open charm production. 
Further discussion is given in Section 20. 

Figure 6 Illustration of the leading PQCD contribution to the •*• —> ir°7 time-like 
V'-v factor 

9 T H E 7JT0 TRANSITION FORM FACTOR 

Tfl< most elementary exclusive amplitude in QCD is the photon-meson transition 
form factor F^ro(Q2), since it involves only one hadronic state. As seen from thf 
structure of the diagram in Fig. 6 that the leading behavior of Fyir^Q2) at l a ry 
Q2 is simply 1/Q 2, reflecting the elementary scaling of the quark propagator at largr 
ortuili 'y. This scaling tests PQCD in exclusive processes in as basic a way as Bjorken 
scaling in deep inelastic lepton-hadron scattering tests the short distance behavior of 
QCD in inclusive reactions. 
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One CMI easily show that the asymptotic behavior of the transition form factor has 

the simple form 
1 

F,* *+; J ~M*-Q) 
o 

Tb.-y-
l 

R(t+e - - •,*") « a\ J j ^ * r ( * . Q)\2 ~ 10 - 4 

o 

at Q' — 10 GeV2. Detailed predictions are given in Ref. 9, Furthermore, the ratio 
of the pion form factor to the square of the F,it0 transition form factor is directly 
proportional to a,(Q2), independent of the p :on distribution amplitude. Thus mea
surements of this ratio at time-like Q2 will give a new rigorous measure of the running 
QCD coupling constant. 

Higher order corrections to F^T» from diagrams in which the quark propagator is 
interrupted by soft gluons are power-taw suppressed. If the gluon carries high mo
mentum of order Q, the corrections are higher order in a^Q*). Unlike the meson and 
baryon form factors, there are no potentially soft gluon propagators in TR for this 
process 

The scaling behavior of the PQCD prediction has recently been checked for thiv 

-pace-like 717 and 7T7' transition form factors. This amplitude was obtained from mea
surements of tagged two-photon processes 7*7 —» J\ and rf by the r P C / 7 7 collabora
tion at PEP. The results, shown in Fig. 13, in Section 15, provide a highly significant 
test of the PQCD analysis. Similarly, the time-like 7* -+ 77r° measurement would be 
one of the most fundamental measurements possible at a high luminosity e + e~ collider. 

n: EXCLUSIVE CHARMONIUM DrcAVs 

f he J/ip decays into isospin-zero final .slates through the intermediate three-gluon 
channel. If PQCC is applicable, then the leading contributions to the decay amplitudes 
preserve hadron helicity. Thus as in the continuum decays, baryon pairs are predicted 
to have a l + » 5 cos2 0 c m distribution with opposite helicities A = -A = ± | , and mesons 
with a sin 9Cm distribution and helicity zero. 

The calculation of the decay of the J/tp to baryon pairs is obtained simply by (1) 

constructing the hard scattering amplitude Tjj for cc •> ggg --> [<}Q)(qq}(gq) where the 

final qqq and qqq are collinear with the produced baryon and anti-baryon respectively, 

and (2) convoluting T/j with 4>Bixi,Q) and <jrg(y,,Q). (See Fig. 7.) The scale Q is set 
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Dj the characteristic momentum transfers in the decay. The J/ip itself enters through 
its wavefunction at the origin which is fixed by its leptonic decay. Assuming a mean 
value a, = 0.3, one predicts T{J/^i —» pp) = 0.34 KeV for the recent QCD sum rule 
distribution amplitude proposed by Chernyak, Ogloblin, and Zhitnitskii. The. QCD 
sum rule form obtained by King and Sachrajda predicts T{Jfrjf -* pp) = 0.73 KeV. 
Both models for the distribution amplitude together with the PQCD factorization for 
exclusive amplitudes can account for the magnitude and sign as well as the scaling 
of the proton form factor at large space-like Q2. In contrast a non-relativistic ansatz 
for the distribution amplitude centered at i , = 1/3 gives a much smaller rate: T = 
0.4 x 1 0 - 3 KeV. The measured rate is 0.15 KeV. (Note that the PQCD prediction 
depends on a, to the sixth power. Thus if the mean value of a3 = 0.26, one finds 
agreement with the calculated rate for J/ip —» pp using the COZ proton distribution 
amplitude.) The predicted angular distribution 1 + cos 2 5 is consistent with published 
data. This is important evidence favoring a vector gluon, since scalar- or tensor-gluon 
theories would predict a distribution of sin z0 + 0(cta). 

Figure 7. Illustration of the leading PQCD contribution for J/tj> decay to baryon pairs. 

Dimensional-counting rules can also be checked by comparing the 4' and i>' rates 
nto pp. normalized by the total rates into light-quark hadrons so as to remove de

pendence upon the heavy-quark wave functions. Theory predicts that the ratio of 
branching fractions for the pp decays of the ^ and 4>' is 

BW'-pp) (MA' 
B{4>->VP) "W^'\Wj • 

whc.-c Q, t, - i= tin- ratio of branching frnrtions into *"*> : 

Q'**-s RTTTI T^\ = 0.135 ±0.023 
BU/v —> e+e ) 
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Existing data suggest a ratio (jlf^/il/^)" with n = 6 ± 3, in good agreement with 
QCD. One can also use the data for i/r —» pp, AA,EE, etc. to estimate the relative 
magnitudes of the quark distribution amplitudes for baryons. Correcting for phase 
space, one obtains <j>f ~ 1.04(13)2 ~ 0.82(5)| - 1.08(8)^ ~ U4(5)£ by assuming 
similar functional dependence on the quark momentum fractions x, for each case. 

As is well known, the decay qfr —» JT +T~ must be electromagnetic if G-parity is 
conserved by the strong interactions. To leading order in fta, the decay is through 
a virtual photon (i.e. ip •-* i* -» jr +jr -) and the rate is determined by the pion's 
elctinmagnetic form fartor: 

r(v' —» it+p ) 4 

where s = (3.1 GeV) 2. Taking Fr(s) ~ (1 - s/m-,)-* gives a rate T(p -* jr+ff") ~ 

0.001 l r ( V -* ^ + P ~ ) , which compares well with the measured ratio 0.0015(7). This 

indicates that there is indeed little asymmetry in the pion's wave function. 

The same analysis applied to y> —» K+K~ suggests that the kaon's wave function 
is nearly symmetric about x as 1. The ratio V(ip —t K+K~)jT(ii< -» ir+*~) is 2 ± ! 
which agrees with the ratio [fx/fx)* ~ 2 expected if x and K have similar quark 
distribution amplitudes. This conclusion is further supported by measurements of 
i> —» KLKS which vanishes completely if the A' distribution amplitudes are symmetric: 
experimentally the limit is T(^ -» KLKs)/T(il> -* K+K') £, \. 

It is important to test these PQCD and QCD sum rule predictions for the whole 
arra\ of baiyon pairs at both the J/ifr and ifr'. These decays give a direct measurement 
on the relative normalization of moments of the baryon distribution amplitudes. A 
parti- ularly interesting quantity is the ratio r(J/ip -» pp)/r(J/ip -» nn). Including 
'•\IP, ei-.-ctromagnetic one-photon intermediate state contribution, one then obtains th'' 

32 

predic'ion T{J(tji -t pp)IT(J/rl> —» nn) = 1.16, The present measurements give 
BR(J:ip - pp) = 0.22 ± 0.02% and BR(J/i/> -* nn) = 0.18 ± 0.09%. An important 
part of the QCD prediction is the electromagnetic decay amplitude controlled by the 
ratio of time-like form factors near the J/t/r. Using the QCD sum rule distribution 
amplitudes obtained by Chernyak and Zhitnitskii, one predicts 

M]M'G\,(Q2 = AfJ/0) = 1.1 Gel4 

M)!h-G%\Q'1 ••• Wj/v) = -0..55 G'tT1 . 

which au be directly checked by measurements off resonance. 
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11. THE w-p PUZZLE 

We have emphasized that a central prediction of perturbative QCD for exclusive 
processes is hadron helicity conservation: to leading order in 1/Q, the total heltcity 
of hadrons in the initial state must equal the total helicity of hadrons in the final 
state. This selection rule is independent of any photon or lepton spin appearing in 
the process. The result follows from (a) neglecting quark mass terms, (b) the vector 
coupling of gauge particles, and (c) the dominance of valence Pock states with zero 
angular momentum projection. The result >s true in each order of perturbation theory 
in as. 

Hadron helicity conservation appears relevant to a puzzling anomaly in the ex
clusive decays J/4> and 4'' —* pir,K*K and possibly other Vector-Pseudoscalar (VP) 
combinations. Une expects the J/tp and 4' mesons to decay to hadrons via three 
gluons or, occasionally, via a single direct photon. In either case the decay proceeds 
via ^(O)! 2 , where <5"(0) if the wave function at the origin in the nonrelativistic quark 
mode] for cc. Thus it is reasonable to expect on the basis of perturbative QCD that 
for any final hadronic state h that the branching fractions scale like the branching 
fractions into e + c~: 

Usually this is true, as is well documented in Ref. 33 for ppjr0, 27r+2jr -a ,°, *+ir~u;, 

and 3ic+3ir~ir1>, hadronic channels. The startling exceptions occur for pit and A'*A' 
33 

where the present experimental limits are Qpt < 0.0063 and Qf(.j(< 0.0027. 

Perturbative QCD quark helicity conservation implies QpK = [B(tj>' -* pv)j 
B{Jjrb -* pv)] < Qt*t-[Mjf^lM^>^. This result includes a form factor suppression 
proportional to [MJ/^/M^I]* and an additional two powers of the mass ratio due to 
helicity flip. However, this suppression is not nearly large enough to account for the 
data. 

From the standpoint of perturbative QCD, the observed suppression of i>' —* VP 
is to be expected; it is the J/ip that is anomalous. The ••!•'' obeys the perturbative 
QCD theorem that total hadron helicity is conserved in high-momentum transfer ex
clusive processes. The general validity of the QCD helicity conservation theorem at 
charmonium energies is of course open to question. An alternative model based on 
nonperturbative exponential vertex functions, has recently been proposed to account 
for the anomalous exclusive decays of the Jji>. However, helicity conservation has 
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received important confirmation in Jfv —* pp where the angular distribution is known 
experimentally to follow [1 + cos2 9] rather than sin 2 6 for helicity flip, so the decays 
J/̂ > —» JT/», and KK seem truly exceptional. 

The helicity conservation theorem follows from the assumption of short-range point
like interactions among the constituents in a hard subprocess. One way in which the 
theorem might fail for J/ii> —» gluons —> xp is if the intermediate gtuons resonate to 
form a gluonium state O. (See Fig. 8.) If such a state exists, has a mass near that of 
the Jjtl>, and is relatively stable, then the subprocess for J/rj) —• rp occurs over large 
distances and the helicity conservation theorem need no longer apply. This would also 
explain why the Jfit> decays into up and not the ^'. 

Figure 8. Illustration of QCD contributions for J/f —• p* A non«perlurbative contri 
' ution due to a gluonium resonance is shown in (c). 

Tuat). Lepage, and I have thus proposed, following Hou and Soni, that the 
enhancement of Jfijr —* K*K and Jjij< —* pit decay modes is caused by a quantum 
mechanical mixing of the J/ip with a Jpc = 1 vector gluonium state O which causes 
the breakdown of the QCD helicity theorem. The decay width for Jjij) —* PK(K*K) 
via the sequence J/i/; —* O —* pir(K'K) must be substantially larger than the decay 
width for the (non-pole) continuum process J/tp -* 3 gluons -» pv(K*K). In the other 
channels (such as pji1p/Hr0,2jr+2a , -jro, etc.), the branching ratios of the O must be so 
<=reall that the continuum contribution governed by the QCD theorem dominates over 
that of the O pole. For the case of the $' the contribution of the O pole must always 
be inappreciable in comparison with the continuum process where the QCD theorem 
holds. The experimental limits on Qpr and QKSx are now substantially more stringent 
than when Hou and Soni made their estimates of Mo, ^O—rw a n«3 ^o^K'K m ' ^ ~ -

A gluonium state of this type was first postulated by Freund and Nambu based 
on OZI dynamics soon after the discovery of the Jft[> and ip' mesons. In fact, Freund 
and Nambu predicted that the O would decay primarily into pjr and K'K, with severe 
suppression of decays into other modes like e+e~ as required for the solution of the 
puzzle. 
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8r<iuching fractions for final stares h Ahich can proceed only through »h<» interior 
liii." gluonium state have the ratio: 

It is assumed that the coupling of the J/tp and y' to the gluonium state scales as the 
e+e~ coupling. The value of QH is r.-all if the O is close in mens to the J/4' Thus 
one requires (Mjfr - Mo)2 + \l%& 2.6 Qh GeV 2. The experimental limit for < ? h . s 

then implies [(MJ/t. ~ M0f + i T0)lfi & 80 MeV. This implies | MJfi) - Mo j< 80 
MeV and To < ISO MeV. Typical allowed values are Mo - 3.0 GeV, To = 140 Mc\ 
or Mo '- 3.15 GeV. To - 140 MeV. Notice that the gluonium state could be either 
lighter or heavier than the J/i{>. The branching ratio of the O into a given channel 
must exceed that of the J/y. 

It is not necessarily obvious that a </"" = 1 gluonium state with these param
eters would necessarily have been found in experiments to date. One must remember 
that though O —> px and O — * A** A' are important modes of decay, at a mass of order 
1.1 Gc-V 'iiany other modes (albeit less important) arc available. Hence, a total width 
To — 100 t-o 1-50 MeV is q'site conceivable. Because of the proximity of Mo to Mjti 

the mo>-> important signature!) for an O search via inclusive modes Jji? -» K'Kh 
J/tf --» pvh; h =- imy-q,i{, are no longer available by phare space considerations. How 
ever, the search could still be carried out using if>' —• K'Kh, t/i' —»pnk\ with h = arjr, 
anr" Another way to search for O in particular, and the three-gluon bound states in 
general, is via the inclusive reaction il>' —» («ir)+X, where the irir pair is an iso-singtet. 
The three-gluon bound states such as O should show up as peaks in the missing mass 
li..-. mass :if Vi distribution. 

Die njs.ol direct way to search for the C is to scan pp or e + c~ annihilation at ,/s 
within • 100 MeV of the J/\l', triggering on vector/pseudoscal.>r decays such as sp or 
~KKm 

The ffiCt that the pir and A'*A' channels are strongly suppressed in ib' decays but 
not in J jib decays dearly implies dynamics beyond the standard charmonium analysis. 
The hypothesis of a three-gluon state O with mass within = 100 MeV of the J/v 
mass provides a natural, perhaps even compelling, explanation of this anomaly. If this 
description is correct, then the V'' a n d J ftp hadronic decays not only confirm hadron 
helicitt conservation (at the V"' momentum scale), but they also provide a signal for 
bound ghionic matter in QCD. 
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A major problem, however, for the gluonium explanation of the px puzzle, is the 
relatively large decay rate recr-i v reported for J/jfr -Hi'ir". The published branching 
ratio is 0.04S ± 0.007% approximately three times larger than the w+it~ rate. Both 
of these / = 1 decays are evidently due to electromagnetic decays, but there is no sign 
of suppression due to hadron helicity conservation. One possibility is that there are 
additional qqg I - 1 resonances in th< 3 GeV mass range which contribute to the wir 
channel. In any event it will be very important to compare these branching ratios at 
the '!•' *nd off resonance. 

12. TlMF.-LIKE COMPTON PROCESSES 

The high luminosity of a Tau Charm factory can allow the study of the basic 
Oompton amplitude M(i' —» JT+JT~7) and the related Compton processes. The in
terference of this amplitude with contributions from diagrams where the photon is 
emitted from the initial electron or positron will produce a large front-back asymmetry 
in the « + e~ -> ir+ir~~[ process. (See Fig. 9.) We can estimate the event rate from 
R(e+e~ -> ir+n~-,) ~ (a/z)F;(Q2) - 10"4 to 10~ 5 which corresponds to TO4 to 10J 

evpnts per veaT ai I0i3cm~2sec~l luminosity 

Figure 9. Interfering coherent amplitudes contributing to e*e~ — yir* if". This process 
measures the rrossed picn Compton amplitude 

The Compton amplitude on a pion has thus far been studied only in the 77 —t K+tt~ 
reaction. The available Mark II and TPC/77 data is in reasonable agreement with the 
leading twist QCD predictions. The QCD analysis predicts simple crossing of the large-
angle 77 —»jr+jr~ amplitude to the 7* —»ir+;r_7 amplitude. Extensive predictions are 
also now available for off-shell photons using PQCD factorization. A critical feature of 
the predictions is the presence of local two-photon couplings which lead to a dependence 
i-> photon mass Q much less severe than that predicted by vector meson dominance. 
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1A MULTI-HADKON PRODUCTION 

A high luminosity e+e~ facility could be used for the study of four baryon exclu-

jivi- final states and the search for new types of di-baryon states iuch as the H, the 

postulated AA resonance suggested by Jaffa and others. (See Fig. 10.) 

