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1 .  INTRODUCTION

One of the most remarkable claims of theoretical physics, is that the Lagrangian
density of Quantum Chromodynamics (QCD),

- -
~QCD = -i Tr [FpuF,,] + $(i ~zJ - ~)T,!I

JVJ” = dpAV - d”Ap + ig[Ap, A”]

describes all aspects of the hadron and nuclear physics. This elegant expression
compactly describes a renormalizable theory of colortriplet  spin-a quark fields $J
and color-octet spin-l gluon fields Aj’ 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 inclusive
and exclusive processes, the theory has high predictability!“(The  term “exclusive”
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 logarithmic violation of scale invariance in deep inelastic lepton-hadron
reactions. QCD has been successful in predicting the features of electron-positron
and photon-photon annihilation into hadrons, including the magnitude and scaling
of the cross sections, the complete form of the photon structure function, the
production of hadronic jets with patterns conforming to elementary quark and
gluon subprocesses. Recent Monte Carlo studies incorporating coherence (angle-
ordering) have been successful in reproducing the detailed features of the two-jet
(@) and three-jet (@g) reactions. The experimental measurements appear to be
consistent with the basic postulates of QCD, that the charge and weak currents
within hadrons are carried by fractionally-charged quarks, and that the strength of
the interactions between the quarks and gluons becomes weak at short distances,
consistent with asymptotic freedom.

Nevertheless in some very striking cases, the predictions of QCD appear to be
in dramatic conflict with experiment:

1. The spin dependence of large angle pp elastic scattering has an extraordi-
narily rich structure- particularly at center of mass energies ECM N 5 Gel/.
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The observed behavior is quite different than the structureless predictions of
the perturbative QCD theory of exclusive processes.

QCD predicts a rather novel feature: instead of the traditional Glauber the-
ory of initial and final state interactions, QCD predicts negligible absorptive
corrections, i.e., the “color transparency” of high momentum transfer quasi-
elastic processes in nuclei. A recent experiment at Brookhaven National
laboratory seems to confirm this prediction, at least at low energies, but
the data show, that at the same energy where the anomalous spin correla-
tions are observed in pp elastic scattering, the color transparency prediction
unexpectedly fails.

3. Recent measurements by the European Muon Collaboration of the deep in-
elastic structure functions on a polarized proton show a number of unex-
pected 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 EMC data indicate that the net
spin of the proton is carried by gluons and orbital angular momentum, rather
than the quarks themselves.

4. The J/t,b  and +’are supposed to be simple S-wave n=l and n=2 QCD bound_
states of the charm and anti-charm quarks. Yet these two states have anoma-
lously different two-body decays into vector and pseudo-scalarhadrons. ‘-

5. The hadroproduction of charm states and charmonium  is supposed to be
predictable from the simple fusion subprocess gg + cZ. However, recent
measurements indicate that charm particles are produced at higher momen-
tum fractions than allowed by the fusion mechanism, and they show a much
more complex nuclear dependence than simple additivity in nucleon number
predicted by the model.

All of these anomalies suggest that the proton itself is a much more complex
object than suggested by simple non-relativistic quark models. Recent analyses of
the proton distribution amplitude using QCD sum rules points to highly-nontrivial
proton structure. Solutions to QCD in one-space and one-time dimension suggest
that the momentum distributions of non-valence quarks in the hadrons have a
non-trivial oscillatory 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 cre-
ated in the collision itself. As we shall see in this lecture, the apparent discrepancies
with experiment are not so much a failure of &CD, but rather symptoms of the
complexity and richness of the theory. An important tool for analyzing this com-
plexity is the light-cone Fock state representation of hadron wavefunctions, which
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provides a consistent but convenient framework for encoding the features of rela-
tivistic many-body systems in quantum field theory.

General Features of QCD
The quark fields of QCD carry flavor quantum numbers as well as the elec-

tromagnetic and weak currents. The charge and other quantum numbers of the
hadrons thus reflect the quantum numbers of their quark constituents. However,
the proton in QCD is only to first approximation a bound state of two u and one
d quark. Because of quantum fluctuations, one expect that a highly relativistic
bound state contains admixtures of juudg >, juudss > and other higher parti-
cle number Fock components which match the proton’ global quantum numbers.
There is some evidence that the proton wavefunction even contains IuudcE > Fock
states at the half-percent level:

The exchange of the spin-one color-octet gluons between the quarks and other
gluons leads to strong confining forces at large distances, but progressively weaker
forces at short distances. This is the “asymptotic freedom” property of QCD
which allows perturbative calculations of large momentum transfer processes. The
gluons are neutral with respect to the flavor and electroweak charges. In principle,
QCD should give just as accurate a description of hadronic phenomena as quantum
electrodynamics provides for the interactions of leptons. However, because of its.
non-Abelian structure, calculations in QCD are much more complex. The central
feature of the theory is, in fact, its non-perturbative nature which evidently leads
to the confinement of quarks and gluons in color-singlet bound states. Rigorous
proofs of confinement, however, have not been given. Because of the postulated
confinement of the colored quanta, observables always involve the dynamics of
bound systems; hadron-hadron  interactions are thus as complicated as the Van der
Waals and covalent exchange forces of neutral atoms.

Unlike atomic physics, the constituents of light hadrons in QCD are highly
relativistic; because the forces are non-static, a hadron cannot be represented as
a state of fixed number of quanta at a fixed time. The vacuum structure of the
QCD Hamiltonian quantized at fixed time relative to the perturbative basis is also
complex; it is believed that virtually every local color-singlet operator constructed
from the product of quark and gluon fields may have a non-zero vacuum condensate
expectation value. In the light-cone framework, the vacuum itself is trivial since it
is an eigenstate of the bare Hamiltonian; the complexity of the vacuum at equal
time gets shifted to the complexity of the Fock representation when one quantizes
the theory on the light cone.

Despite the complexity of the theory, QCD has several key properties which
make calculations tractable and systematic, at least in the short-distance, high
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momentum-transfer domain. The critical feature is asymptotic freedom: the effec-
tive coupling constant oS(Q2) w ich’ h controls the interactions of quarks and gluons
at momentum transfer Q2 vanishes logarithmically at high Q2:

47T
as(Q2) = @10g(Q2/A&D) (Q2 B A&2D) - (1)