/ ^ % , 

l-it £4571 v 

Figure 10. Production of four-baryon states in r'f" annihilation 

D:mensiona) counting predicts that the cross section for the production of Njy 
mesons. \'B baryons and N-g baryons at different fixed center of mass solid anglo 
Aft scales as &a <x S " 2 " f f » ' " ! A ' " 2 - V Thus we can estimate # c + e - ^ a ^ s , / ? , ~ 
\FBI\Q~I*)FBAQ2 1^• The argument of the baryon form factor is Q2/4 since each 
baryon is produced with half the available momentum. At s - Q2 = 16 GeV2, this 
corresponds to an annihilation ratio R ~ 10~ 4. The production of the np3 nuclear final 
state is further reduced by the probability that the nucleons fuse in a restricted phase 
space, and thus is suppressed by an additional power of 1/Q 2 

The above estimates are consistent with the ""reduced amplitude*1 formalism for 
• • <-.)u$ive nucleaT processes which has been successful predicting the scaling behavior 
jf •"'• deu'eron form factor and the deuteron photo-disintegration cross section at fixed 

O ie can thus envision having sufficient luminosity at a e+t~ collider to search 
for th<* H di-lambda in the missing mass distribution in the reaction e + e " —• AAX 
This method can be extended to search for exotic resonances in the Ap, £p di-baryon 
systems. The rate for four-meson exclusive channels is considerably larger, and affords 
the possibility of studying the interactions of di-meson systems such as K+K+. In each 
case the study of multi-hadron exclusive channels can allow f be study of the scattering 
>ngth -Mifl range of hadron-hadron final state interactions. 
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14. HEAVY QUARK EXCLUSIVE STATES AND FORM FACTOR Z^ROS IN QCD 

The exclusive pair production of heavy hadrons |<2i<?2)< \QiQiQi) consisting of 
higher generation quarks [Q, = t, b,c, and possibly s) can be reliably predicted within 
the framework of perturbative QCD, since the required wavefunction input is essentially 
determined from nonrelativistic considerations. The results can be applied to e + e~ 
annihilation, 77 annihilation, and W and Z decay into higher generation pairs. The 
normalization, angular dependence and helicity structure can be predicted away from 
threshold, allowing a detailed study of the basic elements of heavy quark hadronization. 

It is interesting to test the predictions of QCD factorization for time-like meson 
form factors for the production of heavy meson pairs, such as e + e~ —» DD and e + e~ —* 
D,Da. 

Figure 11. Illustration of the dominant bard scattering diagram for D,D, pair produc
tion in QCD. 

A particularly striking feature of the QCD predictions is the existence of a zero 
in the form factor and e+e~ annihilation cross section for zero-helicity hadron pair 
production close to the specific time-like value q2f4My = nik/2m; where m* and mj 
are the heavier and lighter quark masses, respectively. This 2ero reflects the destructive 
interference between the spin-dependent and spin-independent (Coulomb exchange) 
couplings of the exchanged gluon shown in Fig. 11; it is thus a novel feature of the 
gauge theory. In fact, all pseudoscalar meson form factors are predicted in QCD to 
reverse sign from space-like to time-like asymptotic momentum transfer because of 
their essentially monopole form. For mj > 2mt the form factor zero occurs in the 
physical region. 

In the case of e+e~ -* DaDa the amplitude vanishes and changes sign at Q^/AM^ «s 
mc/2m3. Since background terms are expected to be monotonic, an amplitude zero 
must occur somewhere above threshold in e + e~ -* D,D3. (See Fig. 12.) The 
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Figure 12. Perturbative QCD prediction -or R(e!>~ — D,Dt). Thf normalization 
depends on assumptions for the D, wavefunrtion 

absolute rate near threshold for this process depends on the wavefunttion parame
ters, particularly the mean square relative velocity of the constituents. We estimate 
R<D,Dt) < 10-". 

To leading order in 1/g 2. the production amplitude for hadrun pair production is 
"i.-s-n by the failorized form 

MUH ~ I idx'\ J V ^ l ^ U ^ ^ - l ^ . ? 6 ) T u { x „ y } ; r J c M 

where \dx,} = 6 (2*=i xt — l) flit=] ^xt and " — 2,3 is the number of quarks in the 
valence Fock state. Tbe scale q* is set from higher order calculations, but it reflects 
the minimum momentum transfer in the process. The main dynamical dependence of 
the form factor is controlled by the bard scattering amplitude TJJ which is computed 
by replacing each hadron by collinear constituents P? — XiPy. Since the collinear 
divergences »rp summed in 6%, l'u can bp systematically computed as a perturbation 
"xpunsi-><> <r 'tiiq2). 

The distribution amplitude required for hravy hadron production <i>n{xi,q2) is 
computed as an integral of the valence light-cone Pock wavefunction up to the scale 
Q-. For the case of heavy quark bound states, one can assume that the constituents 
are sufficiently non-relativistic that gluon emission, higher Fock states, and retardation 
of the effective potential can be neglected. The quark distributions are then controlled 
by a simpk- nonrelativistic wavefunrtion, which can be taken in the model form: 

V'W(XI.*I.I) = 

A/2 
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This form is chosen since it coincides with the usual Schrodiiiger-Coulomb wavefunction 

in the nonrelativistic limit for hydrogenic atoms and has the correct large momentum 

behavior induced from the spin- independent gluon couplings. The wavefunction is 

peaked at the mass ratio i, — m,/il///: 

2 mi t 

MR) " Ml 

where (frj) is evaluated in the rest frame. Normalizing the wavefunction to unit prob

ability gives 

C 3 = 128* ((v2)ff2ml(mj + m2) 

where (v 2 ) is the mean square relative velocity and m r = mjrnj/fmi + 1712) is the 

reduced mass. The corresponding distribution amplitude is 

• / 1 C 

\ mi + m a / 
1 7 V* 

if i:i easy to see from the structure of T# for e + <" -» MM that the spectator 

quark pan is produced with momentum transfer squared q~xtya = I'n*. Thus heavy 

hadron pair production is dominated by diagrams in which the primary coupling of 

the virtual photon is to the heavier quark pair. The perturbative predictions are thus 

expected to be accurate even near threshold to leading order in as(4m$) where m/ is 

the mass of lighter quark in the meson. 

The leading order e + e~ production helicity amplitudes for higher generation meson 

;A - 0, ±1) and baryon (A = ±1/2. ±3/2) pairs are computed in Ref. 38 as a function 

;>f c/* and the quark masses. The analysis is simplified by using the peaked form of the 

distribution amplitude, Eq. (6). In the case of meson pairs the (unpolarized) e + e~ 
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•u'oihiiation cross section has the general form 

4?r — (e + e~ •* M\Mj) - - **,+«-..,,+,,- t-f-s^d 

l2 + (T^W{ ( 3 -l^.o(9 2)! 2 + „ ' (3 - 20* + 3^)|F,, ,( , 2 )1 2 M 2 

(* 2)! 2}] - 4(i + 02) Re(F,. i{ 9

2 )F 0 ' , t ( 9

2 )) + 4|F0,i 

+ 2 n ^ ) ( , + c o s ^ ) , F o i ( ? 2 ) l i 
where g 2 .= s = 4A/J <j2 and the meson velocity is /? = 1 £j&. The production form 
factors have the general form 

"\v:i • K :id B reflect the Coulomb-like and transverse gluon couplings, respecthely. 
The rcsuAs to leading order in a* are given in Ref. 36. In general A and B have a slow 
logarithmic dependence due to the Revolution of the distribution amplitudes. The 
foriii factor zero for the case of pseudoscalar pair production reflects the numerator 
struct-ire of the Ty amplitude. 

Numerator - t\ (q1 - - ^ - —j^ -^- ) 
V 4A/p rj^i 4Af£ xiyi) 

F'H !..- ;>e*ked wavefunction. 

If mi is much greater than m.2 then the «i is dominant and changes sign at q2jiM\ = 
mi/2mj. The contribution of the ej term and higher order contributions are small 

* 'Vxf'2) ' s t n e ' , ° r m factor I'M the production of two mesons which have both spin and helicil> 
{̂ -component of spin) as X and A respectively. There are two Lorentz and gauge invariant fori;1 

fictojs of vector pair production. However, one of them turns out to be the same as the form 
factor of pseudoscalar plus vector production multiplied by Mj§. Therefore the differentia] cross 
section for the production of two mesons with spin 0 or 1 can be represented in terms of three 
independent form factors 
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isi\i nearly constant in the region where the e\ term changes sign; such contributions 

can displace slightly but not remove the form factor zero. These results also hold in 

quantum electrodynamics: e.g., pair production of muonium (/i - «̂  atoms in e+e_ 

aniihi'ation. Gauge theory predicts a zero at q2 = m / J /2m. 

These explicit results for form factors also show that the onset of the leading 

power-law scaling of a foim factor is controlled by the ratio of the A and B terms; i.e.. 

when rhe transverse contributions exceed the Coulomb mass-dominated contributions. 

Tbf Coulomb contribution to the form factor can also be computed directly from the 

convolution of the initial and final wavefunctions. Thus, contrary to the claim af Ref. 19 

therf »r<- no extra factors of ij(<72) which suppress the "hard" versus nonperturbativr 

contributions. 

The form factors for the heavy hadrons are normalized by the constraint that the 

Coulomb contribution to the form factor equals the total hadronic charge at q — 0. 

Further, by the correspondence principle, the form factor should agree with the stan

dard non-relativistic calculation at small momentum transfer. All of these constraints 

IT'.- satisfied by the form 

„ „ ., 16-.' /Mi \~ I q! 2im \ 

At large </2 the form factor can also be written as 

0 

•*\f:.i- f.\i •- i6-} J/' r 'M#) ' s l n ( ' meson (lw:ay constant Detailed result for FF and 
B:BC ••rr.din-tion are give in Ref. 38 

At low relative velocity of the hadron pair one also expects resonance contribution.^ 

to the form factors. For these heavy systems such resonances could be related to 

qqqq bound states. From Watson's theorem, one expects any resonance structure to 

introduce a final-state phase factor, but not destroy the zero of the underlying QCD 
pri'd' ''on 

Analogous calculations of the barvuti form factor, retaining Lhe constituent mass 

-.' jrtuTf* have also been done. The numerator structure for spin 1/2 baryons has the 
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Thus it i* possible to have two form factor zeros; e.g., at space-like and time-like values 
of q~. 

Although the measurements are difficult and require large luminosity, the obser

vation of the striking zero structure predicted by QCD would provide a unique test 

of the theory and its applicability to exclusive processes. The onset of leading power 
behavior is controlled simply by the mass parameters of the theory. 

15. EXCLUSIVE 77 REACTIONS 

A number of interesting 77 annihilation processes could be studied advantageously 

at a high intensity e + e~ collider. Such two-photon reactions have a number of unique 
39 

features which are important fox testing QCD: 
1. Any even charge conjugation hadronic state can be created in the annihilation 

of two photons—an initial state of minimum complexity. Because 77 annihila
tion is complete, ther>- are no spectator hadrons to confuse resonance analyses. 
Thus, one has a clean environment for identifying the exotic color-singlet even C 
composites of quarks 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 of QCD may be complicated admixtures of the various 
Fock components.) 

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

'I. Two-photon physics plays an especially important role in probing dynamical 
mechanisms. In the low momentum transfer domain, 77 reactions such as the 
total annihilation cross section and exclusive vector meson pair production can 
give important insights into the nature of diffractive reactions in QCD. Photons in 
QCD coupie directly to the quark currents at any resolution scale. Predictions for 
high momentum transfer 77 reactions, including the photon structure functions, 
F^ix, Q2) and F£'(x, Q2), high pr jet production, and exclusive channels are thus 
much more specifir than corresponding hadron-induced reactions. The point-like 
coupling of the annihilating photons leads to a host of special features whirl* 
diffiT markedly -ith predictions based on vector meson dominance models. 
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J. Exclusive 77 processes provide a window for viewing the wavefunctions of hadrons 

in fpims of their quark and gluon degrees of freedom. In the case of 77 annihi

lation into hadron pairs, the angular distribution of the production cross section 

directly reflects the shape of the distribution amplitude (valence wavefunction! 

of each hadron. 

A simple, but still very important example, is the Q2-dependence of the reaction 

7*7 —» M where Af is a pseudoscalar meson such as the rf. The invariant amplitude 

contains only one form factor: 

It Is e*s\ to see from power counting at large Q2 that the dominant amplitude (in 
light-cone gauge) gives F^Q1) ~ 1/Q2 and arises from diagrams which have the 
minimum path carrying Q2: i.e., diagrams in which there is only a single quark propa
gator between the two photons. The coefficient of 1/Q 2 involves only the two-particle 
qq distribution amplitude (j>(x,Q), which evolves logarithmically on Q. Higher par-
lick- number Fock states give higher power-law falloff contributions to the exclusive 
vnr.lifude 

p Form Factor 
* Form Factor 
POCD prediction 

1 2 3 4 
O* (GovVl „ , 

Figure 13, Comparison of TPC/7} data for the 7 - i) and 7 - i)' transition form 
factors with the QCD leading twist prediction of Ref. 42 The VMD predictions are also 
»hown 

rhir TPC/77 data shown in Fig. 13 arc in striking agreement with the predicted 
QCD pjwer: a fit to the data gives FY,(<?2) - (1 /Q 2 ) n with n = 1.05 ±0.15. Data 
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foj the 7)' from Pluto and the TPC/77 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 the same scaling of the 
quark Compton amplitude when both photons are virtual. 

The QCD power law prediction, F„(Q 2 ) ~ 1/Q2, is consistent with dimensional 
counting and also emerges from current algebra arguments (when both photons arc 
very virtual). On the other hand, the 1/Q 2 falloff is also expected in vector meson 
dominance models. The QCD and VDM predictions can be readily discriminated by 
studying 7*7' -» 17. In VMD one expects a product of form factors; in QCD, the 
fall-off of the amplitude is still 1/Q 7 where Q2 is a Linear combination of Q\ and Q\. 
H is clearly very important to test this essential feature of QCD. 

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 hadronic distribu

tion amplitudes. The photon-meson transition form factors .F7_jtf(Q2), M = T°,IJ°, 

/ , etc.. are measurable in tagged t~j —* e'M reactions. QCD predicts 

n ,r* _ 1 f'W a> 

where 1-> leading order the pion distribution amplitude enters both numerator and 
denominator in the same manner. 

Exclusive two-body processes 77 -» HH at large s = W^ = (91 + q2)2 and 

fixed 8cm provide a particularly important laboratory for testing QCD, since the large 

momentum-transfer behavior, helicity structure, and often even the absolute normaliza-
42 44 -— 

tjon can be rigorously predicted. ' The angular dependence of some of the 77 —* HH 

rross sections reflects the shape of the hadron distribution amplitudes ^ff(i„Q). The 

'.-.TM' • ftH amplitude can be written as a factorized form 
1 

Mxx>( W»„9a.) - J[dyi] #fr(x„ Q) <j%[yi, Q) Tx»(x,y: W„,0m) 

where Tyy is the hard scattering helicity amplitude. To leading order T ex afanfW*. 

did do jit ~ W^ " '/(^cm) where n = 1 for meson and n = 2 for baryon pairs. 
7 7 ' 

Lowest order predictions for pseudo-scalar and vector-meson pairs for each hclicity 
amplitude are given in Ref. 42. In each case the helicities of the hadron pairs are equal 
and opposite to leading order in \jW2. The normalization and angular dependence of 
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the leading order predictions for 77 annihilation into charged meson pairs are almost 
model independent; i.e., they are insensitive to the precise form of the meson distribu
tion amplitude. If the meson distribution amplitudes is symmetric in x and (1 — x), 
then the lame quantity 

1 

0 
J 

controls the x-integration for both FW(Q2) and to high accuracy M[fi --* ir+ir~). Thus 
for charged pion pairs one obtains the relation: 

% (it ^ «+«-)- « I W I ' 
Tk{-n-+l*+r) 1-COS 4 0cm' 

Note that in the case of charged kaon pairs, the asymmetry of the distribution ampli
tude may give a small correction to this relation. 

The scaling behavior, angular behavior, and normalization of the 77 exclusive 
pair production reactions are nontrivial predictions of QCD. Mark II meson pair data 
and PEP4/PEP9 data for separated ic+ic~ and K+K~ production in the range 
1.6 < W T 7 < 3.2 GeV near 90° are in satisfactory agreement with the normalization and 
energy dependence predicted by QCD (see Fig. 14). In the case of n°r° production, the 
cos£m dependence of the cross section can be inverted to determine the r-dependence 
of the pion distribution amplitude. 

The wavefunction of h&drons containing tight and heavy quarks such as the K, 
D-meson are likely to be asymmetric due to the disparity of the quark masses. In a 
gauge theory one expects that the wavefunction is maximum when the quarks have 
zero relative velocity; this corresponds to x, oc njjj. where mj_ = k± + m2. An 
explicit model for the skewing of the meson distribution amplitudes based on QCD 
sum rules is given by Benayoun and Cherayak. These authors also apply their mode] 
to :wo-photon exclusive processes such as 77 —* K+K~ and obtain some modification 
compared to the strictly symmetric distribution amplitudes. If the same convention; 
are used to label the quark lines, the calculations of Benayoun and Chernyak are in 
complete agreement with those of Ref. 42. 

The one-loop corrections to the hard scattering amplitude for meson pairs have 
47 

been calculated by Nizic. The QCD predictions for mesons containing admixtures of 
the \gg) Pock state is given by Atkinson, Sucher, and Tsokos. 

The perturbative QCD analysis has been extended to baryon-pair production in 
48 44 44 

comprehensive analyses by Farrar, et al. ' and by Gunion, et al. Predictions are 
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Figure 14. Comparison of 77 -» T + T~ and 77 —» K+K~ meson pair production data 
with the parameter-free perturbaiive QCD prediction of Hri". 42. The theory predicts the 
normalization and scaling of the cross sections. The data are from the TPC/77 collabora-
lion 

gi\i«-.n for ' In. "sideways" Compton process 77 —» pp, AA pair production, and the 
entire ieruplet set of ba;yon pair states. The arduous calculation of 280 77 •-> qqqqqq 
diagrams in Tu required for calculating 77 —» BB is greatly simplified by using two-
component spinor 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 for proton-

antiproton production depend in detail on the form of the nucleon distribution ampli

tude, aj:t! '.hus provide severe tests of the modH form derived by Chemyak. Ogloblin. 
18 

ind Zh'lnilskji from QCD sum rules. 

The region of applicability of the leading power-law predictions for 77 -• pp re-
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quires that one bs beyond resonance or threshold effects. It presumably is set by 
the scale where Q*GM{Q2) is roughly constant; i.e., Q 1 > 3 GeV2. Measurements 
of baryon pairs should be sufficiently far from threshold for quantitative tests of the 

49 
PQCD predictions. 

The QCD predictions for 77 -* HH can be extended to the case of one or two 
virtual photons, for measurements in which one or both electrons are tagged. Because 
of the direct coupling of the photons to the quarks, the Q\ and Q\ dependence of the 
77 —» H~H amplitude for transversely polarized photons is minimal at W2 large and 
fixed Bcm.i since the off-shell quark and gluon propagators in Tg already transfer hard 
momenta; i.e., the 2? coupling is effectively local for Q\, Q | <C pj.. The 7*7* -+ BB 
and MM amplitudes for off-shell photons have been calculated by Millers and Gunion. 
In each case, the predictions show strong sensitivity to the form of the respective baryon 
and meson distribution amplitudes. 