[Here p = 11 - $ nf is derived from the gluonic and quark loop corrections to
the effective coupling constant; nf is the number of quark contributions to the
vacuum polarization with rn; S Q2.] The parameter AQCD normalizes the value
of-a9(Q$)  at a given momentum transfer Qi, given a specific renormalization or
cutoff scheme. The value of oS can be determined fairly unambiguously using the
measured branching ratio for upsilon radiative decay T(bb)  + yX:“’

~~~(0.157  MT) = cr,(1.5 GeV) = 0.23 f 0.03 . (2)

Taking the standard MS dimensional regularization scheme, this gives Am =
119+ 52_ 34 MeV. A recent analysis of logarithmic scale-breaking of the isoscalar nu-
clean structure functions F~(z, Q2) and xFs(x,Q2) from deep inelastic neutrino
and anti-neutrino interactions in neon by the BEBC WA59 collaboration [31 gives
values for Am in the neighborhood of 100 MeV.  The observed multijet  distri-
butionsL6] in e+e-  annihilation also suggest that Am is below 200 MeV and is,*
perhaps as small as 100 MeV. In order to determine the absolute value of Am one
must know the correct argument Q* of the running coupling constant appropriate
to the measurement. The above determinations of Am use the method of Ref.
4 in which this scale is determined “automatically” by requiring that light fermion
pairs contributions are summed by the running coupling constant, just as is done
in Abelian  QED.

In more physical terms, the effective potential between infinitely heavy quarks
has the form [Cp = 4/3 for nc = 3]r1

V(Q2) = -cF
47w( Q2)

Q2

(3)
4lr

(yv(Q2)  = p log( Q2/A2,) (Q2 B A$,

w h e r e  Av =  Ame5/6 21 270 f 100 MeV.  Thus the effective physical scale of
QCD is - 1 j,-l. At momentum transfers beyond this scale, o’, becomes small,
QCD perturbation theory should begin to become applicable, and a microscopic
description of short-distance hadronic and nuclear phenomena in terms of quark
and gluon subprocesses is expected to become viable.
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The above argument is the main basis for the reliability of perturbative calcu-
lations for processes in which all of the interacting particles are forced to exchange
large momentum transfer (a few GeV). Complimentary to asymptotic freedom is
the existence of factorization theorems for both exclusive and inclusive processes
at large momentum transfer which are valid for all gauge theories. In the case
of exclusive processes (in which the kinematics of all the final state hadrons are
fixed), any hadronic scattering amplitude can be represented as the product of a
hard-scattering amplitude for the constituent quarks, convoluted with a distribu-
tion amplitude for each in-going or out-going hadron. The distribution amplitude
contains all of the bound-state dynamics and specifies the momentum distribution-- _
of the quarks in each hadron independent of the process. The hard scattering am-
plitude can be calculated perturbatively in powers of crs(Q2). The predictions can
be applied to form factors, exclusive photon-photon reactions, photoproduction,
fixed-angle scattering, etc.

In the case of high momentum transfer inclusive reactions (in which final state
hadrons are summed over), the hadronic cross section can be computed from the
product of a perturbatively-calculable hard-scattering subprocess cross section in-
volving quarks and gluons convoluted with the appropriate quark and gluon struc-
ture functions which incorporate all of bound-state dynamics. Since the distribu-
tion amplitudes and structure functions only depend on the composition of the
respective hadron, but not the nature of the high momentum transfer reaction, the
complicated non-perturbative QCD dynamics is factorized out as universal quan-
tities. Recently there has been encouraging progress in actually calculating these
fundamental quantities, which I shall briefly review here. Eventually these cal-
culations can be compared with the phenomenological parameterization  extracted
from inclusive and exclusive experiments.

Hadronic Structure in QCD
The central unknown in the QCD predictions is the composition of the hadrons

in terms of their quark and gluon quanta. Recently several important tools have
been developed which allow specific predictions for the hadronic wave functions
directly from the theory. A primary tool is the use of light-cone quantization
to construct a consistent relativistic Fock state basis for the hadrons in terms of
quark and gluon quanta. The distribution amplitude and the structure functions
are defined directly in terms of these light-cone wave functions. The form factor
of a hadron can be computed exactly in terms of a convolution of initial and final
light-cone Fock state wave functions.

A second important tool is the use of QCD sum rules to constrain moments
of the hadron distribution amplitudes?This method, developed by Chernyak and
Zhitnitskii, has yielded important information on the possible momentum space
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structure of hadrons. A particularly important advance is the construction of
nucleon distribution amplitudes, which together with the QCD factorization for-
mulae, predicts the correct sign and magnitude as well as scaling behavior of the
proton and neutron form factors. A recent analysis by King and Sachrajda’71has
confirmed these results.

Another recent advance has been the development of a formalism to calculate
the moments of the meson distribution amplitude using lattice gauge theory. The
most recent analysis, by Martinelli and Sachrajda:’ gives moments for the pion
distribution amplitude in good agreement with the QCD sum rule calculation. The
results from both the lattice calculations and QCD sum rules also demonstrate that
the-light quarks are highly relativistic in the bound state wave functions. This
gives further indication that while potential models are useful for enumerating the
spectrum of hadrons (because they express the relevant degrees of freedom), they
are not reliable predicting wave function structure. However, in the case of the
proton, the lattice calculation[” of the lowest moments suggests equal partition of
momentum among the three valence quarks.

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 neti*
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 mp/m,  t 00 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 least formally, 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 Schrodinger
wave function description of bound states to the relativistic domain by developing a
relativistic 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-ordered expansion of the S-matrix. However, the calculation of each covariant
Feynman diagram with n-vertices requires the calculation of n! frame-dependent
time-ordered amplitudes. Even worse, the calculation of the normalization of a
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bound state wave function (or the matrix element of a charge or current operator)
requires the computation of contributions from all amplitudes involving particle
production from the vacuum. (Note that even after normal-ordering, the inter-
action Hamiltonian density for QED, HI = e : $ya+Ap :, contains contributions
btdtat which create particles from the perturbative vacuum.)

Fortunately, there is a natural and consistent covariant framework, originally
due to DiractlO1 (quantization on the “light front “) for describing bound states in
gauge theory analogous to the Fock state in non-relativistic physics. This frame-
work is the light-cone quantization formalism in which

Each wave function component $J~, etc. describes a state of fixed number of quark
and gluon quanta evaluated in the interaction picture at equal light-cone “time”
T = t + z/c. Given the {$J~}, virtually any hadronic property can be computed,
including anomalous moments, form factors, structure functions for inclusive pro-
cesses, distribution amplitudes for exclusive processes, etc.

The use of light-cone quantization and equal T wave functions, rather than
equal t wave functions, is necessary for a sensible Fock state expansion. It is als?,
convenient to use r-ordered light-cone perturbation theory (LCPTh)  in place of
covariant perturbation theory for much of the analysis of light-cone dominated
processes such as deep inelastic scattering, or large-p1  exclusive reactions.

The use of quark and gluon degrees of freedom to represent hadron dynam-
ics seems paradoxical since free quark and gluon quanta have not been observed.
Nevertheless, we can use a complete orthonormal Fock basis of free quarks and
gluons, color-singlet eigenstates of the free part HfcD 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 r = t + z/c and choose the light-cone
A+ = A0 + AZ = 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- anni-
hilation into hadrons at high energies it is vastly simpler to use the quark and gluon
Fock basis rather than the set of J = 1, J, = 1, 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. Empir-
ically, the perturbative QCD calculations of the final state based on jets or clusters
of quarks and gluons, have been shown to give a very successful representation of
the observed energy and momentum distributions.
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Since both the hadronic and quark-gluon bases are complete, either can be
used to represent the evolution of a QCD system. For example, the proton QCD
eigenstate 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 scatter-
ing.

In the case of large momentum transfer exclusive reactions such as the elastic
proton 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 bl - l/Q, where Q = pi is the momentum transfer scale. Such a

state has a small color-dipole moment and thus can penetrate a nuclear medium
with minimal interaction. 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 exclusive 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 in 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 .D
state can penetrate the nucleus without interaction. This is the dual representation
of color transparency.

In the following sections I will discuss recent developments in hadron and nu-