16. HIGHER TWIST EFFECTS 

One of the most elusive topics in PQCD has been the unambiguous identification 
of higher-twist effects in inclusive reaction. A signal for a dynamical higher-twist 
amplitude has been seen in pion-induced Drell-Yan reactions, where a l / Q 2 component 
tQ the pion structure function F[(xi,Q2) coupling to longitudinal photons dominates 
the cross section at large xi. In addition, a Rice-Fermilab experiment studying pion-
induced di-jet production has found evidence for the directly-coupled pion higher-twist 
subprocess rg —* qq which has the unusual property that there is no jet of hadrons left 
in the beam direction. 

In the case of inclusive quark jet fragmentation, e+e~ —» vX, PQCD predicts 
analogous anomalous behavior in the jet distribution at large z = EtjQ. In the analysis 
one must take into account the subprocess 7' —» icqq illustrated in Fig. 15 when 
the pion is produced directly at short distances, in addition to the standard leading 
twist process where the pion is produced from jet fragmentation. The net result is a 
prediction at large 2 of the form 

Although the corresponding B term has been observed in the Drell-Yan reaction, it has 
never b**n seen unambiguously in jet fragmentation. A range of e + «" energies would 
be advantageous in identifying the 1/Q2 dependence of the direct pion contributions. 
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Figure 15. Higber-twist contribution to jet fragmentation in e+e~ — xX. The pion 
couplet through its distribution amplitude ^,(r,C?), 

17. TAUONIDM AND THRESHOLD T*T~ PRODUCTION 

In principle, Jp = l~ QED bound states of T"*"T- could be produced as very narrow 
resonances below threshold in e+e~ annihilation. Unfortunately the observation 
of even the lowest ortho-tauonium state at a measurable level would require much 
higher incident energy resolution then presently possible. The higher n excitations are 
suppressed by a factor 1/n 3, so radiative decay signals would not be produced at a 
practical rate. Worse, the r will decay weakly before radiative transitions can occur. 

The continuum production of the T + T ~ near threshold is strongly modified by final-
state QED interactions. The leading order correction to the Born term at threshold 
h.*s the form {1 + af(y)) where v = (1 — 4Af|/s) and 

„ . * 3 + v x 3 , 
W - t o - — ( 2 - 5 r - > -

The singular factor in l/v cancels the phase-space factor in the Born cross section, 
giving a non-zero rate for production at threshold. The analogous effect is well-known 
in QCD for threshold charm production, and has been taken into account in the duality 
formulas which relate charm hadron production to the mass of the charm quark. It 
would be interesting to check the threshold production of e + e ~ —» T+T~ and verify 
this interesting feature of r electrodynamics. 
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IS. HADRONIC WAVEFUNCTION PHENOMENOLOGY 

Let us now return to the question of the normalization of exclusive amplitudes in 
QCD. It should be emphasized that because of the uncertain magnitude of corrections 
of higher order in Qa(Q2), comparisons with the normalization of experiment with 
model predictions could be misleading- Nevertheless, in this section it shall be assumed 
that the leading order normalization is at least approximately accurate. If the higher 
order corrections are indeed small, then the normalization of the proton form factor at 
large Q2 is a non-trivial test of the distribution amplitude shape; for example, if the 
proton wave function has a non-relativistic shape peaked at Xi ~ 1/3 then one obtains 
the wrong sign for the nucleon form factor. Furthermore symmetrical distribution 
amplitudes predict a very small magnitude for <? 4<JJ[/(Q 2) at large Q2. 

The phenomenology of hadron wavefunctions in QGD is now just beginning. Con
straints on the baryon and meson distribution amplitudes have been recently obtained 
using QCD sum rules and lattice gauge theory. The results are expressed in terms 
of gauge-invariant moments /x™\ = / IMx, x j 1 <j>(xi,(i) of the hadron's distribution 
amplitude. A particularly important challenge is the construction of the baryon dis
tribution amplitude.In the case of the proton form factor, the constants onm in the 
QCD prediction for Gu must be computed from moments of the nucleoli's distribu
tion amplitude <f>(xt,Q). There are now extensive theoretical efforts to compute this 
nonperturbative input directly from QCD. The QCD sum rule analysis of Chernyak 

21 IS 

et al. ' provides constraints on the first 12 moments of <f>(z, Q). Using as a basis 
the polynomials which are eigenstates of the nucleon evolution equation, one gets a 
model representation of the nucleon distribution amplitude, as well as its evolution 
with the momentum transfer scale. The moments of the proton distribution amplitude 
computed by Chernyak et al., have now been confirmed in an independent analysis by 
Sarhrajda and King. 

A three-dimensional "snapshot" of the proton's uud wavefunction al equal light 
cone time as deduced from QCD sum rules at ft ~ 1 GeV by Chernyak et al. and 
King and Sachrajda is shown in Fig. 16. The QCD sum rule analysis predicts a 
surprising feature; strong favor asymmetry in the nucleon's momentum distribution. 
The computed moments of the distribution amplitude imply that 65% of the proton's 
momentum in its 3-quark valence state is carried by the u-quark which has the same 
helicity as the parent hadron. 

Dziembowski and Mankiewicz" have recently shown that the asymmetric form 
of the CZ distribution amplitude can result from a rotationally-invariant CM wav<-
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Figure 16 The proton distribution amplitude 6piz,^) determined »r the si-nle ft -• 
' GeV from QCD sum rules. 

function transformed to the light cone using free quark dynamics. They find that one 

can simultaneously fit low energy phenomena (charge radii, magnetic moments, etc.). 

the measured high momentum transfer hadron form factors, and the CZ distribution 

amplitudes with a self-consistent ansatz for the quark wave functions. Thus for the 

first time one has a somewhat complete model for the relativistic three-quark structure 

»f the hadrons, In the model the transverse size of the valence wave function is uoi 

io\ir,a to be significantly smaller than the mean radius of the proton averaged over 

all Fork states as argued in Ref. 54. Dziemhowski et al. also find that the pertur-
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bative QCD contribution to the form factors in their model dominates over the soft 
contribution (obtained by convoluting the non-perturbative wave functions) at a scale 
Q/N « 1 GeV, where .V is the number of valence constituents. (This criterion was 
also derived in Ref. 55.) 

Gari and Stefan is have developed a model for the nucleon form factors which 

incorporates the CZ distribution amplitude predictions at high Q2 together with VMD 

constraints at low Q2. Their analysis predicts sizeable values for the neutron electric 

form factor at intermediate values of Q2. 

A detailed pbenomenological analysis of the nucleon form factors for different 
shapes of the distribution amplitudes has been given by Ji, Sill, and Lombard-Nelsen. 
Their results show that the CZ wave function is consisted with the sign and magni
tude of the proton form factor at large Q2 as recently measured by the American 

28 
University/SLAC collaboration (see Fig. 17). 
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Figure 17. Predictions for the normalization and sign of the proton forrn factor at 
high Q2 using perturb&tive QCD factorization and QCD sum rule predictions for the proton 
distribution amplitude (from Ref. 57.) The predictions use forms given by Chcrnyak and 
Zhitnitskii, King and Sachrajda, and Gari and Stefams. 

It should be stressed that the magnitude of the proton form Factor is sensitive to 
the x "« 1 dependence of the proton distribution amplitude, when1 non-perturba1i\.-
effects could be important. The asymmetry of the distribution amplitude emphasize--
contributions from the large x region. Since non-leading corrections «uc c-xpcctecl WIH-U 
the quark propagator scale Q-{\ — x) is small, in principle relatively large momentum 
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transfer is required to clearly test the perturbative QCD predictions. Chernyak et al. 
have studied this effect in some detail and claim that their QCD sum rule predictions 
are not significantly changed when higher moments of the distribution amplitude are 
included 

h is important to notice that the perturbative scaling regime of the meson form 
factor is controlled by the virtuality of the quark propagator. When the quark is 
far off-shel], multiple gluon exchange contributions involving soft gluon insertions are 
suppressed by inverse powers of the quark propagator; there is not sufficient time to 
exchange soft gluons or gluonium. Thus the perturbative analysis is valid as long as 
the single gluon exchange propagator has inverse power behavior. There is thus no 
reason to require that the gluon be far off-shell, as in the analysis of Ref. 19. 

The moments of distribution amplitudes can also be computed using lattice gauge 
58 

theory. In the case of the pi on distribution amplitudes, there is good agreement of the 
59 

lattice gauge theory computations of Martinelli and Sachrajda with ths QCD sum 
rule results. This check has strengthened confidence in the reliability of the QCD sum 
mle method, although tbe shape of the meson distribution amplitudes are unexpectedly 
structured: the pion distribution amplitude is broad and has a dip at x = 1/2. The 
QCD sum rule meson distributions, combined with the perturbative QCD factorization 
predictions, account well for the scaling, normalization of the pion form factor and 
77 —> M*M~ cross sections. 

ID the case of the bar yon, the asymmetric three-quark distributions are consistent 

with the normalization of the baryon form factor at large Q2 and also the branching 

ratio for J/i' —» pp. The data for large angle Compton scattering -fp -* fp are also well 
44 

described. However, a very recent lattice calculation of tbe lowest two moments by 
59 

M-»'iine)'i and Sachrajda does not show skewing of the average fraction of momentum 
of the valence quarks in the proton, This lattice result is in contradiction to the 
predictions of the QCD sum rules and does cast some doubt on the validity of the* 
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model of the proton distribution proposed by Chernyak et al. The lattice calculation 

is performed in the quenched approximation with Wilson fermions and requires an 

extrapolation to the chiral limit. 

The contribution of soft momentum exchange to the hadron form factors is a po
tentially serious complication when one uses the QCD sum rule model distribution 
amplitudes. In 'he analysis of Ref. 19 it was argued that only about 1*& of the proton 
form factor comes from regions of integration in which all the propagators are hard. 
A new analysis by Dziembowski et al. shows that the QCD sum rule distribution 
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amplitudes of Cnernyak et al. together with the perturbative QCD prediction gives 
contributions to the form factors which agree with the measured normalization of the 
pion form factor at Q2 > 4 GtV2 and proton form factor Q2 > 20 GeV'2 to within a 
factor of two. In the calculation the virtuality of the exchanged gluoo is restricted to 
|&2| > 0.25 GeV2. The authors assume &M = 0.3 and that the underlying wavefunctions 
fall off exponentially at the x ~ 1 endpoints. Another model of the proton distribu-
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tion amplitude with diquark clustering chosen to satisfy the QCD sum rule moments 
come even closer. Considering the uncertainty in the magnitude of the higher order 
corrections, one really cannot expect better agreement between the QCD predictions 
and experiment, 

The relative importance of non-perturbative contributions to form factors is also 
au issue. Unfortunately, there is little that can be said until we have a deeper under
standing of the end-point behavior of hadronic wavefunctions, and of the role played by 
Sudakov form factors in the end-point region. Models have been constructed in which 
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non-perturbative effects persist to high Q. Other models have been constructed in 
which ?uch effects vanish rapidly as Q increases. ' ' 

If the QCD sum rule results are correct then, the light hadrons are highly struc
tured oscillating momentum-space valence wavefunctions. In the case of mesons, thr 
results from both the lattice calculations and QCD sum rules show that the light quarks 
are highly relativistic. This gives further indication that while nonrelativistic poten
tial models are useful for enumerating the spectrum of hadrons (because they express 
the relevant degrees of freedom), they may not be reliable in predicting wavefunction 
structure. 

19 A TEST OF COLOR TRANSPARENCY 

A striking feature of the QCD description of exclusive processes is ueolor trans
parency:" The only part of the hadronic wavefunction that scatters at large momentum 
transfer is its valence Fock state where the quarks are at small relative impact sep
aration. Such a fluctuation has a small color-dipole moment and thus has negligible 
interactions with other hadrons. Since such a state stays small over a distance propor
tional to its energy, this implies that quasi-elastic hadron-nucleon scattering at large 
momentum transfer as illustrated in Fig. 18 can occur addilively on all of the nucleons 
in a nucleus with minimal attenuation due to elastic or inelastic final state interactions 
in the nucleus, i.e. the nucleus becomes "transparent." By contrast, in conventional 
Glauber scattering, one predicts strong, nearly energy-independent initial and final 

44 



Figure 18. Quasi-elastic pp scattering inside a nuclear target. Normally one expects 
such processes to be attenuated by elastic and inelastic interactions of the incident proton 
and the final state interaction of the scattered p.oton. Perturbative QCD predicts minimal 
attenuation; i.e. "color transparency," at large momentum transfer. 

state attenuation. A detailed discussion of the time and energy scales required for the 

validity of the PQCD prediction is given in by Farrar et al. and Mueller in'Ref. 29. 

A recent experiment at BNL measuring quasi-elastic pp —• pp scattering at 0zm = 
90" in various nuclei appears to confirm the color transparency prediction—at least for 

PM up to 10 GeV/c (see Fig. 19). Descriptions of elastic scattering which involve 

soft hadronic wavefunctions cannot account for the data. However, at higher energies. 

Plat *• \2 OeV/c, normal attenuation is observed in the BNL experiment. This is the 

same kinematical region Ecm ~ 5 GeV where the large spin correlation in A//N arc 

observed. I shall argue that both features may be signaling new ^-channel physics 
30 

associated with the onset of charmed hadron production. Clearly, much more testing 

of th* color transparency phenomena is required, particularly in quasi-elastic lepton-

proton scattering, Compton scattering, antiproton-proton scattering, etc. The cleanest 

test of the PQCD prediction is to check for minimal attenuation in large momentum 

transfer lepton-proton scattering in nuclei since there are no complications from pinch 

-ing'ii- -i?=i«- or resonance interference effects 

Oru- '-.in also understand the origin of color transparency as a consequence of the 

PQCD prediction that soft initial-state corrections to reactions such as pp —* If are 

suppressed at high lepton pair mass. This is a remarkable consequence of gauge theory 

and is quite contrary to normal treatments of initial interactions based on Glauber 

theory. This novel effect can be studied in quasielastic pA —» ££ (A — 1) reaction 

in which there are no extra hadrons produced and the produced leptons are coplanai 

with the beam. (The nucleus (A — 1) can be left excited). Since PQCD predicis thr 

absence of initial-state elastic and inelastic interactions, the number of such events 

should be strictly additive in the number Z of protons in the nucleus, every proton in 
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Figure 19. Measurements of the transparency ratio 

near 90° on Aluminum Conventional theory predicts that T should be small and roughly 
constant in energy. Perturbative QCD predicts a monotonie rise to T = 1 

the nucleus is equally available for short-distance annihilation. In traditional Glauber 
theory only the surface protons can participate because of the strong absorption of the 
p as it traverses the nucleus. 

The above description is the ideal result for large s. QCD predicts that additivity 
is approached monotonically with increasing energy, corresponding to two effects: a) 
the effective transverse size of the p wavefunction is 6j. ~ l/y/s, and b) the formation 
time for the p is sufficiently long, such that the Fock state stays small during transit 
of the nucleus. 

The color transparency phenomena is also important to test in purely hadrotiic 
quasiexclusive antiproton-nuclear reactions. For large pj- one predicts 

dtdy [pA- da 

ft A 

where Of/A{y) is the probability distribution to find the proton in the nucleus with 

46 



light-cone momentum fraction y = (j?° + p*)l(p\ + p^), and 

j / i \ ^ 
—(pp -- i r + 0 ~ f - y j /{cos0C I ) 1) . 

The distribution GpjA{y) can also be measured in eA —» ep(/i — 1) quasiexclusive 
motions. A remarkable feature of the above prediction is that there are no corrections 
required from initial-state absorption of the p as it traverses the nucleus, nor final-
state interactions of the outgoing pions. Again the basic point is that the only part of 
hadron wavefunctions which is involved in the large pp reaction is 0jy(6j_ ~ C?(l/pr))> 
i.e. the amplitude where all the valence quarks are at small relative impact parameter, 
These configurations correspond to small color singlet states which, because of color 
cancellations, have negligible hadronic interactions in the target. Measurements of 
these reactions thus test a fundamental feature of the Fock state description of large 
PT exclusive reactions. 

Another interesting feature which can be probed in such reactions is the behavior 
of GpjA{y) for y well away from the Fermi distribution peak at y «« TIIN/MA- For 
y •' 1 spectator counting rules predict Gpi^y) *» (I — Jf) = (1 — y)6A~7 where 

Ns — 3(.1 - 1) is the number of quark spectators required to "stop" (jr, —» 0) as y —* 1. 
This simple formula has been quite successful in accounting for distributions measured 
in the forward fragmentation of nuclei at the BEVALAC. Color transparency can also 
be studied by measuring quasiexclusive J/4> production by anti-protons in a nuclear 
target pA -* J/4>(A - 1) where the nucleus is left in a ground or excited state, but 
extra hadrons are not created (see Fig. 20). The cross section involves a convolution of 
the pp —» Jj$ subprooess cross section with the distribution Gf/^(y) where y = (p 0 + 
PS)/(Px +P\) ' s t n e boost-invariant light-cone fraction for protons in the nucleus. This 
distribution ran be determined from quasiexclusive lepton-nucleon scattering IA —• 
tp(A • ! 

In first approximation pp -* J/tj> involves qqq+qqq~ annihilation into three charmed 
quarks. The transverse momentum integrations are controlled by the charm mass 
scale and thus only the Fock state of the incident antiproton which contains three 
antiquaries at small impact separation can annihilate. Again it follows that this state 
has a relatively small color dipole moment, and thus it should have a longer than 
usual mean-free path in nuclear matter; i.e. color transparency. Unlike traditional 
expectations, QCD predicts that the pp annihilation into charmonium is not restricted 
to the front surface of the nucleus. The exact nuclear dependence depends on the 
formation time for the physical p to couple to the small q~qq configuration, rr oc Ep. 
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Figure 20. Schematic representation of quasielastic charmonium production in pA 
inactions. 

It may be possible to study the effect of finite formation time by varying the beam 
energy, Ep, and using the Fermi-motion of the nucleoli to stay at the Jjij> resonance. 
Since the Jj\j) is produced at nonrelativistic velocities in this low energy experiment, 
it is formed inside the nucleus. The .4-dependenee of the quasiexclusive reaction can 
thus be used to determine the J/tjf-aucleoa cross section at low energies. For a normal 
hadronic reaction pA —> HX, we expect A^g ~ A**3, corresponding to absorption in 
the initia] and final state. In the case of pA ~* JI4>X one expects 4ejr much closer to 
4 ] if color transparency is fully effective and (r{Jln>N) is small. 

20. SPIN CORRELATIONS IN PROTON-PROTON SCATTERING 

One of the most serious challenges to quantum chromodynamics is the behavior of 
the spin-spin correlation asymmetry ANN = [flV(tt)+Jg(U« m e a s u r e d in large momea-
tum transfer pp elastic scattering (see Fig. 21). At piat s=11.75 GeV/c and 9Cm = T / 2 , 
ANN rises to ~ 60%, corresponding to four times more probability for protons to scat
ter with Iheir incident spins both normal to the scattering plane and parallel, rather 
than normal and opposite. 

The polarized cross section shows a striking energy and angular dependence not 
expected from the slowly-changing perturbative QCD predictions. However, the un-
polarized data is in first approximation consistent with the fixed angle scaling law 
si0da/dt(pp -* pp) — f[0c)il) expected from the perturbative analysis (see Fig. 22). 
The onset of new structure at 5 ~ 23 GeV2 is a sign of new degrees of freedom in 
the two-baiyon system. In this section, I will discuss a possible explanation for (1) 
the observed spin correlations, (2) the deviations from fixed-angle scaling laws, and 
(3) the anomalous energy dependence of absorptive corrections to quasielastic pp scat 
tering in nuclear targets, in terms of a simple mode] based on two J — L = S = \ 
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Figure 21. The spin-spin correlation ANN for elastic pp scattering with beam and 
target protons polarized normal to the scattering plane." ANN = 60% implies that it is four 
times more probable for the protons te scatter with spins parallel rather than antiparallel 

brnad resonances (or threshold enhancements) interfering with a perturbative QCD 
quark-interchange background amplitude. The structures in the pp -^ pp amplitude 
may be associated with the onset of strange and charmed thresholds. The fact that the 
produced quark and anti-quark have opposite parity explains why the L = 1 channel is 
involved. If the charm threshold explanation is correct, large angle pp elastic scattering 
would have been virtually featureless for plai > 5 GeV/c, had it not been for the onset 
of heavy flavor production. As a further illustration of the threshold effect, one can 
see the effect in ANN due to a narrow 3 f j p resonance at ^/s = 2.17 GeV (pj a o = 1.2P 
O V / c ) associated with the pA threshold. 

The perturbative QCD analysis of exclusive amplitudes assumes that large mo

mentum transfer exclusive scattering reactions are controlled by short distance quark-
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Figure 22. Test of fixed 9CM Kaling fox elastic pp scattering. The data compilation is 
from Landshoff and Polkinghorne. 

gluon subprocesses, and that corrections from quark masses and intrinsic transverse 

momenta can be ignored. The main predictions are fixed-angle scaling laws (with 

small corrections due to evolution of the distribution amplitudes, the running cou

pling constant, and pinch singularities), hadron helicity conservation, and the novel 
29 

phenomenon, "color transparency." 

As discussed in Section 9, a test of color transparency in large momentum transfer 

quasielasticpp scattering at #cm — JT/2 has recently been carried out at BNL using sev

eral nuclear targets (C, Al, Pb). The attenuation at pjai = 10 GeV/c in the various 

nuclear targets was observed to be in fact much less than that predicted by tradi

tional Glauber theory (see Fig. 19). This appears to support the color transparency 

prediction. 

The expectation from perturbative QCD is that the transparency effect should be
come even more apparent as the momentum transfer rises. Nevertheless, at pia\, = 12 
GeV/c, normal attenuation was observed. One can explain this surprising result if 
the scattering at p/a4 = 12 GeV/c (t/s = 4.93 GeV), is dominated by an ^-channel 
B=2 resonance (or resonance-like structure) with mass near 5 GeV, since unlike a 
hard-scattering reaction, a resonance couples to the fully-interacting large-scale struc
ture of the proton. If the resonance has spin 5 = 1 , this can also explain the large 
spin correlation ANN measured nearly at the same momentum, »J„J = 11.75 GeV/c. 
Conversely, in the momentum range PM — 5 to 10 GeV/c one predicts that the per-
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turbative hard-scattering amplitude is dominant at large angles. The experimental 

observation of diminished attenuation at puh = 10 GeV/c thus provides support for 

the QCD description of exclusive reactions and coior transparency. 

What could cause a resonance at y'a = 5 GeV, more than 3 GeV beyond the pp 
threshold? There are a number of possibilities: (a) a multigluonic excitation such as 
\qqqqqqggg), (b) a "hidden color* color singlet \qqqqqq) excitation, or (c) a "hidden 
flavor" \qqqqqqQQ) excitation, which is the most interesting possibility, since it natu
rally explains the spin-parity of the resonance or threshold enhancement, and it leads 
to many testable consequences. 

As in QED, where final state interactions give large enhancement factors for attrac
tive channels in which Za/v„i is large, one expects resonances or threshold enhance
ments in QCD in color-singlet channels at heavy quark production thresholds since alt 
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the produced quarks have similar velocities. One thus can expect resonant behavior 
at M* = 2.55 GeV and M* = 5.08 GeV, corresponding to the threshold values for open 
strangeness: pp —t \K+p, and open charm: pp —» \cD°p, respectively. In any case, 
the structure at 5 GeV is highly inelastic: its branching ratio to the proton-proton 
channel is &* ~ 1.5%. 

A model for this phenomenon is given in Ref. 30. In order not to over complicate 
the phenomenology; the simplest Breit-Wigner parameterization of the resonances was 
used. There has not been an attempt to optimize the parameters of the model to obtain 
a best fit. It is possible that what is identified a single resonance is actually a cluster 
of resonances. 

The background component of the model is the perturbative QCD amplitude. Al
though complete calculations are not yet available, many features of the QCD pre
dictions are understood, including the approximate s~* scaling of the pp —» pp am
plitude at fixed 0Cm and the dominance of those amplitudes that conserve hadron 
helicity. Furthermore, recent data comparing different exclusive two-body scattering 
channels from BNL show that quark interchange amplitudes dominate quark an
nihilation or gluon exchange contributions. Assuming the usual symmetries, there are 
five independent pp helicity amplitudes: fa = M(++,++), <fa = M{—,++), Qi = 
Aff 4 - , + - ) , <t>i - A f { - + , 4 ~ ) , fa = M(++, - t~) , The helicity amplitudes for quark 
interchange have a definite relationship: 

?i(PQCD) = 2&(PQCD} = -2^(PQCD) 

u-mi 
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The nadron helicity non-conserving amplitudes, ^(PQCD) and 0s(PQCD) are zero. 

This form is consistent with the nominal power-law dependence predicted by perturba-

t,ve QCD and also gives a good representation of the angular distribution over a broad 

range of energies. Here F(t) is the helicity conserving proton form factor, taken as 

the standard dipole form: F(*) = (1 - i / m 2 . ) - 2 , with m2, = 0.71 GeV 2. As shown 

in Ref. 71, the PQCD-quark-interchange structure alone predicts Afin ~ 1/3, nearly 

independent of energy and angle 

Because of the rapid fixed-angle 3~* falloff of the perturbative QCD amplitude, 
even * very weakly-coupled resonance can have a sizeable effect at iarge momentum 
transfer. The large empirical values for Afin suggest a resonant pp —» pp amplitude 
with ] — L = S — 1 since this gives A$x = 1 (in absence of background) and 
a smooth angular distribution. Because of the PauJi principle, an 5 = 1 di-proton 
resonances must have odd parity and thus odd orbital angular momentum. The the 
two con-zero helicity amplitudes for a</ = L = S = l resonance can be parameterized 
in Breit -Wigner form: 

/< - r w ( s } 
:43 ^sonance) = 12ar-*-4i(Aii) 2 . 

Pern M ' - rTcn, - ^ r 

/ i PPP { a \ 
^(resonance) = -12w—-dLj.itflcm) 2 -

Pen. A/* - Erm - §F 

(The 3 f t resonance amplitudes have the same form with <^., j replacing «*±ii) As in 

the case of a narrow resonance like the Z°, the partial width into nucleon pairs is propor

tional to the square of the time-like proton form factor: r">(s)/T= Bw|F( i ) | 2 / |F(M , 2 ) [ -« 

corresponding to the formation of two protons at this invariant energy. The resonant 

amplitudes then die away by one inverse power of (Em • M') relative to the dom

inant PQCD amplitudes (In this sense, they are higher twist contributions relative 

to the leading twist perturbative QCD amplitudes.) The model is thus very simple: 

each pp helicity amplitude 4>i is the coherent sum of PQCD plus resonance compo

nents: <j> = ^(PQCD)-f- £#(resonance). Because of pinch singularities and higher-order 
73 corrections, the hard QCD amplitudes are expected to have a nontrivial phase; the 

model allows for a constant phase 6 in ^(PQCD). Because of the absence of the e>5 

helicity-flip amplitude, the model predicts zero single spin asymmetry .4#- This is 
..ojisiste.'it with thi j large angle data at pf„j = U.75 G«*\'/c. 

At low transverse momentum, pr < 1-5 GeV, thr: power-law fall-off of ©(PQCD) 
in s disagrees with the more slowly falling large-angle data, and one has little guidance 
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from basic theory. The main interest in this low-energy region is to illustrate the effects 

of resonances and threshold effects on AfiN- In order to keep the model tractable, one 

can extend the background quark interchange and the resonance amplitudes at low 

energies using the same forms as above but replacing the dipole form factor by .1 

phenomenological form F[t) « e - l /WvW. A kinematic factor of y/s/2pcm is included 

in the background amplitude. The value ff = 0.85 G e V 1 then gives a good fit to 

da/dt at 8cm = JT/2 for piat < 5.5 GeV/c.' The normalizations are chosen to maintain 

continuity of the amplitudes. 

The predictions of the model and comparison with experiment are shown in Figs. 

23 28. The following parameters are chosen: C = 2.9 x 10 J, 6 = - 1 for the normal

ization and phase of ^(PQCD). The mass, width and pp branching ratio for the three 

resonances are M'd = 2.17 GeV, T d = 0.04 GeV, flj" = 1; Ml = 2.55 GeV, I \ = 

1.6 GeV, BV = 0.65; and M? = 5.08 GeV, T c = 1.0 GeV, BV = 0.0155, respectively. 

As shown in Figs. 23 and 24, the deviations from the simple scaling predicted by the 

PQCD amplitudes are readily accounted for by the resonance structures. The cusp 

which appears in Fig. 24 marks the change in regime below p/ aj = 5.5 GeV/c where 

PQCD becomes inapplicable. It is interesting to note that in this energy region nor

ma'. *.uet>uation <.? quasielastic pp scattering is observed. The angular distribution 

'norrfl-Ji/.ed to the data at Scm = T / 2 ) is predicted to broaden relative to the steeper 

perturbative QCD form, when the resonance dominates. As shown in Fig. 25 this is 

<-or.siF! "-iii with experiment, comparing data at pi„i, = 7.1 and 12.1 GeV/r. 

" 10* 
> 

10* 

6 8 10 12 H 

P.ab < G e V / c > 

Figure 23 Prediction (solid curve) for da/dUpp -• pp) at 8cm = x/2 compared with 
v. data of Akerlof et al ? S The dotted line is the background PQCD prediction. 

i 1. >ost striking test of the model is its prediction fur the spit) correlation A,\,\ 
Uioivr iii Fig. 26 The rise of ASN to ~ 60% at pi0t, - 11.75 GeV/c is correctly 

reproduced by the high energy J= l resonance interfering with c\{PQCD). The narrow 
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Figure 24. Ratio of d<r/dt(pp — pp) at 0 c m = r/2 to the PQCO prediction. The 
data are from Akerlof et al. (open triangles), Allaby et al. (solid dots) and Cocconi et al 
(open square). The cusp at prai = 5.5 GeV/e indicates the change of regime from PQCD. 
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Figure 25. The pp-+pp angular distribution normalized at 0™ = JT/2. The data are 
from the compilation given in Sivere et al., Bef. 69. The solid and dotted lines are predictions 
for fin = 12.1 and 7.1 GeV/c, respectively, showing the broadening near resonance. 

peak which appears in the data of Fig. 26 corresponds to the onset of the pp --> 
pA(1232) channel which ran be interpreted as a uuuuddqq resonant state. Because 
of spin-color statistics one expects in this case a higher orbital momentum state, such 
as a pp F3 resonance. The model is also consistent with the recent high-energy data 
point for ANN at plai = 18.5 GeV/c and p\ = 4.7 GeV 2 (see Fig. 27). The data 
show a dramatic decrease of ANN to zero or negative values. This is explained in the 
model by the destructive interference effects above the resonance region. The same 
effect accounts for the depression of ANN for p/0j as 6 GeV/c shown in Fig, 26, The 
comparison of the angular dependence of ANN with data at p/„j = 11.75 GeV/c is. 
shown in Fig. 28. The agreement with the data for the longitudinal spin correlation 
An a t ^ e same p;uj is somewhat worse. 

54 



-0.2 

Figure 26. ANN as a function of put at *„, = */2- The data 7 5 are from Crosbie el 
al. (solid dots), Lin et ai, (open squares) and Bhatia et al (open triangles). The peak at 
Pit* = 1.26 GeV/c corresponds to the pA threshold. The data are well reproduced by the 
interference of the broad resonant structures at the strange (ptai = 2.35 GeV/c) and charm 
(pint = 12.8 GeV/c) thresholds, interfering with a PQCD background. The value of ANN 
from PQCD alone is 1/3. 
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Figure 27. Ass at fixed pj = (4.7 GeV/c)1. The data point" at P l i b = 18.5 GeV/c 
i from Court et al. 

The simph-- model discussed here shows that many features can be naturally ex

plained with only a few ingredients: a perturbative QCD background plus resonant 

amplitudes associated with rapid changes of the inelastic pp cross section. The model 

provides a good description of the s and t dependence of the differential cross section, 

including its "oscillatory" dependence in s at fixed 0 c m , and the broadening of the 

angular distribution near the resonances. Most important, it gives a consistent expla

nation For the striking behavior of both the spin-spin correlations and the anomalous 

energy dependence of the attenuation of quasielastic pp scattering in nuclei. It is pre 

dieted that color transparency should reappear at higher energies (pioi > 16 GeV/c). 

and also at smaller angles (6cm as 60") at ptai> = 12 GeV/c where the perturbative QCD 

amplitude dominates. If the J= l resonance structures in Af/N are indeed associated 
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Figure 28. 4JVJV u a function of transverse momentum. The data61 are from Crabb 
et «d. (open circle*) and O'Fallon et al. (opes squares). Dim-active contributions should be 
included for pf, < 3 GeV2. 

with heavy quark degrees of freedom, then the model predicts inelastic pp cross sec
tions of the order of 1 mb and Iftb for the production of strange and charmed hadrons 
•ear their respective thresholds. Thus a crucial test of the heavy quark hypothesis 
for explaining A////, rather than hidden color or gluonic excitations, is the observation 
of significant charm badron production at p; a, > 12 GeV/c. 
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Recently Ralstoa and Pire have proposed that the oscillations of the pp elastic 
cross section and the apparent breakdown of color transparency are associated with 
the dominance of the Landshoff pinch contributions at y/s ~ 5 GeV. The oscillating 
behavior of dtr/di is due to the energy dependence of the relative phase between the 
pinch and hard-scattering contributions. They assume color transparency will disap
pear whenever the pinch contributions are dominant since such contributions could 
couple to wavefunctions of large transverse size. The large spin correlation in ANN is 
not readily explained in the Ratston-Pire model. Furthermore, the recent analysis by 
Botts and Sterman suggests that the pinch contributions should satisfy color trans
parency In any event, more data and analysis are needed to discriminate between 
models. 

21. HEAVY QUARK THRESHOLD PHENOMENA 

As we have discussed in the previous section, one of the most interesting anomalies 
in hadron physics is the remarkable behavior of the spin-spin correlation ANN for 
PP -* PP elastic scattering at 6cm - 90°: as yG crosses 5 GeV. the ratio of cross sections 
for protons scattering with their incident spins parallel and normal to the scattering 
plane to scattering with their spins anti-parallel changes rapidly from approximately 
2:1 to 4:1. As de Teramond and I have discussed, ° this behavior can be understood 

11.75GeV/c~ 
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as the consequence of a strong threshold enhancement at the open-charm threshold for 
pp -» . \ e Dp at y/s = 5.08 GeV 

Strong final-state interactions are expected at the threshold for new flavor pro
duction, since at threshold, all the quarks in the final state have nearly zero relative 
velocity. The dominant enhancement in the pp —* pp amplitude is expected in the 
partial wave J = L = S — 1, which matches the quantum numbers of the J — 1 
5-wave eight-quark system qqqqqq[cc)s=i a t threshold, since the c and c have opposite 
parity. Even though the charm production rate is small, of order of lu6, it can have 
a large effect on the elastic pp —» pp amplitude at 90° since the competing peiturba-
tive QCD hard-scattering amplitude at large momentum transfer is also very small at 
y/s = 5 GeV 

In the following sections we discuss the production of hidden charm below threshold 
in hadronic and nuclear collisions. Consider the reaction pd —» (cc)He3 where the 
charmonium state is produced nearly at rest. At the threshold for charm production, 
the incident nuclei will be nearly stopped (in the center-of-mass frame) and will fuse 
into a compound nucleus (the He3) because of the strong attractive nuclear force. The 
charmunium state will be attracted to the nucleus by the QCD gluonic van der Waals 
force. One thus expects strong final state interactions near threshold. In fact, we shall 
argue that the cc system will bind to the He1 nucleus. It is thus likely that a new type 
of exotic nuclear bound state will be formed: charmonium bound to nuclear matter. 
Such a state should be observable at a distinct pd energy, spread by the width of the 
charmonium state, and it will decay to unique signatures such as pd -* Ht?"t"f. The 
binding energy in the nucleus gives a measure of the charmonium's interactions with 
ordinary hadrons and nuclei; its decays will measure hadron-nucleus interactions and 
test rolor transparency starting from a unique initial state condition. 