clear physics which make use of the quark/gluon light-cone Fock representation of
hadronic systems. The method of discretized light-cone quantization (DLCQ) pro-
vides 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 12. The
most important tool for examining the structure of hadrons is deep inelastic and
elastic lepton scattering. I give a survey of tests of QCD in exclusive and inclusive
electroproduction in section 3, 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 nucleon structure function is emphasized,

One of the most important challenges to the validity of the QCD 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 problem based on heavy quark thresholds is described in section 11. A
prediction for a new form of quasi-stable nuclear matter is also briefly discussed.
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Figure 1. Struck quark and spectator systems in electroproduction.

A scanning transmission electron microscope[lll provides an image of a speci-
men by combining information from both the-elastically and inelastically scattered-
electrons that emerge after passing through the target. A high energy electro-
production experiment which measures both exclusive and inclusive reactions is a
close analog of an electron microscope, providing images of the nucleon and nu-
cleus at a resolution scale X N l/Q where Q2 = -(pe - pL)2 is the momentum
transfer squared. At the most basic level, Bjorken scaling of deep inelastic struc-
ture functions implies the production of a single quark jet, recoiling against the

scattered lepton. The spectator system- the remnant of the target remaining after
the scattered quark is removed-is a colored 3 system. (See fig. 1.) According to
QCD factorization, the recoiling quark jet, together with the gluonic radiation pro-
duced in the scattering process, produces hadrons in a universal way, independent
of the target or particular hard scattering reaction. This jet should be identical
to the light quark jets produced in e+e- annihilation. A very close analogy can
be made between soft radiation from colored quark and gluon quanta, and soft
photon radiation from charged particles in QED. In contrast, the hadronization
of the spectator system depends in detail on the target properties. Unlike the
quark jet, the leading particles of the target spectator system do not evolve and
thus should not depend on the momentum transfer Q2 [at fixed W2 = (q + P)~],
Measurements of the final state radiation pattern in ep collisions at HERA should
be able to discriminate between these different types of QCD radiators.
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Measurements of the nucleon and nuclear structure functions have not only
tested the short-distance properties of the theory, (such as the scaling properties of
structure functions and their logarithmic evolution with momentum transfer), but
they have also illuminated the nonperturbative bound state structure of the nucleon
and nuclei in terms of their quark and gluon degrees of freedom. For the most part,
this information has been obtained from single-arm inclusive experiments where
only the recoil lepton was detected.

In the future we can expect to see much more extensive measurements of the
structure of the nucleon and nucleus by utilizing an internal target facility in an
eIe3ron storage ring, such as PEP, Tristan, HERA, or LEP. The entire final state of
electroproduction can be measured in coincidence with the scattered electron with
close to 47r acceptance. In the case of the planned gas jet PEGASYS experiment at
PEP (E(e*) N 15 GeV), measurements can be performed well above the onset of
Bjorken scaling. Both polarized and unpolarized hydrogen and nuclear targets may
be feasible, and eventually even polarized electron beams may be available. High
precision comparisons between electron and positron scattering would allow the
study of higher order QED and electroweak interference effects. The asymmetry in
the cross sections for e*p + e*yX can be sizeableF”providing  a sum rule for the
cube of the charges of the quarks in the target. The PEGASYS kinematic range
interpolates between the lower energy CEBAF domain where quark degrees of
freedom begin to become manifest, and the much higher energies of ‘HERA, which:
is far into the perturbative QCD regime of logarithmic evolution and multi-jet
structure.

Since the intrinsic mass scales of QCD Am, (k:) f , and mq(q = u,d,s) are
less than a few hundred MeV, quark and gluon degrees of freedom should become
evident at momentum transfers as low as a few GeV. The observation of Bjorken
scaling at Q2 as low as 1 GeV2 supports this argument. At larger momentum
transfer, one studies logarithmic structure function evolution, the onset of new
quark flavors, and multi-jet production. However, the dynamics of hadrons and
nuclei in terms of their light quark and gluon degrees of freedom can be studied at

- moderate energies. At a more detailed level, the features of the standard leading
twist description are modified by coherent or non-perturbative effects. For example,
higher twist-power-law suppressed contributions arise when two or more quarks
recoil against the scattered lepton.

The study of QCD phenomena in the intermediate energy range can also be
carried out at pp facilities such as LEAR and the proposed AMPLE facility at

Fermilab, designed to measure pji annihilation at anti-proton laboratory energies
up to 10 GeV. The ry reactions (for real and virtual photons from tagged e*)
provide some of the cleanest tests of &CD. Presently these reactions can be studied
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at the PEP, Cornell, and Tristan e+e- storage rings. One can test the scaling laws
of QCD in exclusive reactions involving two large momentum scales, the virtual
photon mass and the pi of the reaction. An interesting feature of QCD is that at
large p$, the Q2 dependence of each exclusive virtual photoproduction amplitude
becomes minimal for Q2 < pg. This can be contrasted with the vector meson
dominance model which predicts a universal fall-off in Q2 at any pr. This feature
is due to the photon’s point-like direct local coupling to the quark current in QCD.
I will discuss QCD tests in photon-photon reactions in section 8.

. 2: NUCLEAR EFFECTS IN QCD

The study of electroproduction in nuclear targets gives the experimentalist the
extraordinary ability to modify the environment in which hadronization occurs.
The essential question is how the nucleus changes or influences 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 observation of
non-additivity of the nuclear structure functions as measured by the EMC and
SLAG/American  University collaborations have opened up a whole range of new
physics questions: .- ..

1. What is the effect of simple potential-model 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 free-
dom, 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 diffractive contributions to deep inelastic structure
functions which leave the nucleon or nuclear target intact?

6. Are there shadowing and possibly anti-shadowing coherence effects influenc-
ing the propagation of virtual photons or redistributing the nuclear con-
stituents? Do these appear at leading twist?

7. How important are interference effects between quark currents in different
nucleons? 1131
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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 A-
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 the short-distance structure of
the deuteron, high momentum nucleon-nucleon components, and coherent effects
such as shadowing, anti-shadowing, and z > 1 behavior. However, perhaps the
most interesting aspect for high energy physics is the use of the nucleus to modify
the environment in which quark hadronization and particle formation occurs.

The Target Length Condition
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 AM2 while propagating a distance L if its laboratory energy
is greater than AiVi2L. Thus a high energies, the quark jet does not change its
state or hadronize over a distance scale proportional to its energy; inelastic or ab-
sorptive processes cannot occur inside a nucleus-at least for the very fast hadronic
fragments. The energy condition is called the-target length condition[16’171  However
the outgoing quark can still scatter elastically as it traverses the nuclear volume,
thus spreading its transverse momentum due to multiple scattering. Recently Bod-
win and Lepage and I have explained the quantum mechanical origin of formation
zone physics in terms of the destructive interference of inelastic amplitudes that
occur on two different scattering centers in the nuclear target!lgl  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.

Color Transparency
One can also use a nuclear target to test an important principle of gauge_

theory controlling quark hadronization into exclusive channels inside nuclei: “color
transparency”!‘*’ Suppose that a hadronic state has a small transverse size bl.
Because of the cancellation of gluonic interactions with wavelength smaller than
bl, 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 transverse size
bl w l/Q. If the electron-proton scattering occurs inside a nuclear target (quasi-

13



I

elastic scattering) then the recoil nucleon can propagate through the nuclear volume
without significant final-state interactions. This perturbative QCD prediction is in
striking 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 calculations 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. I will discuss color transparency further in Section 10.

Shadowing and Anti-Shadowing
--One of the most striking nuclear effects seen in the deep inelastic structure

functions is the depletion of the effective number of nucleons Ft/F2N in the region
of low 2 = xbj. The results from the EMC collaboration indicate that the effect is
roughly Q2-independent; i.e. shadowing is a leading twist in the operator product
analysis. In contrast, the shadowing of the real photo-absorption cross section due