22. THT QCD VAN DT.fi WVALS INTERACTION 

In quantum chromodynamics, a heavy quarkonium QQ state such as the T?C in
teracts with a nucleon or nucleus through multiple gluon exchange. This is the QCD 
analogue of the attractive QED van der Waals potential. Unlike QED, the potential 
cannot have an inverse power-law at large distances because of the absence of zero mass 
gluonium states. Since the [QQ) and nucleons have no quarks in common, the quark 
interchange (or equivaiently the effective meson exchange) potential should be negligi
ble. Since there is no Pauli blocking, the effective quarkonium-nuclear interaction will 
not have a short- range repulsion. 
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The QCD van der Waals interaction is the simplest example of a nuclear force 
in QCD. In this paper we shall show that this potential is sufficiently strong to bind 
quarkonium states such as the t)e and 174 to nuclear matter. The signal for such states 
will be narrow peaks in energy in the production cross section. 

On general grounds one expects that the effective non-relativistic potential between 

heavy quarkonium and nueleons can be parameterized by a Yukawa form 

ae"*" 
V[QQ)A = ~ < ]J 

Since the ghions have spin-one, the interaction is vector-like. This implies a rich spec
trum of quarkonium-nudeus bound states with spin-orbit and spin-spin hyperfine split
ting. 

Thus far lattice gauge theory and other non-perturhative methods have not deter
mined the range or magnitude of the gluonic potential between hadrons. However, we 
can obtain some constraint on the J = 1 flavor singlet interactions of hadrons by iden
tifying the potential with the magnitude of the term linear in s in the meson-nucleon 
or meson-nucleus scattering amplitude. One can identify pomeron exchange with the 

82 
cikonalization of the two-gluon exchange potential. 

To obtain a specific parameterization we shall make use of the phenomenological 
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model of pomeron interactions developed by Donnachie and Landshoff. These au
thors note that in order to account for the additive quark rule for total cross sections, 
the pomeron must have a somewhat local structure; its couplings are analogous to that 
of a heavy photon. The short-range character of the pomeron reflects the fact that the 
minimum gluonium mass which can be exchanged in the (-channel is of order several 
GeV. Interference terms between amplitudes involving different quarks can then be 
neglecUd. 

The Donnachie-Landshoff formalism leads to an s—independent Cbou-Yang pa

rameterization of the meson-nucleon and meson-nucleus cross sections at small t: 

at 4w 

Hei<. & = 1.8-5 GeV~* is the pomeron-quark coupling constant, and A is the nucleoli 
.lumber of the nucleus. To first approximation the f«rm factors can be identified with 
the helicity-wro meson and nuclear electromagnetic form factors. We assume that .i 
is independent of the meson type and nucleus. 
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Equation (2) gives a reasonable parameterization of the ^-independent elastic hadron-
hadron and hadron-nucleus scattering cross sections from very low to very high energies. 
Ignoring corrections due to eikonalization, we can identify the cross section at s » |i| 
with that due to the vector Yukawa potential 

dff 4iror2 

_ ( M ^ A M ) = n T - ¥ . (3) 

We calculate the effective coupling a and the range ft from (dajdt)1'2 and its slope 
at t = 0. Thus /i~2 = \dFA(t)fdt\i=o = {R\)l* and a = 3A02/*l/2x. For meson 
He3 scattering, one finds a ~ 0.3 and /i c* 250JI/eV reflecting the smearing of the local 
interaction over the nuclear volume. The radius of the charmonium system is somewhat 
smaller than that of the light mesons, so we expect that the pomeron coupling to the rjc 

will bf reduced from the above values; the actual reduction is however model dependent 
since it is sensitive to the intrinsic momentum scale of the gluonic exchange potential. 
There are also uncertainties in the extrapolation of pomeron values to the Van der 
Waals couplings. For simplicity we will take a = 0.3 as a standard value, but note that 
the actual coupling in QCD may be somewhat different 

In i.h:.> case of i}c nucleus interactions, the QCD van der Waals potential is effectively 
the only QCD interaction, In the threshold regime the ij e is non-relativistk. and an 
effective-potential Schrodinger equation of motion is applicable. To first approximation 
we will treat the ije as a stable particle. The effective potential is then real since 
higher energy intermediate states from chaimonium or nuclear excitations should not 
be important. 

We compute the binding energy using the variational wavefunction tt(r) 
= \/i7 J/w)exp(— fr). The condition for binding by the Ynkawa potential with this 
wavefunction is anj r e (j > }i. This condition is not met for charmonium-proton or 
r.lmnTujnium-deuterium systems. However, the binding of the r)c to a heavy nucleus 
increases rapidly with A, since the potential strength is linear in A, and the kinetic 
energy {p e /2m r e j ) decreases faster than the square of the nuclear size. If the width of 
the cc is much smaller than its binding energy, the charmonium state lives sufficiently 
long that it can be considered stable for the purposes of calculating its binding to the 
nucleus. For r)cHe3 and a = 0.3 the computed binding energy is ~ 20 MeV, and 
for r\ciit* the binding enrrgy is over 100 MeV, The predicted binding energies are 
large -veil though the QCD van der Waals potential is relatively weak compared to the 
one-pion-exchange Yukawa potential; this is due to the absence of Pauli blocking or a 
repulsive short-range potential for heavy quarks in the nucleus. Table I gives a list of 
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computed binding energies for the cc and 6b nuclear systems. A two-parameter vari
ational wavefunction of the form (e~ a , t — e~a,T)/r gives essentially the same results. 
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Our results also have implications for the binding of strange hadrons to nuclei. How
ever, the strong mixing of the t) with non-strange quarks makes the interpretation of 
such states more complicated. 

23. SEARCHING FOR CC NUCLEAR-BOUND STATES 

It is clear that the production cross section for charm production near threshold 
in nuclei will be very small. We estimate rates in Section 25. However the signals for 
bound cc to nuclei are very distinct. The most practical measurement could be the 
inclusive process pd —» He3X, where the missing mass Mx is constrained close to the 
(.'i.iirmonium mass. (See Fig. 29.) Since the decay of the bound cc is isotropic in the 
center-of-mass, but backgrounds are peaked forward, the most favorable signal-to-noise 
is at backward He3 cm angles. If the i>c is bound to the He3, a peak wilt be found at 
a Hî tinct value of incident pd energy: \/s = Mn. + Mgti — e, spread by the intrinsic 
width of the rjc. Here < is the ifc-nucleus binding energy predicted from the Schrodinger 
equation. 

Figure 29. Formation of the (cc) - H<? bound state in the process pd -~ H(3X 

The momentum distribution of the outgoing nucleus in the center-of-mass frame is 
given by dAI/d3p — l^tp)!2. Thus the momentum distribution gives a direct measure of 
the cc-nudear wavefunction. The width of the momentum distribution is given by the 
wavefunction parameter 7, which is tabulated in Table I. The kinematics for several 
different reactions are given in Table II. From the uncertainty principle we expect that 
the final state momentum p is related inversely to the uncertainty in the cc position 
when it decays. By measuring the binding energy and recoil momentum distribution 
in p, one determines the Schrodinger wavefunction, which then can be easily inverted 
to give the quarkonium-cuclear potential. 

60 



Table I 

A wr i* a mTci 
{€£) 
7 {») "*re 

(bb) 
i 7 W 

1 3.9 0.529 0.458 0.715 > 0 0.85 > 0 

2 10.7 0.229 0.172 1.15 > 0 1.563 0.18 -0.0012 

a 9,5 0.26 0.327 1.45 0.40 -0.019 2.16 0.65 -0.050 

9.9 0.25 0.301 0.37 -0.015 0.60 -0.040 

\ 8.2 0.299 0.585 1.66 0.92 -0.143 2.66 1.52 -0.303 

8.4 0.292 0.557 0.87 -0.127 1.45 -0.271 

8.7 0.282 0.519 0.81 -0.107 1.35 -0.232 

6 11.2 0.22 0.470 1.95 0.89 -0.128 3.50 1.63 -0.293 

9 11.2 0.22 0.705 2.20 1.53 -0.407 4.42 3.11 -0.951 

12 12.0 0.204 0.819 2.36 1.92 -0.637 5.09 4.16 -1.546 

16 13.4 0.183 0.876 2.49 2.17 -0.805 5.74 5.0 -2.046 

Binding energies t = | (H) | of the i)c and 174 to various nuclei, in GeV. Here 
7 (in GeV) is the range parameter of the variational wavefunction, and ft (in 
GeV) and a are the parameters of the Yukawa potential. The data for (R\) 
(in GeV~l) are from Ref. 86. We have assumed MVI> = 9.34 GeV97 
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Table II 

ProcesB Mi M% MA t ->fi Pern Pi** 

7/fe 3 - ( H e 3 * ) 0 2.808 2.808 0.020 5.77 2.20 4.52 

pd - (He\) 0.938 1.876 2.808 0.020 5.77 2.48 7.64 

pHe* - [B\) 0.938 3.728 2.808 0.020 5.77 1.48 2.30 

fHe* — (He%) 0 3.728 3.728 0.120 6.59 2.24 3.96 

nHe3 -> {He*t)e) 0.938 2.808 3.728 0.120 6.59 2.60 6.09 

dd - » { H t % ) 1.876 1.876 3.728 0.120 6.59 2.71 9.51 

Kinematics for the production of ifc-nucleus bound states. AH quantities are 
given in GeV. 

Energy conservation in the center of mass implies 

Ecm = EX+EA~Mx + MA + ^ 7 . (4) 

Htre M'T = (l/M\ + 1/A^yi)-1 is the reduced mass of \he final state system. The 
missing invariant mass is always less than the mass of the free nc : 

Mx = M* - t - 2§7• 0 ) 

thus the invariant mass varies with the recoil momentum. The mass deficit can be 

understood as the result of the fact tbat the q c decays off its energy shell when bound 

to the nucleus. 

More information is obtained by studying completely specified final states- exclu

sive channels such as pd -* ft He3. Observation of the two-photon decay of the i)r 

would be a decisive signal for nuclear-bound quarkonia. The position of the bound cc 
at the instant of its decay is distributed in the nuclear volume according to the eigen-

wavefunction V(*0- Thus the hadronic decays of the cc system allows the study of the 

propagation of hadrons through the nucleus starting from a wave-packet centered on 

the nucleus, a novel initial condition. In each case, the initial state condition for the 

decay is specified by the Schrodinger wavefunction with specific orbital and spin quan

tum numbers. Consider, then, the decay rjc -> pp. As the nucleons transit the nuclear 

medium, their outgoing wave will be modified by nuclear final state interactions. The 

differential between the energy and momentum spectrum of the proton and anti-proton 

should be a sensitive measure of the hadronic amplitudes. More interesting is the fact 

that the nucleons are initially formed from the cc -* gg decay amplitude. The size 
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of the production region is of the order of the charm Compton length £ *~ l/me. The 
proton and anti-proton thus interact in the nucleus as a small color singlet state before 
they are asymptotic hadron states. The distortion of the outgoing hadron momenta 

84 29 
thus tests formation zone physics and color transparency. 

24. POSSIBILITY OF J / ^ - N U C L E U S BOUND STATES 

The interactions of the Jjrj> and other excited states of charmonium in nuclear 
matter are more complicated than the i)c interaction because of the possibility of spin-
exchange interactions which allow the ee system to couple to the IJC. This effect, 
illustrated in Fig. 30, adds inelasticity to the effective €t nuclear potential. In effect 
the bound J ftp — He3 can decay to IJC d p and its width will change from tens of KeV 
to MeV, However if the .//^-nucleus binding is sufficiently strong, then the T)C plus 
nuclear continuum states may not be allowed kinematically, and the bound J/ip could 
then retain its narrow width, d 70 KeV. As seen in Table I this appears to be the case 
for the J/t(> — He* system. An important signature for the bound vector charmonium 
state will be the exclusive (.*(" plus nucleus final state. 

HI T 
049 04SBA2 

Figure 30. Decay of the J/iji - He3 bound state into rj^pd 

The narrowness of the charmonium states implies that the tharmonium-nucleus 
bound state is formed at a sharp distinct cm energy, spread by the total width T and 
the much smaller probability that it will decay back to the initial state. By duality 
the product of the cross section peak times its width should be roughly a constant. 
Thus the narrowness of the resonant energy leads to a large multiple of the peak cross 
section, favoring experiments with good incident energy resolution. 

The formation cross section is thus characterized by a series of narrow spikes cor
responding to the binding of the various cc states. In principle there could be higher 
>rbita! or higher angular momentum bound state excitations of the quarkonium-nuclear 
system. In the case of J/<j/ bound to spin-half nuclei, we predict a hyperfine separation 
of the L = 0 ground state corresponding to states of total spin J = 3/2 and J = 1/2. 
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This separation will measure the gluonic magnetic moment of the nucleus and that of 

the J/r/>. Measurements of the binding energies could in principle be done with excellent 

precision, thus determining fundamental hadronic measures with high accuracy. 

25. STOPPING FACTOR 

The production cross section for creating the quarkonium-nucleus bound state is 
suppressed by a dynamical "stopping" factor representing the probability that the 
nucleons and nuclei in the final state convert their kinetic energy to the heavy quark 
pair and are all brought to approximately zero relative velocity. For example, in the 
reaction pd -»(cc)He i the initial proton and deuteron must each change momentum 
from pcm to zero momentum in the center of mass. The probability for a nucleon or 
nucleus to change momentum and stay intact is given by the square of its form factor 
F j ( ^ ) , where qA = [{M\ + p^ , ) 1 ' 2 - MA)3 - pin]- We can use as a reference cross 
section the pp —> ccpp cross section above thresbold, which was estimated is Ref. 30 to 
be of order ~ lpb. Then 

*(/! ,A 2 - , ccAl2) = <T(pp -> ccpp)^^fl^l (6) 

For the pd -* ecHf? channel, we thus obtain a suppression factor relative to the pp 
channel of F|(4.6 GeV 2)F 2(3.2 GeK 2 )/f$(2.8 GeV2) ~ 10" s giving a cross section 
which may be as large as 10~ 3 S cm2. Considering the uniqueness of the signal and the 
extra enhancement at the resonance energy, this appears to be a viable experimenta] 

cross section. 

26. CONCLUSIONS ON NUCLEAR-BOUND QUARKONIUM 

in QCD, the nuclear forces are identified with the residual strong color interactions 
due to quark interchange and multiple-gluon exchange. Because of the identity of 
the quark constituents of nucleons, a short-range repulsive component is also present 
(Pauli-blocking). From this perspective, the study of heavy quarkonium interactions 
in nuclear matter is particularly interesting: due to the distinct flavors of the quarks 
involved in the quarkonium-nucleon interaction there is no quark exchange to first 
order in elastic processes, and thus no one-meson-exchange potential from which to 
build a standard nuclear potential. For the same reason, there is no Pauli-blocking and 
consequently no short-range nuclear repulsion. The nuclear interaction in this case is 
purely gluonic and thus of a different nature from the usual nuclear forces. 
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We have discussed the signals for recognizing quarkonium bound in nuclei. The 
production of nuclear-bound quarkonium would be the first realization of hadronic 
nuclei with exotic components bound by a purely gluonic potential. Furthermore, the 
cbannonium -nucleon interaction would provide the dynamical basis for understanding 
the spin-spin correlation anomaly in high energy p—p elastic scattering. ID this case, 
the interaction is not strong enough to produce a bound state, but it can provide a 
strong enough enhancement at the heavy-quark threshold characteristic of an almost-
bound system. 

27. NUCLEAR EFFECTS IN QCD 

The study of electroproduction and other hard-scattering processes in nuclear tar
gets gives the experimentalist the extraordinary ability to modify the environment in 
which hadronteation occurs. The essentia] question is how the nucleus changes or influ
ences the mechanism in which the struck quark and the spectator system of the target 
nucleon form final state hadrons. The nucleus acts as a background field modifying 
the dynamics in interesting, though possibly subtle, ways. In particular, the obser
vation of non-additivity of the nuclear structure functions as measured by the EMC 
and SLAC/American University collaborations have opened up a whole range of new 
physics questions: 

1. What is the effect of simple potential-mode] nuclear binding, as predicted, for 

example, by the shell model? What is the associated modification of meson 
distributions required by momentum sum rules? 

2. Is there a physical change in the nucleon size, and hence the shape of quark 

momentum distributions? 

3. Are there nuclear modifications of the nucleonic and mesonic degrees of freedom, 
such as induced mesonic currents, isobars, six-quark states, or even "hidden 

color" degrees of freedom? 

4. Does the nuclear environment modify the starting momentum scale evolution 
scale for gluonic radiative corrections? 

5. What are the effects of diffra "live contributions to deep inelastic structure func

tions which leave the nucleon or nuclear target intact? 

6. Are there shadowing and possibly anti-shadowing coherence effects influencing 
the propagation of virtual photons or redistributing the nuclear constituents? Do 
these appear at leading twist? 
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7. How important are interference effects between quark currents in different nucle-

ons? 

It seems likely that all of these non-additive effects occur at some level in the 
nuclear environment. In particular it will be important to examine the ^-dependence 
of each reaction channel by channel. 

The use of nuclear targets in electroproduction allows one to probe effects specific 
to the physics of the nucleus itself such as *he short-distance structure of the denteron, 
high momentum aucleon-nucleon components, and coherent effects such as shadowing, 
anti-shadowing, and x > 1 behavior. However, perhaps the most interesting aspect 
for high energy physics is the use of the nucleus to modify the environment for quark 
hadronization and particle formation. 