to p-dominance falls away as an inverse power of Q2.

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
of hadron-nucleus scattering corresponds to the following: the incident hadron
scatters elastically on a nucleon Nr on the front face of the nucleus. At high energies
the phase of the amplitude is imaginary. The.hadron then propagates through the
nucleus to nucleon N2 where it interacts inelastically. The accumulated phase of thg
propagator is also i so that this multi-scattering amplitude is coherent and opposite
in phase to the amplitude where the beam hadron interacts directly on N2 without
initial-state interactions. Thus the target nucleon N2 sees less incoming flux; it is
shadowed by elastic interactions on the front face of the nucleus. If the hadron-
nucleon cross section is large, then the effective number of nucleons participating
in the inelastic interactions is reduced to N A2i3, the number of surface nucleons.

In the case of virtual photo-absorption, the photon converts to a q?j pair at a
distance proportional to w = x-r = 2~. q/Q2 1aboratory frame. The nuclear struc-
ture function Ft can then be written as an integral over the inelastic cross section
aq,~(s’)  where s’ grows as l/x for fixed space-like ij mass. Thus the A-dependence
of the cross section is equivalent to the shadowing of the ij interactions in the nu-
cleus. Recently Hung Lu and I have applied the standard Glauber multi-scattering
theory, assuming that formalism can be taken over to off-shell q interactions!”
Our results show that for reasonable values of the ‘if-nucleon cross section, one can
easily understand the magnitude of the shadowing effect at small x. Moreover,
if one introduces a cry N 3 Reggeon contribution to the ijN amplitude, the real
part of the phase introduced by such a contribution automatically leads to “anti-
shadowing” at x N 0.1 (effective number of nucleons F:(x) Q)/F2N(x, Q) > A) of
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the few percent magnitude seen by the SLAC and EMC experiments. Since the
Reggeon term is non-singlet, anti-shadowing is associated with a redistribution of
the valence quarks in the nucleus.

Our analysis provides the input or starting point for the log Q? evolution of the
deep inelastic structure functions. The parameters for the effective quark-nucleon
cross section required to understand shadowing phenomena provide important in-
formation on the interactions of quarks and gluons in nuclear matter.

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

3. PROTON STRUCTURE AND ELECTROPRODUCTION

Spin Effects in Deep Inelastic Scattering
The EMC and SLAC data on polarized structure functions 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 thus would be interesting to measure the spin
of specific hadrons which are helicity self-analyzing through their decay products
such as the p and the A.

It is useful to keep in mind the following simple model for the helicity parallel
and helicity anti-parallel gluon distributions in the nucleon: G+ (x) = $(l -SIN
x)~/x and Gg/N (x) = i(l - x)~/ x, respectively. This model is consistent with
the momentum fraction carried by gluons in the proton, correct crossing behavior,
dimensional counting rules at x + 1, and Regge behavior at small x. Integrating
over x, one finds that the gluon carries, on the average, 11/24 of the total nucleon
Jz. It is thus consistent with experiment and the Skryme model prediction that
more of the nucleon spin is carried by gluons rather than WIquarks.

The analyses of the EMC and SLAC spin-dependent structure functions as well
as elastic neutrino-proton scattering imply substantial strange and anti-strange
quarks in the proton, highly spin-correlated with the proton spin. The usual de-
scription of the strange sea assumes that s’s is strictly due to the simple gluon
splitting process. The spin correlation of the strange quarks then requires a very
large gIuon spin correlation, much stronger than the simple mode1 given above.
Alternatively the strange sea may be “intrinsic” to the bound state equation of
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motion of the nucleon and thus the strong strange spin correlation may be a non-
perturbative phenomena. One expects contributions at order l/m: 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. Alter-
natively, one can regard the strange sea as a manifestation of intermediate K - A
and other virtual meson-baryon pair states in the fluctuations of the proton ground
state.

Experiments which examine the entire final state in electroproduction can dis-
criminate 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 s will be in the
target fragmentation region. In the case that the strange quark is created extrin-
sically via y*g + SS, both the tagged s quark and the s hadrons will be found
predominantly in the current fragmentation region.

“Extrinsic” versus “Intrinsic” Contributions to the Proton Structure Functions
The central focus of inelastic electroproduction is the electron-quark interac-

tion, which at large momentum transfer can be calculated as an incoherent sum
of individual quark contributions. The deep inelastic electron-proton cross sec-
tion is thus given by the convolution of the electron-quark cross section times the,
structure functions, or equivalently the probability distributions Gglp(x,  Q2). In
the “infinite momentum frame” where the proton has large momentum Pp 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 estrinsic;  i.e. created in the electron-proton
collision itself. Much of the phenomena at small values of x such as Regge behavior,
sea distributions associated with photon-gluon fusion processes, and shadowing in
nuclear structure functions can be identified with the extrinsic interactions, rather
than processes directly connected with the proton’s intrinsic structure.

There is an amusing, though gedanlcen  way to (in principle) separate the ex-
trinsic and intrinsic contributions to the proton’s structure functions. For example,
suppose that one wishes to isolate the intrinsic contribution Gfi,,(x, Q) to the d-
quark distribution in the proton. Let us imagine that there exists another set of
quarks {qo} = G, do, so, co, . . . identical in all respects to the usual set of quarks but
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carrying zero electromagnetic and weak charges. The experimentalist could then
measure the difference in scattering of electrons on protons versus electrons scatter-
ing on a new baryon with valence quarks luud, > . This is analogous to an “empty- - target” subtraction. Contributions from q?j pair production in the gluonic field of
the target (photon-gluon fusion) effectively cancel, so that one can then identify
the difference in scattering with the intrinsic d-quark distribution of the nucleon.
Because of the Pauli exclusion principle, dz 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 allowed in the case of the luudo  > target. Because
. of-this extra subtraction, the contributions associated with Reggeon exchange also

cancel in the difference, and thus the intrinsic structure function G’(x) Q) vanishes
at x + 0. The intrinsic contribution gives finite expectation values for the light-
cone kinetic energy operator, “sigma” terms, and the J = 0 fixed poles associated
with < l/x >!‘I

Higher Twist and other QCD Contributions to Electroproduction

Although there have been extensive measurements of the deep inelastic struc-
ture functions, some aspects remain to be verified, and will require data over a
large range of Q2. For example, how much of-the scale violation is due to power:-
law (higher twist) contributions1231 versus logarithmic PQCD evolution? Does the
Bjorken-scaling non-isosinglet structure function F~(x, Q) behave as CX~-~P  as
x + 0 as dictated by Regge exchange and duality or is this a manifestation of
higher twist contributions to the virtual photo-absorption cross section which falls
as 1/Q2?  Are the non-additive shadowing and anti-shadowing nuclear effects really
leading twist or are they Q2 dependent?

Electron-proton scattering also involves additional processes such as photopro-
duction,  Compton processes, QED radiative corrections, etc. Electroproduction
reactions in which large transverse momentum photons appear are particularly in-

_ teresting. In the exclusive process e*p + e*rp one can isolate the virtual Compton
cross section as well as the real part of the Compton amplitude. In the inclusive
reaction e*p + e*yX one can determine reactions and sum rules proportional to
the quark charge cubed.

It is thus interesting to consider inclusive electron-proton collisions from a gen-
eral point of view. As long as there is at least one particle detected at large trans-
verse momentum, whether it is a scattered electron, or a produced hard photon,
or a hadron at large PT, one can use the factorization formulaL[241
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da(AB + CX)
&,/EC = Ed jdxa jdxb j $

’ 0 0 0

x qs’ + t’ + u’) ; dt’” da (ab t cd)

. which- has general validity in gauge theory. The systems A, B, C can be leptons,
photons, hadrons, or nuclei. The primary subprocess in electroproduction is eq t
eq. The electron structure function Geie(x,  Q) automatically provides the (leading
logarithmic) QED radiative corrections. The spectrum of the electron beam plays
the role of the non-perturbative or initial structure function. (See Fig. 2(b).) The
subprocess r*q + gq corresponds to photon-induced two-jet production. (See
Fig. 2(a).) This subprocess dominates reactions in which the large transverse
momentum trigger is a hadron rather than the scattered lepton. Thus one sees
that conventional deep inelastic eq + eq scattering subprocess is just one of the
several modes of electroproduction.

The dominant contribution to the meson semi-inclusive cross section is prey-
dieted by QCD factorization to be due to jet fragmentation from the recoil quark
and spectator diquark jets.

When the momentum transfer is in the intermediate range 1 2 Q2 ;S 10 GeV2,
several other contributions for meson production are expected to become important
in eN + e’MX.  These include:

1. Higher twist contributions to jet fragmentation:

dNir-=
dz

o,/,(z,Q2) = A(1 - z)~ + 6 (z + 1).

The scaling term reflects the behavior of the pion fragmentation function
at large fractional momentum (z .--t 1) as predicted by perturbative QCD
(one-gluon exchange). (See Fig. 3(a).) The C/Q2 termLz5’ is computed from
the same perturbative diagrams. For large z where this term dominates, we
predict that the deep inelastic cross section will be dominantly longitudinal
rather than transverse R = a~/a~ > 1.

2. “Direct” meson production. Isolated pions may also be created by elastic
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Figure 2. Applicationof gauge theory factorization to electroproduction. (a) The
yp --i gq subprocess produces hadron jets at high PT. (b) The eq ---f eq produces one .
quark jet and one recoil electron jet at high m. The QED radiative corrections are .-
incorporated into the electron and photon QED structure functions.

scattering off of an effective pion current: (See Fig. 3(b).)

da
dQ2dx, = Gf/,(X~)

ex+e3r

da
= !+ l&(Q2)12(1  - y) .dydQ2 e*+er (Q2J2

Here y = q * p/p,  . p. In the case of a nuclear target, one can test for non-
additivity of virtual pions due to nuclear effects, as predicted in models[261 for
the EMC effect[271 at small XBj.  Jaffe and Hoodbhoy[‘31  have shown that the
existence of quark exchange diagrams involving quarks of different nucleons
in the nucleus invalidates general applicability of the simplest convolution
formulae conventionally used in such analyses. The G,,,(s, Q) structure
function is predicted to behave roughly as (1 - X)~ at large 5, as predicted
from spectator quark counting rules!2g’241 Applications of these rules to other
off-shell nucleon processes are discussed in Refs. 30 and 28.
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Figure 3. QCD contributions to pion electroproduction. (a) Jet fragmentation,
including leading and l/Q2  higher twist contributions. (b) Isolated pion contributions
at order 1/Q4. (c) Exclusive production. (d) Primakoff contribution.

3. Exclusive Channels. (See, Fig. 3(c).) T he mesons can of course be produced
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Another meson production channel is the Primakoff reaction y*y --f r”, etc.,
which dominates over other events at very low target recoil momentum. (See
Fig. 3(d).) S UCh measurements would allow the determination of the y + 7r”
transition form factor. This quantity, combined with the QCD analysis of the
pion form factor leads to a method to determine the QCD running coupling

WIconstant (ws(Q2) solely from exclusive measurements.

Hadronization of the Quark and Spectator Systems

in exclusive channels; e.g. y*p + r+n, r*p + pop. Pion electroproduction
extrapolated to t = mi provides the basic knowledge of the pion form factor
at spacelike Q2. With the advent of the perturbative QCD analyses of large
momentum transfer exclusive reactions, predictions can be given over the
whole range of large t and Q 2. Exclusive processes are discussed in more
detail in Section 5-8.

At the most basic level, Bjorken scaling of deep inelastic structure functions
implies the production of a single quark jet, recoiling against the scattered lep-
ton. The spectator system-the remnant of the target remaining after the scattered
quark is removed-is a color-3 system. The struck quark is sensitive to the magni-
tude of the momentum transfer Q and logarithmically evolves by radiated gluons
with relative transverse momentum controlled by Q2 and the available phase-space.
According to QCD factorization, the recoiling-quark jet, together with the gluonic
radiation produced in the scattering process, produces hadrons in a universal way,
independent of the target or particular hard scattering reaction. This jet should
be identical to the light quark jets produced in e+e- annihilation. In contrast,
the hadronization of the spectator system depends in detail on the target prop-
erties. Unlike the quark jet, the leading particles of the target spectator system

do not evolve and thus should not depend on the momentum transfer Q2 [at fixed
- IV2 = (q + P)~].  At present we do not have a basic understanding of the physics

of hadronization, although phenomenological approaches, such as the Lund string
model, have been successful in parameterizing many features of the data.

Analogs between QCD and QED
Many of the novel features expected in QCD are also apparent in Quantum

Electrodynamics (QED). It is thus often useful to keep a QED analog in mind, re-
placing the target by a neutral atom such as positronium. Even in QED where there
is no confinement, one expects in certain kinematic regions significant corrections
to the Bjorken scaling associated with positron or electron knockout, in addition to
the logarithmic evolution of the QED structure functions associated with induced
photon radiation. For example, at low Q2, the interference between amplitudes
where different constituents are struck become important. Near threshold, where
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charged particles emerge at low relative velocities, there are strong Coulomb distor-
tions, as summarized by the Sommerfeld”slfactor.  In QCD these have their analog
in a phenomena called “jet coalescence “13”. The Coulomb distortion factor must
be included if one wants to maintain duality between the inelastic. continuum and
a summation over exclusive channels in I331electroproduction.

4. APPLICATIONS OF QCD TO THE PHENOMENOLOGY OF EXCLUSIVE RE-
ACTIONS

In this section I will discuss the application of QCD to exclusive reactions at
large momentum transfer. The primary processes of interest are those in which
one learns new information on the structure of the proton and other hadrons. The
wavefunctions involved in such reactions are also relevant to the understanding of
jet hadronization and the computation of hadron matrix elements for weak decays,
etc. This includes form factors at large momentum transfer Q and large angle
scattering reactions. Specific examples are reactions such as e-p -+ e-p, e+e- -+
pfj , elastic scattering reactions at large angles and energies such as r+p + r+tp
and pp + pp, two-photon annihilation processes such as yy + K+K- or j?p + yy,
exclusive nuclear processes such as deuteron photo-disintegration yd -+ np, and
exclusive decays such as 7rr+.+ P+V or J/+ -+ w+rr-ro.

As discussed in the introduction, QCD has two essential properties which make
calculations of processes at short distance or--high-momentum transfer tractable’-
and systematic. The critical feature is asymptotic freedom: the effective coupling
c o n s t a n t  os(Q2)  h’ hw ic controls the interactions of quarks and gluons at momen-
tum transfer Q2 vanishes logarithmically at large Q2 since it allows perturbative
expansions in o,(Q2). Complementary to asymptotic freedom is the existence of
fuctorization theorems for both exclusive and inclusive processes at large momen-
-turn transfer. In the case of “hard” exclusive processes (in which the kinematics
of all the final state hadrons are fixed at large invariant mass), the hadronic am-
plitude can be represented as the product of a process-dependent hard-scattering
amplitude TH(z;, Q) for the scattering of the constituent quarks convoluted with a
process-independent distribution  amplitude $(z, Q) for each incoming or outgoing

13*’hadron. When Q2 is large, TH is computable in perturbation theory as is the
Q-dependence of 4(x, Q).

In Table I we give a summary of the main scaling laws and properties of
large momentum transfer exclusive and inclusive cross sections which are derivable
starting from the light-cone Fock space basis and the perturbative expansion for
QCD.

As emphasized in Section 1, a convenient relativistic description of hadron
wavefunctions is given by the set, of n-body momentum space amplitudes, Gn(5i, lcl,, Xi), i =
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Table I Comparison of Exclusive and Inclusive Cross Sections

Exclusive Amplitudes Inclusive Cross Sections- -
M - II qb(xc;,  Q) @ TH(xi, Q) da - n G(za, Q) @ d+z, Q)

Measure 4 in y + MM-- _

c Xi = AH
iEH

Measure G in tp -+ fJX

c h# AH
iEH

Evolution

Wx,Q) =
8 log Q2 as

J
dy PWY>G(Y)

JFm G(x, Q) = S(x) C

.L

Power Law Behavior

$(A+B -+C+D)r f (&.wl.)

n=nA$ng+nc+nD nact = TLa -I- nb -I- nc -I- nd

TH -: expansion in as(Q2) db : expansion in as(Q2)

Complications

End point singularities
Pinch singularities
High Fock states

Multiple scales
Phase-space limits on evolution
Heavy quark thresholds
Higher twist multiparticle processes
Initial and final state interactions
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1,2, . ..n. defined on the free quark and gluon Fock basis at equal “light-cone time”
r = t+z/c in the physical “light-cone” gauge A+ E A”+A3 = 0. (Here xi = kz/p’,
Ci xi = 1, is the light-cone momentum fraction of quark or gluon i in the n -
particle Fock state; Icli, with Ci k1, = 0, is its transverse momentum relative to
the total momentum pp; and Xi is its helicity.) The quark and- gluon structure
functions G,/H (x, Q) and QH(x, Q> h hw ic control hard inclusive reactions and
the hadron distribution amplitudes ~H(x, Q) w ic control hard exclusive reactionsh h
are simply related to these wavefunctions:

and

In the case of inclusive reactions, such as deep inelastic lepton scattering, two
basic aspects of QCD are relevant: (1) the scale invariance of the underlying lepton-
quark subprocess cross section, and (2) the form and evolution of the structure
functions. A structure function is a sum of squares of the light-cone wavefunc-
tions. The logarithmic evolution of G,(x,QT is controlled by the *wavefunctionS
which fall off as 1$(x, cl)]” - a,( ki)/ k$ at large kt . This form is a consequence
of the pointlike Q ---f gq, g --f gg, and g ---f qij splitting. By taking the logarithmic
derivative of G with respect to Q one derives the evolution equations of the struc-
ture function. All of the hadron’s Fock states generally participate; the necessity
for taking into account the (non-valence) higher-particle Fock states in the proton
is apparent from two facts: (1) the proton’s large gluon momentum fraction and (2)
the recent results from the EMC collaboration1351 suggesting that, on the average,
little of the proton’s helicity is carried by the light quarks!211

In the case of exclusive electroproduction reactions such as the baryon form
factor, again two basic aspects of QCD are relevant: (1) the scaling of the under-
lying hard scattering amplitude (such as 1+ qqq + 1+ qqq), and (2) the form and
evolution of the hadron distribution amplitudes. The distribution amplitude is de-
fined as an integral over the lowest (valence) light-cone Fock state. The logarithmic
variation of 4(x, Q2) ’ dis erived from the integration at large kl, i.e. wavefunctions
which behave as $(x, ~JJ - as(kT)/kt at large ki This behavior follows from the
simple one-gluon exchange contribution to the tail of the valence wavefunction. By
taking the logarithmic derivative, one then obtains the evolution equation for the
hadron distribution amplitude.
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The form factor of a hadron at any momentum transfer can be computed
exactly in terms of a convolution of initial and final light-cone Fock state wave-

1361functions. In general, all of the Fock states contribute. In contrast, exclusive
reactions with high momentum transfer Q, perturbative QCD predicts that only
the lowest particle number (valence) Fock state is required to compute the contri-
bution to the amplitude to leading order in l/Q. For example, in the light-cone
Fock expansion the proton is represented as a column vector of states +qqq, $ggqg,
h7ml * * a* In the light-cone gauge, A+ = A0 + A3 = 0, only the minimal “valence”
three-quark Fock state needs to be considered at large momentum transfer since
any-additional quark or gluon forced to absorb large momentum transfer yields a
power-law suppressed contribution to the hadronic amplitude. Thus at large Q2,
the baryon form factor can be systematically computed by iterating the equation
of motion for its valence Fock state wherever large relative momentum occurs. To
leading order the kernel is effectively one-gluon exchange. The sum of the hard
gluon exchange contributions can be arranged as the gauge invariant amplitude
TH, the final form factor having the form

The essential gauge-invariant input for hard exclusive processes is the distri-
bution amplitude c$H(X,  Q). For example $A(x,Q) is the amplitude for finding
a quark and antiquark in the pion carrying momentum fractions x and 1 - IL:
at impact (transverse space) separations less than bl < l/Q. The distribution
amplitude thus plays the role of the “wavefunction at the origin” in analogous
non-relativistic calculations of form factors. In the relativistic theory, its depen-
dence on log Q is controlled by evolution equations derivable from perturbation
theory or the operator product expansion. A complete discussion may be found in
the papers by Lepage and myself:381 and our recent review in ref.1. A discussion
of the light-cone Fock state wavefunctions and their relation to observables is given
in Ref. 37.

The distribution amplitude contains all of the bound-state dynamics and spec-
ifies the momentum distribution of the quarks in the hadron. The hard-scattering
amplitude for a given exclusive process can be calculated perturbatively as a func-
tion of o,(Q2). Similar analyses can be applied to form factors, exclusive photon-
photon reactions, and with increasing degrees of complication, to photoproduction,
fixed-angle scattering, etc. In the case of the simplest processes, yy -+ MM and
the meson form factors, the leading order analysis can be readily extended to all-
orders in perturbation theory.
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Figure 4. QCD factorization for twcFbody  amplitudes at large momentum transfer.

In the case of exclusive processes such as photo-production, Compton scatter-
ing, meson-baryon scattering, etc., the leading hard scattering QCD contribution at
large momentum transfer Q2 = tu/s has the form (helicitylabels  and suppressed)
(see Fig. 4)

MA+B+c+D@~, &.m.> = [d~]~c(~c, 0) #D(Xd, 0) TH(Q; &2+xn.)
J

,h

In general the distribution amplitude is evaluated at the characteristic scale Q set
by the effective virtuality of the quark propagators.

By definition, the hard scattering amplitude TH for a given exclusive process is
constructed by replacing each external hadron with its massless, collinear valence
partons,  each carrying a finite fraction xi of the hadron’s momentum. Thus TH
is the scattering amplitude for the constituents. The essential behavior of the
amplitude is determined by TH, computed where each hadron is replaced by its
(collinear) quark constituents. We note that TH is “collinear irreducible,” i.e. the
transverse momentum integrations of all reducible loop integration are restricted
to ki > O(Q2) since the small ICI region is already contained in 4. If the internal
propagators in TH are all far-off-shell O(Q2), then a perturbative expansion in
oS( Q2) can be carried out.

Higher twist corrections to the quark and gluon propagator due to mass terms
and intrinsic transverse momenta of a few hundred MeV give nominal corrections
of higher order in l/Q 2. These finite mass corrections combine with the leading
twist results to give a smooth. approach to small Q2. It is thus reasonable that
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PQCD scaling laws become valid at relatively low momentum transfer of order of
a few GeV.

General Features of Exclusive Processes in QCD- -
The factorization theorem for large-momentum-transfer exclusive reactions sep-

arates the dynamics of hard-scattering quark and gluon amplitudes TH from process-
independent distribution amplitudes +H(x, Q) w ic isolates all of the bound stateh h
dynamics. However, as seen from Table I, even without complete information on
the hadronic wave functions, it is still possible to make predictions at large mo-

mentum transfer directly from QCD.-- _
Although detailed calculations of the hard-scattering amplitude have not been

carried out in all of the hadron-hadron  scattering cases, one can abstract some
general features of QCD common to all exclusive processes at large momentum
transfer:

1. Since the distribution amplitude 4~ is the L, = 0 orbital-angular-momen-
tum projection of the hadron wave function, the sum of the interacting con-
stituents’ spin along the hadron’s momentum equals the hadron spin: WI

..

In contrast, there are any number of non-interacting spectator constituents
in inclusive reactions, and the spin of the active quarks or gluons is only
statistically related to the hadron spin (except at the edge of phase space
x + 1).

2. Since all loop integrations in TH are of order 0, the quark and hadron masses
can be neglected at large Q2 up to corrections of order N m/Q. The vector-
gluon coupling conserves quark helicity when all masses are neglected-i.e.
?ilyput = 0. Thus total quark helicity is conserved in TH. In addition,
because of (2), each hadron’s helicity is the sum of the helicities of its valence
quarks in TH. We thus have the selection rule

xAH-):XH=o,
initial final

i.e. total hadronic helicity is conserved up to corrections of order m/Q or
higher. Only (flavor-singlet) mesons in the O-+ nonet can have a two-gluon
valence component and thus even for these states the quark helicity equals
the hadronic helicity. Consequently hadronic-helicity conservation applies
for all amplitudes involving light meson and baryonsfl” Exclusive reactions
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which involve hadrons with quarks or gluons in higher orbital angular states
are suppressed by powers.

3. The nominal power-law behavior of an exclusive amplitude at fixed 8,.,. is
WQ>n-4> where n is the number of external elementary particles (quarks,
gluons, leptons, photons, . ..) in TH. This dimensional-counting rule[‘l’ is
modified by the Q2 dependence of the factors of cr,(Q2) in TH, by the Q2
evolution of the distribution amplitudes, and possibly by a small power cor-
rection associated with the Sudakov suppression of pinch singularities in
hadron-hadron  scattering.

. ?‘he dimensional-counting rules for the power-law falloff  appear to be ex-
perimentally well established for a wide variety of processes!4’4z1  The helicity-
conservation rule is also one of the most characteristic features of &CD, being a
direct consequence of the gluon’s spin. A scalar-or tensor-gluon-quark coupling
flips the quark’s helicity. Thus, for such theories, helicity may or may not be
conserved in any given diagram contribution to TH depending upon the number
of interactions involved. Only for a vector theory, such as QCD, can one have a
helicity selection rule valid to all orders in perturbation theory.

5. ELECTROMAGNETIC FORM FACTORS

Any helicity conserving baryon form factor
Q41

1 1r P

at large Q2 has the form: [see Fig.

FB(Q2) = / [&II / [dzl 4L(~j,  Q)TH(G,Y~, Q>~B(G,  Q) ,
0 0

where to leading order in cr,(Q2), TH is computed from 3q + y* -+ 3q tree graph
amplitudes: [Fig. 5(b).]

TH = 4Q2) 2i 1- f(wdQ2
and

~B(G,  Q) = /Id2kl] $JV(~~,~L)~(&  < Q2)

is the valence three-quark wavefunction [Fig. 5(c)] evaluated at quark impact
separation bl N O(Q-I). Since 4~ only depends logarithmically on Q2 in QCD,
the main dynamical dependence of FB(Q~)  is the power behavior (Q2)-2 derived
from scaling of the elementary. propagators in TH. More explicitly, the proton’s
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Figure 5. (a) Factorization of the nucleon form factor at large Q2 in &CD. (b)
The leading order diagrams for the hard scattering amplitude TH. The dots indicate in-
sertions which enter the renormalization of the coupling constant. (c) The leading order
diagrams which determine the Q2 dependence of the distribution amplitude 4(x, Q).

magnetic form factor has the form: [381

GdQ2) = [Q~g2q2p,  (log ~)-
,

l+c3(as(Q))+O  $ .( )I
The first factor, in agreement with the quark counting rule, is due to the hard
scattering 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 1/Q2. The logarithmic corrections derive from an evolution equation for the