There are several general properties of the effect of the nuclear environment which 
follow from quantum mechanics and the structure of gauge theory. The first effect is the 
"formation zone" which reflects the principle that a quark or hadron can change state 
only after a finite intrinsic time in its rest system. This implies that the scattered quark 
in electroproduction cannot suffer an inelastic reaction with mass squared change AM 2 

while propagating a distance L if its laboratory energy is greater than AM2L. Thus 
a high energies, the quark jet does not change its state or hadronize over a distance 
scale proportional to its energy; inelastic or absorptive processes cannot occur inside a 
nucteus-at least for the very fast hadronic fragments. The energy condition is called the 
target length condition ' However the outgoing quark can still scatter elasttcally as it 
traverses the nuclear volume, thus spreading its transverse momentum due to multiple 
scattering. Recently Bodwin and Lepage and I have explained the quantum mechanical 
origin of formation zone physics in terms of the destructive interference of inelastic 
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amplitudes that occur on two different scattering centers in the nuclear target. The 
discussion in that paper for the suppression of inelastic interactions of the incoming 
anti-quark in Drell-Yan massive lepton pair reactions can be carried over directly to 
the suppression of final state interactions of the struck quark in electroproduction.. 

As I have discussed in previous sections, one can also use a nuclear target to 
test another important principle of gauge theory controlling quark hadronization into 
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exclusive channels inside nuclei: "color transparency". Suppose that a hadronic state 
has a small transverse size 6j_. Because of the cancellation of gluonic interactions with 
wavelength smaller than 6j., such a small color-singlet hadronic state will propagate 
through the nucleus with a small cross section for interacting in either elastically or 
inelastically. In particular, the recoil proton in large momentum transfer electron-
proton scattering is produced initially as a small color singlet three-quark state of 
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transverse size 6j. ~ \jQ- If the electron-proton scattering occurs inside a nuclear 
target (quasi-elastic scattering) then the recoil nucleon can propagate through the 
nuclear volume without significant final-state interactions. This perturbative QCD 
prediction is in striving contrast to standard treatments of quasi-elastic scattering 
which predict significant final state scattering and absorption in the nucleus due to 
large elastic and inelastic nucleon-nucleon cross sections. The theoretical calculation? 
of the color transparency effect must also take into account the expansion of the state 
as it evolves to a normal proton of normal transverse size while it traverses the nucleus. 

28. SHADOWING AND ANTI-SHADOWING OF NUCLEAR STRUCTURE FUNCTIONS 

One of the most striking nuclear effects seen in the deep inelastic structure func 

lions is the depletion of the effective number of nucleons F^jF^ in the region of low 
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x. The results from the EMC collaboration ' indicate that the effect is roughly Q • 

independent; i.e. shadowing is a leading twist in the operator product analysis. In con-
96—99 

trast. the shadowing of the real photo-absorption cross section due to p-dominance 

falls away as an inverse power of (J 2. 

Shadowing is a destructive interference effect which causes a diminished flux and 

interactions in the interior and back face of the nucleus. The Glauber analysis cor

responds of hadron-nucleus scattering to the following: the incident hadron scatters 

elastically on a nucleon N\ j n the front face of the nucleus. At high energies the 

phase of the amplitude is imagi -ry. The hadron then propagates through the nucleus 

to nucleon N? where it interacts ..lelastically. The accumulated phase of the hadron 

propagator is also imaginary, so that this two-step amplitude is coherent and oppo

site in phase to the one-step amplitud. where the beam hadron interacts directly on 

Nz without initial-state interactions. Thus the target nucleon N2 sees less incoming 

flux: :t is shadowed by elastic interactions on the front face of the nucleus. If the 

hadron nucleoli cross section is large, then Tor large A the effective number of nucleons 

participating in the inelastic interactions is reduced to ~ A'^. the number of surface 

nucleons. 

In the case of virtual photo-absorption, the photon converts to a qq pair at a 

distance before the target proportional lo u = i - 1 = 2p • q/Q2 in the laboratory 

frame In a physical gauge, such as the light-cone A+ = 0 gauge, the final-state 

interactions of the quark can be neglected in the Bjorken limit, and effectively only 

•he ariti-quark interacts. The nuclear structure function F* producing quark q can 

then be written as an integral " over the inelastic cross section OqA{s') where *' 
grows as \jx for fixed space-like anti-quark mass. Thus the /4-dependence of the cross 
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section mimics the ^-dependence of the q cross section in the nucleus. Hung Jung 
Lu and I 1 0 4 have thus applied the standard Glauber multi-scattering theory, to <TQA 
assuming that formalism can be taken over to off-shell q interactions (the shadowing 
mechanism is illustrated in Fig. 31). Our results show that for reasonable values of 
the f-nucleon cross section, one can understand the magnitude of the shadowing effect 
at small z. Moreover, if one introduces an ag ~ 1/2 Reggeon contribution to the 
qN amplitude, the real phase introduced by such a contribution automatically leads to 
"anti-shadowing" (effective number of nucleons F^[x,Q2)/F^(x,Q2) > A) at x ~ 0.15 
of the few percent magnitude seen by the SLAC and EMC experiments. ' 

Figure 31. (a) The double-scattering amplitude that shadows the direct interaction 
of the anti-quark with N2. (b) The same mechanism as in (a), drawn in the traditional 
"hand-bag* form. The Pomeron and Reggeon exchanges between the quark line and Ni are 
explicitly illustrated. 

Our analysis provides the input or starting point for the log Q2 evolution of the 
deep inelastic structure functions, as given for example by Mueller and Qiu. The 
parameters for the effective g-nucleon cross section required to understand shadowing 
phenomena provide important information on the interactions of quarks in nuclear 

matter. 

Our analysis also has implications of the nature of particle production for virtual 
photo-absorption in nuclei. At high Q2 and x > 0.3, hadron production should be 
uniform throughout the nucleus. At low x or at low Q 2 , where shadowing occurs, the 
inelastic reaction occurs mainly at the front surface. These features can be examined 
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in detail by studying non-additive multi-particle correlations in both the target and 
current fragmentation region. 

Recently Frankfurt and Strikman have proposed a model for the shadowing and 
anti-shadowing of the leading-twist nuclear structure function in the small x region. 
Their approach differs with ours in two ways: 1) They apply the Glauber's formula 
in the spirit of a vector meson dominance calculation in an aligned jet model, hence 
their analysis essentially aims toward the lower Q2 region {Q2 < 4 GeV2). 2) The 
anti-shadowing effect is required on the basis of the momentum sum rule rather than 
attributed to any particular dynamical mechanism. 

We neglect the quark spin degrees of freedom in our analysis. The distribution 
:tions of spinless partons in the nucieon and nucleus are respectively: 

* ^ 2 ) = ^ j ^ / ^ 2 f c i / m 7 , J * W ) ( 3 ) 

and 
Cx2 

jfA(x) = ji^fh idsd2kj-Im T^s'^ (4) 

where the integral is over the right-hand cut of the forward g-nucleon ( or ^-nucleus) 
scattering amplitude Im Tg(s,fr) (Im 7"jj(s,fi-)), which includes the propagators of 
the partons. We will assume the amplitudes vanish as /i2 —* — oc, where 

It2 = - x ( s + Jti)/{] - 1 ) + xM2 - k2

x (5) 

is the invariant four-momentum squared of the interacting parton. The constant C 
incorporates the parton wavefunction renormalization constant, M is the mass of 
nucleon. and kL is the parton's transverse momentum. 

The scaled effective number of nucleons for fixed x is denned as lc" ~ —p~) 

Aeff(x)/A = Ff{x)fAFf(x) = xfA{x) J AxfN(x) 

= Jds<Pk± Im T$-(s, v2) J A J dsd2ki_ Im T$(s, i/2) 

We have implicitly considered an "average parton", that is, fA[x) and f^(x) are the 
distribution functions averaged over all the quark and anti-quark flavors. The region 
of integration transformed onto the s — u2 plane is indicated in Fig. 32, where V" 
represents the typical cut-off in the v2 dependence of the amplitude Tj[ (or T^) and 
s' is the first threshold in the scut of the amplitude T/[. Observe that when x —» 0 
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Figure 32. The region of integration of the amplitudes Tjf and T£ in the a-i>2 plane 

the main contribution to the integrals comes from the region of large 5 and finite v2. 
whereas the case x —• 1 probes into the low-s and Iarge-v2 sector. 

ID general we expect, that even for colored partons, the q — A scattering amplitude 

can be obtained from the q — N amplitude via Glauber's theory For our model 

we also include ag = 1/2 and aji = — 1 Reggeon terms in addition to the Pomeron 

exchange term ( the diagram corresponding to these contributions is shown on Fig. 

31 (b) ): 

Twit**2) = *[*s/S,(«/2) + (1 - i> 1 / 2 /M" 2 ) + w-'/M"2)} (7) 

(Note this is the amputated q — N amplitude, i.e. by attaching the external parton 
propagators to Tjn we recover the non-amputated amplitude Tj][.) For large 3, the 
Pomeron term dominates and T^// becomes imaginary, thus leading to the shadowing 
effect for small x. However, at lower values of s the real part is important, and we shall 
see this leads to an anti-shadowing enhancement of the q — A amplitude. The main 
role of the ag = —1 "Reggeon" in the parametrization (5) is to simulate the valence 
quark contribution in the low z domain. Further terms can be added, but these three 
terms reflect the essential properties of parton distribution functions needed here to 
study the low x region (see Fig. 33). 

We assume a Gaussian wavefunction for the nucleons in the nucleus 108-110 

|»(ri," • ,tA)f = J[{^)^eXp{-ryR2) 
J=I 

R2 = ^R%\ Ro = i.i23A'/3 f m 

(8) 

and adopt the usual parametrization for the high energy particle-nucleon scattering 
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Figure 33. The computed nucleon structure function Fg(r) assuming the set of pa
rameters in Table I and normalized such that / i (0) = 1. In order to show &-., .irate sea 
distribution «S(z) and valence distribution *f(*) , we Have assumed the parametrization: 

2 s « ( e , „') = <*./?,(„*)+1.2(1 - .*).'"AM* 2)] 

amplitude 

% ( * , i/ 2 ,q) = T 5 W {s , » 2)e*p(-$&q 2) 

•where q 2 ~ -q2 is the square of the transferred momentum in the lab frame. 

Glauber's 'analysis ' ' then yields: 

After attaching the propagators to the amplitudes in (7) and (10), the ratio 

0) 

(10) 

(11) 

can be evaluated numerically. 

We will assume that TqN(s,v2) vanishes as inverse power of v2 at large space-like 
quark mass. We take: 

jM» a ) = l + (i/*/i^)«-
(12) 

where a = 1 ,1 /2 , -1 . The characteristic scale for the Pomeron and the an = 1/2 
Reggeon is taken to be: v\, vh2 a 0.30 GeV2. The OR = —1 valence term is assumed 
to fall-off at the nucleon mass scale: »>L, ar 1 GeV2. In order to give a short momentum 
range behavior to the Pomeron and the cep = 1/2 Ileggeon we fix m = 4, and we 
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assign n_i = 2 to provide the long tail necessary for larger z behavior of the valence 
quark distribution function. By definition f\ = 1, whereas ft/2 and f-\ are adjusted 
consistently with the shape of the nucleon structure function at low x. The propagator 
of the anti-quark lines in the non-amputated amplitudes is assumed to have a monopole 
form on the space-like quark mass: 

Vp + V* 

A summary of the set of parameters used is given in Table III. 

Table III 

<7 30 mb fl/2 0.90 GeV 

*lVl/2>Vl 0.30 {GeV)2 

/ - I 0.20 (GeV)* 

»U 1.00 {GeVf M2 0.88 {GeV)2 

" l i n l / 2 4 5* 1.52 (GeV)2 

" - 1 2 b 10 (GeV/c)-2 

The resulting nucleon structure function computed from equation (1) is shown 
in Pig. 33. The parametrization used for T^/t gives a reasonable description of the 
components of Ff at low x. We can now compute the nuclear structure function and 
the ratio Aefj{x)jA from equation (9). The results are given in Fig. 34 for A — 12, 64, 
and 238. One observes shadowing below x as 0.1 and an anti-shadowing peak around 
z a 0.15. The shadowing effects are roughly logarithmic on the mass number A. 
The magnitude of shadowing predicted by the model is consistent with the data for 
x > 0.01; below this region^ one expects higher-twist and vector-meson dominance 
shadowing to contribute. For x > 0.2 other nuclear effects must be taken into account. 
Most of the parameters used in the model are assigned typical hadronic values, but a 
and fi/2 deserve more explanation, a controls the magnitude of shadowing effect near 
x = 0: a larger value of a implies a larger q*N cross section and thus more shadowing. 
Notice that a is the effective cross section at zero q virtuality, thus the typical value 
{a) entering the calculation is somewhat smaller. A variation in the parameter / j / 2 

modifies the amount of anti-shadowing by altering the real-to-imaginary-part ratio of 
the acat»rring amplitude. 

Our .;emi-quantitative analysis shows that parton multiple-scattering process pro
vides a mechanism for explaining the observed shadowing at low x in the EMC-SLAC 
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Figure 34. The predicted ratio of Atjj(x)fA of the multi-scattering model in the low 
z region for different nuclear mass number. The data points are results from the EMC 
experiment for Cu and Co. 

data. The existence of anti-shadowing requires the presence of regions where the real 

part of the <j - N amplitude dominates over the imaginary part. 

Finally we note that due to the perturbative QCD factorization theorem for in 
elusive reactions, the same analysis can be extended to Drell-Yan processes. Thus 
shadowing and anti-shadowing should also be observable in the nuclear structure func
tion F*(x2,Q2} extracted from massive lepton pair production on nuclear target at 
.... _ Jii 

29. THE NUCLEUS AS A COLOR FILTER IN QCD: HADRON PRODUCTION IN 

NUCLEI 

The data on hadron production in nuclei exhibit two striking regularities which are 
not readily explained by conventional hadron dynamics: 

!. The nuclear number dependence / p ( I f ) of inclusive production cross sections has 

a universal power a(xf), which is independent of the produced hadron. 

2. The A-dependence of Jjv production in nuclei has two distinct components: an 

A1 contribution at low xp and an anomalous A2/3 contribution which dominates 
112 

at large xp. Recently Paul Hoyer and I have shown that both phenomena 
can be understood in QCD as a consequence of the nucleus filtering out small, 
color-singlet Fock state components of the incident hadron wavefunction. 

73 



30. THE NUCLEUS AS A COLOR FILTER 

In high energy hadron-nucleus collisions the nucleus may be regarded as a "filter'" 
of the hadronic wave function. The argument, which relies only on general features 
such as time dilation, goes as follows. Consider the equal-time Fock state expansion of 
a hadron, in terms of its quark and gluon constituents. E.g., for a meson, 

W = lev) +1«&) +19999) + • • • (i) 

The various Fock components will mix with each other during their time evolution. 
However, at sufficiently high hadron energies £&, and during short times t, the mixing 

is negligible. Specifically, the relative phase exp[—i(E - Ek)t] of a given term in Eq. 
(1) is proportional to the energy difference 

E-E„ = 
xi 

/(2Eh) (2) 

which vanishes for Eh ~* 00. Hence the time evolution of the Fock expansion (1) is, 
at high energies, diagonal during the time ~ XjR it takes for the hadron to C.=JS a 
nucleus of radius R. 

The diagonal time development means that it is possible to describe the scattering 
of a hadron in a nucleus in terms of the scattering of its individual Fock components. 
Here we shall explore the consequences for typical, soft collisions characterized by 
momentum transfers qr — ^QCD- The partons of a given Fock state will then scatter 
independently of each other if their transverse separation is ry > 1/AQCD', i.e., if the 
state is of typical hadronic size. Conversely, the nuclear scattering will be coherent over 
the partons in Fock states having rj *& 1/AQC/J since e,qT'TT ~ 1. For color-singlet 
clusters, the interference between the different parton amplitudes interacting with the 
nuclear gluomc field is destructive. Thus the nucleus will appear nearly transparent to 
small, color-singlet Fock states. 

The momenta of the produced secondary hadrons depend on how the Fock state 
scatters. A large Fock state will tend to produce slow hadrons, since its momentum is 
shared by the partons which scatter, and hence also fragment, independently of each 
other. A small, color-singlet Fock state can transport the entire hadron momentum 
through the nucleus, and then convert bacl; to one, or several, fast hadrons. In an 
experiment detecting fast secondary hadrons the nucleus indeed serves, then, as a filter 
that selects the small Fock components in the incident hadrons. 
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For ordinary, light hadrons the small Fock components typically constitute some 
fraction of the valence quark state (i.e., of \qq) ). However, if the hadron has an 
intrinsic heavy quark Fock state ' then this non-valence state can be important 
in processes with fast, heavy hadrons in the final state. Consider the intrinsic charm 
state \udcc) of a | * + ) . Because of the large charm mass mc, the energy difference 
will be minimized when the charm quarks have large x, i.e., when they carry most of 
the longitudinal momentum. Moreover, because mc is large, the transverse momenta 
PTc of the charm quarks range up to 0(mc), implying that the transverse size of the 
cc system is C( l /m c ) . Hence, provided only that the cc forms a color singlet, it can 
penetrate the nucleus with little energy loss. In effect, the nucleus is transparent to the 
beav> quark pair component of the intrinsic state. The light quark pair of the intrinsic 
state typically is of hadronic size and thus is absorbed by the nucleus-

31. UNIVERSAL A-DEPENDENCE OF HADROPRODUCTION 

The experimental results on particle production in hadron-nucleus collisions show 
116 

a remarkable regularity. When the ^-dependence is parametrized as 

*(,+ A^k + X) = A*p. (3) 
dxh dxh 

where dfffj jdi^ is independent of A, it is found that the exponent cr(n) is the same for 
all hadrons h = ff*, K*,p, n, A, A. Thus at a given momentum fraction x^, the ratios 
of the production of the various types of hadrons A are independent of the nucleus (and 
also of the beam energy). The exponent a decreases smoothly from a(x = 0.1) a 0.7 
to a(x ~ 0.9) ~ 0.45. 