nucleon distribution amplitude. The 7n are the computed anomalous dimensions,
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reflecting the short distance scaling of three-quark composite operators.“‘I T h e
results hold for any baryon to baryon vector or axial vector transition amplitude
that conserves the baryon helicity. Helicity  non-conserving form factors should fall
as an additional power of 1/Q2!““’ Measurements1431 of the transition form factor to
the J = 3/2 N(1520) nucleon resonance are consistent with J, = &l/2 dominance,
as predicted by the helicity conservation “‘Irule. A review of the data on spin effects
in electron nucleon scattering in the resonance region is given in Ref. 43. It is
important to explicitly verify that F2(Q2)/Fr(Q2)  decreases at large Q2. The
angular distribution decay of the J/lc, -+ pji is consistent with the QCD prediction
A,-+ >p = 0.
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Figure 6. Comparison of experiment “‘I with the QCD dimensional counting
r u l e  (Q2)“-‘F(Q2) - const  for form factors. The proton data extends beyond 30
GeV2.

Thus, modulo logarithmic factors, one obtains a dimensional counting rule for
any hadronic or nuclear form factor at large Q2 (X = X’ = 0 or l/2)
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where n is the minimum number of fields in the hadron. Since quark helicity is
conserved in TH and $(xi, Q) is the L, = 0 projection of the wavefunction, total
hadronic helicity is conserved at large momentum transfer for any QCD exclu-
sive reaction. The dominant nucleon form factor thus corresponds to Fl(Q2) or
GM (Q2); the Pauli form factor F2(Q2) is suppressed by an extra power of Q2. Sim-
ilarly, in the case of the deuteron, the dominant form factor has helicity X = X’ = 0,
corresponding to Jm.

The comparison of experimental form factors with the predicted nominal power-
law behavior is shown in Fig. 6. The general form of the logarithmic corrections

. to the leading power contributions form factors can be derived from the operator
product expansion at short distancet46’441 or by solving an evolution equation I3f31

for the distribution amplitude computed from gluon exchange [Fig. 5(c)], the only
QCD contribution which falls sufficiently small at large transverse momentum to
effect the large Q2 dependence.

The comparison of the proton form factor data with the QCD prediction ar-
bitrarily normalized is shown in Fig. 7. The fall-off of (Q2)2G~(Q2)  with Q2 is
consistent with the logarithmic fall-off of the square of QCD running coupling con-
stant. As we shall discuss below, the QCD sum rule [51 model form for the nucleon
distribution amplitude together with the QCD factorization formulae, predicts the
correct sign and magnitude as well as scaling-behavior of the proton and neutron*

[471form factors.

Comparison of QCD Scaling for Exclusive Processes with Experiment
Phenomenologically the dimensional counting power laws appear consistent

with measurements of form factors, photon-induced amplitudes, and elastic hadron-
[“Ihadron scattering at large angles and momentum transfer. The successes of the

quark counting rules can be taken as strong evidence for QCD since the derivation
of the counting rules require scale invariant tree graphs, soft corrections from higher
loop corrections to the hard scattering amplitude, and strong suppression of pinch
singularities. QCD is the only field theory of spin 3 fields that has all of these
properties.

As shown in Fig. 8, the data for yp + rr+n cross section at eCM = 7r/2 are con-
sistent with the normalization and scaling da/& (yp + 7r+n) N [l nb/(s/lO GeV)7]
f w*

The check of fixed angle scaling in proton-proton elastic scattering is shown in
Figs. 9. Extensive measurements of the pp + pp cross section have been made at
ANL, BNL and other laboratories. The scaling law s”da/dt(pp + pp) z const.
predicted by QCD seems to work quite well over a large range of energy and angle.
The best fit gives the power N = 9.7 f 0.5 compared to the dimensional counting
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Figure 7. Comparison of the scaling behavior of the proton maqyetic form factor
with the theoretical predictions of Refs. 38 and 5. The CZ predictions ’ are normalized
in sign and magnitude. The data are from Ref. 47.

prediction N=lO. There are, however, measurable deviations from fixed power
dependence which are not readily apparent bn the log-log plot. As emphasized”
by HendryL4” the s”da/dt  cross section exhibits oscillatory behavior with pi (see
Section 11). Even more serious is the fact that polarization measurements I511 show
significant spin-spin correlations (ANN),  and the single spin asymmetry (AN) is
not consistent with predictions based on hadron helicity  conservation which is

WIexpected to be valid for the leading power behavior. Recent discussions of these
effects have been given by Farrar I521 [531and Lipkin. We discuss a new explanation

of all of these effects in Section 11.

As emphasized by Landshoff, the ISR data for high energy elastic pp scattering
at small It//s can be parameterized in the form da/& - const/t8  for 2 GeV2 <
ItI < 10 GeV2. This suggests a role for triple gluon exchange pinch contributions at
large energies where multiple vector exchange diagrams could dominate. However,
from Mueller’s analysis[541 one expects stronger fall-off in t due to the Sudakov form
factor suppression. This paradox implies that the role of the pinch singularity in
large momentum transfer exclusive reactions is not well understood and deserve
further attention. Pinch singularities are also expected to modify the dimensional
counting scaling laws for wide-angle scattering, but the change in the exponent of
s is small and hard to detect experimentally. However, Ralston and Pire ‘15’ have
suggested that the oscillatory behavior in the wide-angle pp scattering amplitude
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Figure 8. Comparisok  of photoproduction data with the dimensional counting
power-law prediction. The data are summarizedin  Ref. 48. .w *.

results from interference between the pinch contributions and the ordinary hard-
scattering contributions to the pp amplitude. Pinch singularities do not arise in
form factors, or such photon-induced processes as yy --f M%,151  r* + y -+ iW,[381
y* + Mr.. .MN at fixed ang1ei551 yy + BB, y B + 7 B, etc!56z571

The role of pinch contributions in large momentum transfer exclusive reac-
tions has recently been clarified by Botts and Sterman!“’ In agreement with
Mueller they show that the Sudakov vertex corrections suppress large impact sep-
aration contributions from multi-scattering diagrams, reducing the net power to
a value very close to the dimensional counting prediction, e.g dn/dt(pp  -+ pp) =
f(ecTn)/sg~66 rather than l/s lo. The pinch contributions are thus asymptotically
dominant over hard scattering diagrams which carry five powers of the running cou-
pling constant. Furthermore the effective quark separation is of order bl N l/Q so
that the predictions for color transparency in quasi-elastic scattering in nuclei will
hold for pinch contributions as well as the usual hard-scattering diagrams. The
contributions to the pinch amplitude coming from regions of integration where one
or more of the exchanged gluons carries soft momentum, is suppressed because of
the presence of four powers of the hadron distribution amplitude, so the region of
validity of the QCD scaling is, extended to quite low momentum transfer. Botts
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and Sterman do not find an energy-dependent structure in the pinch analysis of
the type required to account for the observed “oscillations” about l/sl’ behav-
ior seen in the pp scattering data. It is also apparent from the structure of the
pinch contributions that they do not have large spin-spin correlations of the type
observed in the data of Krisch et al. (See section 11.)

6. HADRONIC WAVEFUNCTION  PHENOMENOLOGY

Let us now return to the question of the normalization of exclusive ampli-
tudes in QCD. It should be emphasized that because of the uncertain magnitude
of corrections of higher order in os(Q2), comparisons with the normalization of ex-
periment 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 ampli-
tude shape; for example, if the proton wave function has a non-relativistic shape
peaked at xi N l/3 then one obtains the wrong sign for the nucleon form factor.
Furthermore symmetrical distribution amplitudes predict a very small magnitude
for Q”GL (Q2) at large Q2.

3 4



. -

.

The phenomenology of hadron wavefunctions in QCD is now just beginning.
Constraints 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 < ~7 >= J II&c; ~7 $(xc;, /.L) of the hadron’s
distribution amplitude. A particularly important challenge is the construction
of the baryon distribution amplitudeIn the case of the proton form factor, the
constants unm in the QCD prediction for GM must be computed from moments of
the nucleon’s distribution amplitude 4(x;, Q). There are now extensive theoretical
efforts to compute this nonperturbative input directly from QCD. The QCD sum
rule analysis of Chernyak et a1.[5”‘] provides constraints on the first 12 moments
of 4(x, Q>- U sing 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 Sachrajda and King!”

A three-dimensional “snapshot” of the proton’s uud wavefunction at equal
light-cone time as deduced from QCD sum rules at ,LL N 1 GeV by Chernyak et
a1!“’ and King and Sachrajda”” is shown in Fig. 10. The QCD sum rule analysis
predicts a surprising feature: strong flavor asymmetry in the nucleon’s momentum
distribution. The computed moments of the distribution amplitude imply that 65%
of the proton’s momentum in its S-quark valence state is carried by the u-quark*
which has the same helicity  as the parent hadron.

Dziembowski and Mankiewicz [641 have recently shown that the asymmetric form
of the CZ distribution amplitude can result from a rotationally-invariant CM wave
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 of the hadrons. In the model the transverse size of the