It id perhaps even more remarkable that a parametrization of the above form gives 
an .ffc-dependent a even in the case of charm production [h = D, A c, J / 0 , --•)• Ac
cording to the hard scattering picture of QCD, a = 1 for all x^. would be expected. In 
the Drell-Yan process of huge mass muon pair production a ~ 1 for all x& is indeed 

117 118 
observed. However, several experiments on open charm production show that 

l id 

a{x > 0.2) ~ 0,7.. . 0.8. For small x^, an indirect analysis comparing different mea
surements of the total charm production cross section indicates a(x ~ 0) a 1. More 
detailed data on the nuclear dependence of charm production is available from the 
hadroproduction of Jfi>. Here a decrease of a from a(x a 0) ~ 1 to a{x ~ 0.8) ^ 0.8 
has been seen by several groups. Particularly interesting from our present point of 

120 

view is the analysis of Badier, et at. They noted that the production of J/tf> at large 

Feynman xj, (up to x/̂  a 0.8} cannot be explained only by the gluon and light quark 
75 
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fusion mechanisms of perturbative QCD, due to the anomalous A—dependence. How
ever, their ir~A -» J/tf> + X data was well reproduced if, in addition to hard QCD 
fusion (with n = 0.97), they included a "diffractive" component of J/ik production 
having a = 0.77. Using the measured /1-dependence to extract the "diffractive" com
ponent, they found that (for a pion beam) it peaks at x ~ 0.5 and dominates the hard 
scattering A1 component for z > 0.6. 

32. HADROPRODUCTION BY PENETRATING FOCK STATES: LIGHT HADRON PRO

DUCTION IN NUCLEI 

The simple qualitative features of the data on light hadron production in nuclei 
follow in a straightforward way from the picture of a nuclear filter described above. 
The fast hadrons are fragments of the small, color-singlet, penetrating valence quark 
Fock states. Due to time dilation, the Fock state fragments only after passing through 

12] 

the nucleus. Since it carries the quantum numbers of the beam hadron, it is natural 
that the ratios of the art-distributions of the various secondary hadrons A in (3) will be 
independent of the size of the nuclear target. 

To illustrate our ideas, let us assume that a penetrating Fock state suffers an energy 
loss ill the nucleus which is proportional to its transverse area, 

;£ = -F& (4) 

where p is an effective nuclear density. Thus in the average nuclear distance %R the 
state retains a fraction z of its energy, 

Z(TT) = Eout/Ei„ = exp(--Rprf) (5) 

The inclusive hadron distribution (3) derived from the penetrating state is then 

~ = *R2 J>rrWrr)|2I/A(xk/*) (6) 

If we parametrize the incident hadron wave function #(rj-) by a gaussian, 

U'[rT)\2 = -ATe X P ( -4 /<4)) ( 7 ) 

and describe the inclusive fragmentation function fi,(x) of the final Fock state into 
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hadrona h as 

/ . (*) = — ( 1 - * ) " - (8) 
x 

then the inclusive cross section (6) is 

I 
i f . _ **ChR f dz»,S(1 _ fft >» m 

dxh-4P{r'T}XhJ z 2 ( 1 z] W 

is 

where/3 = 3/(4p{4)). 

The A-dependence of dff/dxn now follows from R a A1/3. For n ~ 1 we have 
z ~ i in the integral (9) and consequently da/dx^ oc A1'3 for all values of n, i.e., 
independently of the shape of the fragmentation function /*(x) in (8). For x/, ~ 0 the 
integral in (9) is seen to give dv/dx/, « A2!*, again for all values of n. These scaling 
laws follow from our genera] picture of the nucleus as a filter of the incident Fock states, 
and are thus independent of the specific model considered here. They are also in good 
accord with the trend of the data. 

For intermediate values of x^ the effective power a(z&) in (3) can be estimated 
from 

1 d / d<r\ .do 

The value of a(ar^) depends in our model on the parameter 0/R, and also on n. In 

practice the n-dependence can be relatively weak. For example, taking 0/R = 10 we 

find that the a(xh) calculated from (10) differs from the experimental parametrization 
116 

of Barton, et a!, by less than 0.07 as n ranges from 2 to 8, for all n between 0.1 and 
0.8. At this value of 0/R a penetrating Fock state with rf = ( r f ) loses, according to 
(b). 10 9J of its energy in the nucleus. 

At very small x/, our independent Fock state scattering picture breaks down. The 

hadronization begins to occur already inside the nucleus, resulting in a hadronic cas-
122 

cade. A simple empirical characterization of the ^-dependence of soft hadron pro
duction is dc/dx 2: i (1 + V)a oc A1, where P <x A1/3 is the mean number of collisions 
and <r oc A*/3 is the geometric cross section. 
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33. HEAVY QUARKONIUM PRODUCTION IN NUCLEI 

In heavy quark production on nuclei, the experimental evidence that the exponent 

a in Eq. (3) is ^-dependent requires a non-perturbative contribution to charm pro

duction. The usual QCD factorization formula always gives an ^^-independent a in 

the scaling (energy-independent) region, regardless of the form of the nuclear structure 
123 118 119 

function. In fact, the ^-dependence indicated by the data on open charm, ' and 
120 

also measured in 7/^-production, can be readily understood if the incident hadron 
114 

has Fock states with intrinsic charm. 
According to our earlier discussion, the tc pair in the intrinsic charm Fock state car

ries most of the momentum and has a small transverse extent, (IT) -» l/me. For such 
separations the nucleus is practically transparent, i.e., z a 1 in (5). Thus the cc color-
singlet cluster in the incident hadron passes through the nucleus undeflected; it can 

124 

then evolve into charmonium states after transiting the nucleus. The remaining clus
ter of light quarks in the intrinsic charm Fock state is typically of hadronic size and will 
interact strongly on the front surface of the nucleus. Consequently, the A-dependence 
of the cross section (6) is given by the geometrical factor, a ~ 2/3. This justifies 

120 

trc analysis of Badier et al, in which the perturbative and non-perturbative charm 
production mechanisms were separated on the basis of their different -4-dependence 
(a = 0.97 and a = 0.77 for a pion beam, respectively). The effective x^-dependence 
of a seen in charm production is explained by the different characteristics of the two 
production mechanisms. Hard, gluon fusion production dominates at small x/,, due 
to the steeply falling gluon structure function. The contribution from intrinsic charm 
Fock states in the beam peaks at higher X&, due to the large momentum carried by the 
charm quarks. 

An important consequence of our picture is that all final states produced by a pen

etrating intrinsic cc component will have the same jl-dependence. Thus, in particular, 

the iJ>(2S) radially excited state will behave in the same way as the J/rfr, in spite of 

its larger size. The nucleus cannot influence the quark hadronization which (at high 

energies) takes place outside the nuclear environment. 
Quarkonium production due to the intrinsic heavy quark state will fall off rapidly 

for pr greater than Aiq, reflecting (he fast-falling transverse momentum dependence 
of the higher Fock state wavefunction. Thus we expect the conventional fusion con
tributions to dominate in the large pr region. The data are in fact consistent with 
a simple A} law for J/V» production at large pj \ The CERN experiment of Badier et 

120 
al.' finds that the ratio of nuclear cross sections is close to additive in A for all Xf 
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when pr is between 2 and 3 GeV. The data of the FermiLab experiment of Katsanevas 
120 

et al. shows consistency with additivity for pr ranging from 1.2 to 3 GeV. 

The probability for intrinsic heavy quark states in a light hadron wave function 

is expected ' to scale with the heavy quark mass MQ as 1/MQ. This implies a 

production cross section proportional to If MX. The total rate of heavy quark produc

tion by the intrinsic mechanism therefore decreases with quark mass, compared to the 

perturbative cross section which is proportional to 1/MQ. At large x the intrinsic pro

duction should still dominate, however, implying a nuclear dependence in this region 

characterized by a ~ 0.7. . . 0.8 in Eq. (3). Experimental measurements of beauty 

hadroproduction in nuclei over the whole range of x will be essential for unraveling the 

two components of the cross section. 

34. COHERENCE AND HADRON PRODUCTION IN NUCLEI 

The coherent scattering of quark systems has largely been neglected in earlier treat
ing 

ments of hadroproduction on nuclei, as for example in the additive quark model. For 

light hadron production, the ^dependence of a in Eq. (3) has often been assumed 

to result from a dominantly peripheral production mode for fast hadrons. In such a 

picture, the nucleus is taken to be nearly opaque to hadrons, which consequently lose 

most of their momentum in central collisions. However, if this were the case it would 

also imply that a < 1 in the Drell-Yan process: The incoming hadron could not inter

act as effectively with the quarks on the back side of the nucleus. The experimental 
117 

proof that a ~ 1 in large mass muon pair production requires the nucleus to be 

nearly transparent to the individual quarks of the beam hadron. The coherence of 

the hadronic wave function is nevertheless destroyed by the nuclear interactions - only 

the small Fock components can penetrate coherently and produce fast hadrons even in 

-entraj collisions 

The Fock state picture discussed above will cease to be useful at low energies, when 

the Fock stales no longer evolve independently over nuclear distances. According to 

Eq. (2), the required beam energy is higher for heavy quark states and, more generally, 

for states with small transverse si2e. At low energies hadrons will form, and may re-

interact, inside the nucleus. This implies a breakdown of Feynman scaling, which could 

thus be used as an experimental signal for the transition to the low energy region. 

Thus the qualitative characteristics oS both light and heavy particle production on 

riurlei can be understood in terms of the nucleus acting as a filter for the incident Fock 

slates. The picture we have presented, which is consistent with the general principles 
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of gauge theory, immediately accounts for the gross features of the data. By contrast, 
it is difficult to find simple explar ations of those features in other models. For charm 
production, there is no way of understanding the ^-dependence of a purely within 
perturbative QCD. 

35. EXCLUSIVE NUCLEAR REACTIONS — REDUCED AMPLITUDES 

The nucleus is itself an interesting QCD structure. At short distances nuclear wave-
functions and nuclear interactions necessarily involve hidden color, degrees of freedom 
orthogonal to the chanpeis described by the usual nucleon or isobar degrees of free
dom. At asymptotic momentum transfer, the deuteron form factor and distribution 
amplitude are rigorously calculable. One can also derive new types of testable scaling 
laws for exclusive nuclear amplitudes in terms of the reduced amplitude formalism. 

An ultimate goal of QCD phenomenology is to describe the nuclear force and the 
structure of nuclei in terms of quark and gluon degrees of freedom. Explicit signals of 
QCD in nuclei have been elusive, in part because of the fact that an effective Lagrangian 
containing meson and nucleon degrees of freedom must be in some sense equivalent to 
QCD if one is limited to low-energy probes. On the other hand, an effective local 
field theory of nucleon and meson fields cannot correctly describe the observed off-
shell falloff of form factors, vertex amplitudes, Z-graph diagrams, etc. because hadron 
compositeness is not taken into account. 

We have already mentioned the prediction Fd(Q2) ~ l/Q™ which comes from 
simple quark counting rules, as well as perturbativt QCD. One cannot expect this 
asymptotic prediction to become accurate until very large Q2 is reached since the 
momentum transfer has to be shared by at least six constituents. However there is a 
simple way to isolate the QCD physics due to the compositeness of the nucleus, not 
the nucleons. The deuteron form factor is the probability amplitude for the deuteron 
to scatter from p to p + q but remain intact. Note that for vanishing nuclear binding 
energy Q ~» 0, the deuteron can be regarded as two nucleons sharing the deuteron 
four-momentum {see Fig. 35). The momentum £ is limited by the binding and can 
thus be neglected. To first approximation the proton and neutron share the deuteron's 
momentum equally. Since the deuteron form factor contains the probability amplitudes 
for the proton and neutron to scatter from p/2 to p/2 + q(2; it is natural to define the 
reduced deuteron form factor 

The effect of nucleon compositeness is removed from the reduced form factor. QCD 
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then predicts the waling 

i.e. the same scaling law as a meson form factor. Diagrammatically, the extra power 
of 1/Q 2 comes from the propagator of the struck quark line, the one propagator not 
contained in the nucleon form factors. Because of hadron helicity conservation, the 
prediction is for the leading helicity-conserving deuteron form factor (A = A' = 0.) As 
shown in Fig. 36, this scaling is consistent with experiment for Q = pr £ 1 GeV. 

6-06 &446AID 

Figure 35. Application of the reduced amplitude formalism to the deuteron form factor 
at large momentum transfer. 

The distinction between the QCD and other treatments of nuclear amplitudes is 
particularly clean in the reaction fd —»tip; i.e. photodtsintegration of the deuteron at 
fixed center-of-mass angle. Using dimensional counting, the leading power-law predic
tion from QCD is pimply ^(fd -* np) ~ £, F(0cm). Again ve note that the virtual 
momenta are partitioned among many quarks and gluons, so that finite mass correc
tions will be significant at low to medium energies. Nevertheless, one can test the 
basic QCD dynamics in these reactions tfeking into account much of the f ite-mass, 
iiigher-twist corrections by using the "reduced amplitude" formalism.Thus the photo-
disintegration amplitude contains the probability amplitude (i.e. nucleon form factors) 
for the proton and neutron to each remain intact after absorbing momentum trans
fers pp — l/2pj and p„ — i/2pj, respectively (see Pig. 37). After the form factors are 
removed, the remaining "reduced" amplitude should scale as F{9CKl)/pr- The single 
inverse power of transverse momentum pj is the slowest conceivable in any theory, but 
it is the unique power predicted by PQCD. 

The prediction that /(0cm) ' S energy dependent at htgh-momenturu transfer is 
compared with experiment in Fig. 'AS. It is particularly striking to see the QCD 
prediction verified at incident photon lab energies as low as 1 GeV. A comparison with 
a standard nuclear physics model with exchange currents is also shown for comparison 
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Figure 36. Scaling of the deuteron reduced form factor. The data are summarued in 
Ref. 128. 

Figure 37. Construction of (he reduced nuclear amplitude for two-body inelastic 
deuteron reactions,* 

as the solid curve in Fig. 38(a). The fact that this prediction falls less fast than the 
data suggests that meson and nucleon compositeness are not taken to into account 
correctly. An extension of these data to other angles and higher energy would clearly 
be very valuable. 

An important question is whether the normalization of the yd —* jm amplitude it 
correctly predicted by perturbative QCD. A recent analysis by Fujita 1 3 0 shows that 
mass corrections to the leading QCD prediction are not significant in the region in wh'ch 
the data show scaling. However Fujita also finds that in a model based on simple cne-
gluon plus quark-interchange mechanism, normalized to the m<deon-nucleon scattering 
amplitude, gives a photo-disintegration amplitude with a normalization an order of 
magnitude below the data. However this model only allows for diagrams in which the 
photon insertion acts only on the quark lines which couple to the exchanged gluon. It 
is expected that including other diagrams in which the photon couples to the current 
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•A ihe jlher four quarks will increase the photo-disintegration amplitude by a large 
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Figure 38- Comparison of deuteron photodisintegration data with the seating prediction 
which requires / !(J™) to be at most logarithmically dependent on energy at large momentum 
transfer The data in (a) are from the recent experiment of Ref. 132. The nuclear physics 
>t•••di'-'ion shown in (a) is from Ref 133. The data in fb) ire from Ref. 134 

The -Jerivation of the evolution equation for the deuteron and other multi-quark 
states is given in Ref. 131. In the case of the deuteron, the evolution equation couples 
fi.e different color singlet stat.es composed of the six quarks. The leading anomalous 

dimension for the deuteron distribution amplitude and the belicity-conserving deuteron 
fort, factor a; asymptotic Q2 is given in Ref. 131. 

There an. 4 number uf related tests of QCD and reduced amplitudes which require 
fi Seams such as pa ~> •jn and pd —» tc'p in the fixed 0cm region. These reaction? 
are particularly interesting 'c5ts of QCD in nuclei. Dimensional counting rules predi<-' 
iht asymptotic behavior $f- {pd • it'p) -- ( J.„ /(6cm) since there are 14 initial and 
final quanta involved. Again one notes that the pd -* x~p amplitude contains a factor 
representing the probability amplitude (i.e. form factor) for the proton to remain intact 
after absorbing momentum transfer squared t = (p - l/2pj)2 and the AW time-likf 
form factor at i - (p+ l/2p<j)2. Thus M&i-.x-p ~ F\ff(i) Fifj{s)MT, where MT ha. 
>•• same JjrD scaling properties as quark mfson scattering. One thus predicts 

an & - " P) /(«) 
rtv<i)FfN(i\ 
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The reduced amplitude scaling for iA —* pit at large angles and pr Z 1 GeV (see Fig 
38). One thus expects similar precocious scaling behavior to hold for pd —• sr~p and 
other pd exclusive reduced amplitudes. Recent analyses by Kondratyuk and Sapozh 
nikov show that standard nuclear physics wavefunctions and interactions cannot 
explain the magnitude of the data for two-body anti-proton annihilation reactions 
such as pd —* *~p-

36. DlSCRETIZED LiGHT-CONE QUANTIZATION 

Only a small fraction of strong interaction and nuclear physics can be addressed by 
perturbative QCD analyses. The solution to the mass and wavefunction of the proton 
requires a solution to the QCD bound-state problem. Even with the simplicity of the 
e + e~ and if initial state, the full complexity of hadron dynamics is involved in under
standing resonance production, exclusive channels near threshold, jet hadronization, 
the hadronic contribution to the photon structure function, and the total e + e~ or 77 
annihilation cross section. A primary question is whether we can ever hope to con
front QCD directly in its nonperturbative domain. Lattice gauge theory and effective 
Lagrangian methods such as the Skynne model offer some hope in understanding the 

low-lying hadron spectrum but dynamical computations appear intractable. Consider-
21 able information on the spectrum and the moments of badron valence wavefunctions 

has been obtained using the ITEP QCD sum rule method, but the region of applica
bility of this method to dynamical problems appears limited. 

Recently a new method for analysing QCD in the nonperturbative domain has 
been developed: discretized light-cone quantization (DLCQ). The method has the 
potential for providing detailed information on all the hadron N Pock light-cone com 
ponents. DLCQ has been used to obtain the complete spectrum of neutral states in 
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QED and QCD in one space and one time for any mass and coupling constant. 
The QED results agree with the Schwinger solution at infinite coupling. We will review 
the QCD[] + 1] results below. Studies of QED in 3+1 dimensions are now underway 
Thus one can envision a nonperturbative method which in principle could allow a 
quantitative confrontation of QCD with the data even at low energies and momentum 
transfer 

The basic idea of DLCQ is as follows: QCD dynamics takes a rather simple form 
when quantized at equal light-cone "time" r — t f- 2/c. In light-rone gauge A+ -
An ^ A' ~ 0. the QCD light-cone HamiltonUn 

AQCD ~ #0 + 9 Hi I- i l h 
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contains the usual 3-point and 4-point interactions plus induced terms from instanta
neous gluon exchange and instantaneous quark exchange diagrams. The perturhative 
vacuum is an eigenstate of HQCO and serves as the lowest state in constructing a com
plete basis set of color singlet Fock states of Ho in momentum space. Solving QCD is 
then equivalent to solving the eigenvalue problem: 

ffQCDl* >••= At21* > 

as a matrix equation on the free Fock basis. The set of eigenvalues {M2} repre
sents the spectrum of the color-singlet states in QCD. The Fock projections of the 
eigenfunction corresponding to each hadron eigenvalue gives the quark and gluon Fock 
state wavefunctions $n{xi,k±i,Xi) required to compute structure functions, distribu-
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tion amplitudes, decay amplitudes, etc. For example, as shown by Drell and Van, 
the form-factor of a hadron can be computed at any momentum transfer Q from an 
overlap integral of the ipn summed over particle number n. The e + e~ annihilation 
cross section into a given J — 1 hadronic channel can be computed directly from its 
\j)qq Fock state wavefunction. 

The light-cone momentum space Fock basis becomes discrete and amenable to com
puter representation if one chooses (anti-)periodic boundary conditions for the quark 
and gluon fields along the z~ = z — ct and z± directions. In the case of renormaliz-
able theories, a covariant ultraviolet cutoff A is introduced which limits the maximum 
invariant mass of the particles in any Fock state. One thus obtains a finite matrix rep
resentation of //QCD which has a straightforward continuum limit. The entire analysts 
is frame independent, and fermions present no special difficulties 

Since HLC-. P + > P±, and the conserved charges all commute, Uic is block diago
nal. By choosing periodic (or anti-periodic) boundary conditions for the basis stales 
along the negative light cone ip(s~ = f i ) - ±ili{z ' - -J,), the Fock basis becomes 
restricted to finite dimensional representations. The eigenvalue problem thus reduces 
to the diagonalization of a finite Hermitian matrix. To see this, note that periodicity in 
z~ requires P"1" = ^f K , kf = f̂ n; , *£X=\ n K% The dimension of the repre
sentation corresponds to the number of partition ,he integer K as a sum of positive 
integers n For a finite resolution K, the wavefunction is sampled at the discrete points 

r' " P+ " K " \ K K ' K \ 

f ht: »-ontinuum limit is i. iearly K ~* x>. 
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One can easily show that P" scales as L. One thus defines P = j%H . The 
eigenstates with P2 = M2 at fixed P+ and Px = 0 thus satisfy HLC |*) = KH |tf) = 
V ' | * ) , independent of L (which corresponds to a Lorentz boost factor) 

The basis of the DLCQ method is thus conceptually simple: one quantizes the 
independent fields at equal light-cone time r and requires them to be periodic or anti-
periodic in ligbt-cone space with period 1L- The commuting operators, the light-cone 
momentum P+ = ^-K and the light cone energy P~ = ^H are constructed explicitly 
in a Fock space representation and diagonalized simultaneously. The eigenvalues give 
the physical spectrum: the invariant mass squared M2 = P"PV. The eigenfunctions 
give the wavefunctions at equal r and allow one to compute th? current matrix elements, 
structure functions, and distribution amplitudes required for physical processes. All of 
these quantities are manifestly independent of L, since A/* = P+P~ = HK. Lorentz-
invariance is violated by periodicity, but re-established at the end of the calculation 
by going to the continuum limit: L —» co, K —t oo with P+ finite. In the case of 
gauge theory, the use of the light-cone gauge A+ = 0 eliminates negative metric states 
in both Abelian and non-Abelian theories 

Since continuum as well as single hadron color singlet hadronic wavefunctions arc 
obtained by the diagonalization of HLC- one can also calculate scattering amplitude? 
as well as decay rates from overlap matrix elements of the interaction Hamiltonian foi 
the weak or electromagnetic interactions An important point is that all higher Fock 
amplitudes including spectator gluons are kept in the light-cone quantization approach: 
such contributions cannot generally be neglected in decay amplitudes involving light 
quarks 

Tiie simplest application of DLCQ to local gauge theory is QED in one-space and 
one tinv dimensions. Since J 4 T = 0 is z physical gauge there are no photon degrees of 
freedom Explicit forms for the matrix representation of HQED a r e given in Ref. 'I 

The basic interactions which occur in //ic(QCD) are illustrated in Fig .39. Re-
cently Hornbostel has used DLCQ to obtain the complete color singlet spectrum of 
QCD in one space and one time dimension for Nc = 2,3,4. The hadronic spectra are 
obtained as a function of quark mass and QCD coupling constant (see Fig. 40). 

Where they are available, the spectra agree with results obtained earlier; in par 
:.icular, the lowest meson mass in SU(2) agrees within errors with lattice Hamiltonian 
results. The meson mass at A'c = 4 is close to the value obtained in the large .V, 
limi'i The- nethod also provides the first results for the baryon spectrum in a non-
^belia.n ^auge theory. The lowest baryon mass is shown in Fig. 40 as a function of 
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X ' W V - * — i r > > J > 
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Figure 39. Diagrams which appear ID the interaction Hamiltonian for QCD on the 
light cone, The propagators with horizontal ban represent "instantaneous" gluon and quark 
exchange which arise from reduction of the dependent fields in /4 + = 0 gauge (a) Basic 
:nt*ra£tion vertices in QCD. (b) "Instantaneous" contribution!' 

Figure 40 The lowest baryon and meson masses in QCD (1+1) computed in DLf'Q 
for V» = 2,3.4 as a funuion of quark mass and coupling constant 

-oupii.i^ ousistaut The ratio of meson to baryon mass, as a function of A'c ilsL> agree* 
141 at strong coupling with results obtained by Frishman and Sonnenschein. Precise 

'/alues for the mass eigenvalue can be obtained by extrapolation to !arg? A' since the 
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Figure 41. Representative baryon spectrum for QCD in one-space and one-time dimen-

functional dep'rcience in \jK is understood. 

As emphasi2ed above, when the light-cone Hamiltonian is diagonalized for a fi
nite resolution K, one gets a complete set of eigenvalues corresponding to the total 
dimension of the Fock state basis. A representative example of the spectrum is shown 
in Fig. 4) for baryon states {B = 1) as a function of the dimensionless variable 
A = 1/(1 + irm2/<72)- Note that spectrum automatically includes continuum states 
with B=\ . 

0.5 

0.4 

: 0.3 

0.d 

0.t 

I 
; * . * -

m/(» 1 

0.2 )A 0.6 C.3 

Figure 42. The meson quark momentum distribution in QCD[1+1) computed using 

The structure functions for the lowest meson and baryon states in SU(3) at two 
different coupling strengths mfg = 1.6 and mfg = 0.1 are shown in Figs. 42 and 43. 
Higher Fock states have a very small probability; representative contributions lo the 
baryon structure functions are shown in Figs. 44 and 45. For comparison, the valence 
Wovefunction of a higher mass state which can be identified as a composite of meson 
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Figure 43. The batyon quark momentum distribution in QCD[1+1] computed using 
DLCQ. 137 

—,—r— 
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Figure 44. Contribution to the baryon quark mamentum distribution from qqqqq states 
for QCDIl+I]. , 3 T 

—«- •— * 
0.2 OA 0.6 0.8 i.O 

Figure 45. Contribution to the bvyon quark momentum distribution from qqqfqTF} 
sUtesforQCDtl+l]. 1 3 7 

pairs (analogous to a nucleus) is shown in Fig. 46. The interactions of the quarks in 

the pair state produce Fermi motion beyond x = 0.5. Although these results are for 
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Figure 46. Comparison of the meson quark distributions in the ffff Pock sate with 
that of a continuum meson pair state. The structure in the former may be due to the fact 
that these four-particle wavefunctions are orthogonal. 

one time one space theory they do suggest that the sea quark distributions in physical 
hadrons may be highly structured. 

In the case of gauge theory in 3+1 dimensions, one also takes the k'± = (2*/L±)ni

± 

as discrete variables on a finite cartesian basis. The theory is covariantly regulated if 

'•ne restricts states by the condition 

V *ii f mt < \* 

where A is the ultraviolet cutoff. In effect, states with total light-cone kinetic energy 
beyond A 2 are cut off. In a renormalizable theory physical quantities are independent 
of physics beyond the ultraviolet regulator; the only dependence on A appears in the 
coupling constant and mass parameters of the Hamiltonian, consistent with the renor-
•nalizatinn group. The resolution parameters need to be taken sufficiently large such 
ha* the theory is controlled by the continuum regulator A, rather than the discn**'1 

•>"iilt> f/ the momentum space basis. 

There are a number of important advantages of the DLCQ method which have 
emerged from this study of two-dimensional field theories: 

1. The Fock space is denumerable and finite in particle number for any fixed resolu
tion K. In the case of gauge theory in 3+1 dimensions, one expects that photon 
or gluon quanta with zero four-momentum decouple from neutral or color-singlet 
bound states, and thus need not be included in the Fock basis. 

2. Because one is using a discrete momentum space representation, rather than a 

space-time lattice, there are no special difficulties with fermions: e.g. no fermton 
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doubling, fermion determinants, or necessity for a quenched approximation. Fur
thermore, the discretized theory has basically the same ultraviolet structure as 
the continuum theory. It should be emphasized that unlike lattice calculations, 
there is no constraint or relationship between the physical size of the bound state 
and the length scale L. 

3. The DLCQ method has the remarkable feature of generating the complete spec
trum of the theory; bound states and continuum states alike. These can be 
separated by tracing their minimum Fock state content down to small coupling 
constant since the continuum states have higher particle number content. In 
lattice gauge theory it appears intractable to obtain information on excited or 
scattering states or their correlations. The wavefunctions generated at equal 
light cone time have the immediate form required for relativistic scattering prob
lems. In particular one can calculate the relativistic form factor from the matrix 
element of currents. 

4. DLCQ is basically a relativistic many-body theory, including particle number 
creation and destruction, and is thus a basis for relativistic nuclear and atomic 
problems In the nonrelativistic limit the theory is equivalent to the many-bod) 
Srhrodingcr theory, 

Whether QCD can be solved using DLCQ - - considering its large number of degree? 
of freedom is unclear. The studies for Abelian and non Abelian gauge theor" carried 
out so far in 1 + 1 dimensions give grounds for optimism. 

37. OTHER APPLICATIONS OF LIGHT-CONE QUANTIZATION 

hi the discretized light-cone quantization method, one can construct an explicit 
matrix .^presentation of the QCD Hamiltonian on the light-cone momentum space 
Fork ,-<•;•. -esent at ion. The kinetic energy operator in this representation is diagonal. !'. 
pr'nripK' jne can diagonalize the total Hamiltonian on this representation to obtain 
loi .JIIIV the discrete and continuum eigenvalues, but also the corresponding light-con* 
vravefuncttons required to compute intrinsic structure functions and distribution am
plitudes. Since we are primarily interested in the lowest mass eigenstates of the hadron 
spectrum, we cad use the variational method and simply minimize the expectation value 
of the light-cone Hamiltonian. This is currently being carried out by Tang ° for the 
»tudy of positronium at large o The evaluation of the Fock state sum can be mad'1 

highlj .efficient by using vectorized code and importance sampling algorithms such as 
Lepage b program VEGAS. On the other hand if the total Hamiltonian could be diag-
onalize'l. one could immediately construct the resolvent, and thus the T- matrix for 
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scattering problems. The fractional experimental resolution in center-of-mass energy 
squared 6s/s can be matched to the a corresponding resolution 1/A". 

The light-cone Fock state representation can also be used advantageously in per

turbation theory. For example, one can calculate any scattering amplitude in terms of 

the usual Lippman-Schwisger series: 

Langnau and I are currently applying this method to the higher order calculation of 
the electron's anomalous magnetic moment in quantum electrodynamics. The sum 
over intermediate Fock states is equivalent to summing all r—ordered diagrams and 
integrating over the transverse momentum and light-cone fractions z. Because of the 
restriction to positive x, diagrams corresponding to vacuum fluctuations or those con
taining backward-moving lines are eliminated. The amplitudes are regulated in the 
infrared and ultraviolet by cutting off the invariant mass. The ultraviolet regulariza.-
tion and renormalization of the perturbative contributions may be carried out by using 
the "alternating denominator method" ' which yiei«.s an automatic construction of 
mass renormalization counter-terms. 

The same method can also be used to compute perturbative contributions to the 
annihilation ratio Re+t- = <r(e+e" -» Aadrons)/a(e+e~ —» /t+(i~) as well as the 
quark and gluon jet distribution. Th? results are obtained in the light-cone variables, 
z, &.!• Ai which are the natural wvarianl variables for this problem. Since there are 
no Faddeev-Popov or Gupta-Bleuler ghost fields in the light-cone gauge A+ = 0, the 
calculations are explicitly unitary. It is hoped that one can in this way check the three-
loop calculation of Gorishny, et al. who found a surprisingly large value of 64.9 for 
the coefficient of (a,/ir) 3 of Rc*r- :n the MS scheme-

as CONCLUSIONS 

In these lectures I have emphasized several novel features of quantum chromody-
n amies, features which lead to new insights into the structure of the hadrons and their 
interactions. Among the highlights: 

1 • The structure of the proton now appears both theoretically and experimentally to 
be surprisingly complex, often at variance with intuition based on non-relativistic 
quark model. The most convenient covariant representation of the hadron in 
QCD is given by the light-cone Fock basis. According to QCD sum rules, the 
valence Fock state wavefunction of the proton turns out to be highly structured 
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and asymmetric between the valence u and d quarks. Polarized deep inelastic 
structure function measurements by the SL AC-Yale and CERN-EMC collabo
rations show that the gluons and strange quarks have strong spin correlations 
with the proton spin, There is even the possibility of a small admixture of bid
den charm in the nucleon wavefunction. I have also discussed the distinctions 
between intrinsic (bound state) versus extrinsic (collision-induced) contributions 
to the proton structure functions, and a new approach to understanding the 
non-additive shadowing and anti-shadowtng features of the leading twist nuclear 
stiucture functions 

2. The perturbative QCD analysis of exclusive amplitudes has now become a highly 

developed field, based on all-orders factorization theorems, evolution equations, 

Sudakov-regulated pinch contributions, etc. The application to experiment has 

been highly successful; the recent confirmation by the TPC- 77 experiment of the 

PQCD predictions for the photon-9 transition fonn factor is an important veri

fication of the theory, as significant as Bjorken scaling in deep inelastic inclusive 

reactions. The recent observation at SLAC of reduced-amplitude scaling for large 

angle photo-disintegration provides a striking demonstration of the dominance 

of simple quark-gluon degrees of freedom in nuclear amplitudes ai the few GcV 

.cale. The obiervation at BNL of increasing color transparency uf quasi-elastic pp 
^altering ii' nuclei has confirmed perhaps the most novel feature of perturbati w-

QCD. The experimental results contradict the standard Glauber treatment of 

initial and final state interactions but support the PQCD prediction that large 

.ingle pp scattering involves only the small color-dipole moment configurations 

>{ the proton Fock state. The observation of color transparency rules against a 

description of large momentum exclusive amplitudes in terms of the convolution 

J soft liadronir ->vavefunction«. tt is clearly essential that color transparency be 

'•---t.f in oth'f • liai>npls, (M/tiruWy quasi-elastic r - p scattering 

) ; ' -should bf --iiiphasued that experimental and theoretical studies of exclusive 
amplitudes arr necessary for the fundamental understanding of the structure 
of the hadronic wavefunt-tions. Exclusive amplitudes provide a testing ground 
for hadronization in the simplest, most controlled amplitudes. These tests are 
essential if we are ever able to understand coherence and coalescence phenomena 
in the hadronization of QCD jets. The calculation of weak decay matrix elements 
and die extraction of quark mixing parameters of fl»ctri>- weak theory also require 
n 'ietailr-d understanding of hadronic wavefnnctions 

1 I lid.': described A new approach to the problem of solving QCD in the non-
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perturbative domain-discretized light-cone quantization. The application of the 
method to QCD in one-space and one-time has been very encouraging. The 
challenge now is to apply this method to obtain the mass spectrum and light-
cone Fock wave functions of the hadrons in QCDJ3+1). A very interesting feature 
of the DLCQ results for QCD[1+1) are the oscillations which emerge in the 
higher Pock state contributions to the hadron structure functions. The DLCQ 
method also leads naturally to a perturbativ^ method for computing Rt*t- as 
well as coherent contributions to jet observables at the amplitude rather than 
probabilistic level. 

5. One of the most important challenges to the PQCD analysis of exclusive reactions 
is the striking behavior observed in the spin-spin correlation AJUJV in large-angle 
pp scattering at Ecm ~ 5 GeV. As I have discussed in these lectures, this phe
nomena can be interpreted as due to a threshold enhancement or resonance due 
to open charm production in the intermediate state. This explanation also nat
urally accounts for the observed diminishing of color transparency seen in the 
BNL experiment at the same kinematic domain. A corollary of this explanation 
is the prediction of new bound states of charmonium with nucleons or nuclei, just, 
below the production threshold for open charm. 

Quantum Chromodynamics has now emerged as a science in itself, unifying hadroii 
and nuclear physics in terms of a common set of fundamental degrees of freedom. It is 
clear that we have only begun the study its novel perturbative and non-perturbative 
features. 
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