valence wave function is not found to be significantly smaller than the mean radius: _
of the proton-averaged over all Fock states as argued in Ref. 61. Dziembowski et
al. also find that the perturbative 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 x 1 GeV, where N is the number of
valence constituents. (This criterion was also derived in Ref. 30.)

Gari and Stefanis [“’ 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
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Figure 10. The proton distribution amplitude &,(c~,F)  determined at the scale
/I - 1 GeV.  from QCD sum rules.

electric form factor at intermediate values of Q2.
A detailed phenomenological analysis of the nucleon form factors for different

shapes of the distribution amplitudes has been given by Ji, Sill, and Lombard-
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“”Nelsen. Their results show that the CZ wave function is consistent with the sign
and magnitude of the proton form factor at large Q2 as recently measured by the
American University/SLAG  collaboration “‘I (see Fig. 11).

1.5
o Previous Data

t.
l SLAC E-136

a, Inside Integral
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UJ I I I I
0 10
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Figure 11. Predictions for the normalization and sign of the proton form factor
at high Q2 using perturbative QCD factorization and QCD sum rule predictions for
the proton distribution amplitude (from Ref. 63J  The predictions use forms given by
Chernyak and Zhitnitsky, King and Sachrajdap’and  Gari and Stefanis!“” 1

It should be stressed that the magnitude of the proton form factor is sensitive to
the x - 1 dependence of the proton distribution amplitude, where non-perturbative
effects could be important.1651 The asymmetry of the distribution amplitude em-
phasizes contributions from the large x region. Since non-leading corrections are
expected when the quark propagator scale Q2( 1 -x) is small, in principle relatively
large momentum transfer is required to clearly test the perturbative QCD predic-
tions. Chernyak et aZ.[5” 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.

It 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-shell, 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.
66.
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The moments of distribution amplitudes can also be computed using lattice
gauge theory!‘] In the case of the pion distribution amplitudes, there is good agree-
ment of the lattice gauge theory computations of Martinelli and Sachrajda[@ with
the QCD sum rule results. This check has strengthened confidence in the reliabil-
ity of the QCD sum rule method, although the shape of the meson distribution
amplitudes are unexpectedly structured: the pion distribution amplitude is broad
and has a dip at x = l/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 ry -+ M+M- cross sections.
In- the case of the baryon, the asymmetric three-quark distributions are con-

sistent with the normalization of the baryon form factor at large Q2 and also
the branching ratio for J/lc, -+ pp. The data for large angle Compton scattering
yp -+ yp are also well described!” However, a very recent lattice calculation of the
lowest two moments by Martinelli and Sachrajda’681  does not show skewing of the
average fraction of momentum of the valence quarks in the proton. This lattice re-
sult is in contradiction to the predictions of the QCD sum rules and does cast some
doubt on the validity of the model of the proton distribution proposed by Chernyak
et aZ.[5” 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,-
potentially serious complication when one uses the QCD sum rule model distribu-
tion amplitudes. In the analysis of Ref. 66 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 a!!“’ shows that the QCD sum rule15’
distribution amplitudes of Chernyak 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 GeV2 and proton form factor
Q2 > 20 GeV2 to within a factor of two. In the calculation the virtuality of the ex-
changed gluon is restricted to llc21 > 0.25 GeV2. The authors assume oS = 0.3 and
that the underlying wavefunctions fall off exponentially at the x 21 1 endpoints.
Another model of the proton distribution 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 an issue. Unfortunately, there is little that can be said until we have a deeper
understanding 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 non-perturbative effects persist to high Q.‘661  Other models
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have been constructed in which such effects vanish rapidly as Q ['Z&73,64]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,
the results from both the lattice calculations and QCD sum rules show that the
light quarks are highly relativistic. This gives further indication that while non-
relativistic 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.

7- THE PRE-QCD DEVELOPMENT OF EXCLUSIVE REACTIONS

The study of exclusive processes in terms of underlying quark subprocesses
in fact began before the discovery of QCD. The advent of the parton  model and
Bjorken scaling for deep inelastic structure functions in the late 1960’s brought
a new focus to the structure of form factors and exclusive processes at large mo-
mentum transfer. The underlying theme of the parton  model was the concept that
quarks carried the electromagnetic current within hadrons. The use of time-ordered
perturbation theory in an “infinite momentum frame”, or equivalently, quantiza-
tion on the light cone, provided a natural language for hadrons as composites of

“‘Irelativistic partons,  i.e. point-like constituents. Drell and Yan[361  showed how to
compute current matrix elements in terms of a_Fock state expansion at infinite mo-,-
mentum. (Later their result was shown to be exact in the light-cone quantization
scheme.)

Drell and Yan suggested that hadron form factors are dominated by the end-
point region x E 1. Then it is clear from the Drell-Yan formula that the form factor
fall-off at large Q2 is closely related to the x + 1 behavior of the hadron structure
function. The relation found by Drell and Yan was

JYQ2) - 6 if F~(x, Q2) - (1 - x)~~-~.

Gribov and Lipatov [751 extended this relationship to fragmentation functions
D(z,Q2) at z + 1, taking into account cancellations due to quark spin. Feyn-
man’761  noted that the Drell-Yan relationship was also true in gauge theory models
in which the endpoint behavior of structure functions is suppressed due to the
emission of soft or “wee” partons by charged lines. The endpoint region is thus
suppressed in QCD relative to the leading perturbative contributions.

The parton  model was extended to exclusive processes such as hadron-hadron
scattering and photoproduction by Blankenbecler, Brodsky, and Gunion 1241 and
by Landshoff and Polkinghorne!“’ It was recognized that independent of specific
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dynamics, hadrons could interact and scatter simply by exchanging their common
constituents. These authors showed that the amplitude due to quark interchange
(or rearrangement) could be written in closed form as an overlap of the light-
cone wavefunctions of the incident and final hadrons. In order t-o make definite
predictions, model wavefunctions were chosen to reproduce the fall-off of the form
factors obtained from the Drell-Yan formula. Two-body exclusive amplitudes in
the “constituent interchange model” then take the form of “fixed-angle” scaling
laws

where the power N reflects the’power-law fall-off of the elastic form factors of the
scattered hadrons. The form of the angular dependence f(Ocm) reflects the number
of interchanged quarks.

Even though the constituent interchange is model was motivated in part by the
Drell-Yan endpoint analysis of form factors, many of the predictions and systemat-

’its of quark interchange remain applicable in the QCD analysis.‘241  A comprehensive
series of measurements of elastic meson nucleon scattering reactions has recently
been carried out by Baller et al!“’ at BNL. Empirically, the quark interchange.
amplitudes gives a reasonable account of the scaling, angular dependence, and’*
relative magnitudes of the various channels. For example, the strong differences
between K’p and K-p scattering is accounted for by u quark interchange in the
K+p amplitude. It is inconsistent with gluon exchange as the dominant amplitude
since this produces equal scattering for the two channels. The dominance of quark
interchange over gluon exchange is a surprising result which eventually needs to
be understood in the context of QCD.

The prediction of fixed angle scaling laws laid the groundwork for the derivation
of the “dimensional counting rules.” As discussed by Farrar and myself in Ref. 41,
it is natural to assume that at large momentum transfer, an exclusive amplitude
factorize as a convolution of hadron wavefunctions which couple the hadrons to
their quark constituents with a hard scattering amplitude TH which scatters the
quarks from the initial to final direction. Since the hadron wavefunction is maximal
when the quarks are nearly collinear with each parent hadron, the large momentum
transfer occurs in TH. The pre-&CD  argument went as follows: the dimension of
TH is [L”-*]  where n = nA + ng + nc + ng is the total number of fields entering
TH. In a renormalizable theory where the coupling constant is dimensionless and
masses can be neglected at large momentum transfer, all connected tree-graphs for
TH then scale as [1/finB4  at fixed t/s. This immediately gives the dimensional
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counting law (411

- -

In the case of incident or final photons or leptons n = 1. Specializing to elastic
lepton-hadron  scattering, this also implies F(Q2) - 1/(Q2)““-r  for the spin av-
eraged form factor, where nH is the number of constituents in hadron H. These
results were obtained independently by Matveev et al!‘] on the basis of an “auto-
modality” principle, that the underlying constituent interactions are scale free.

. -As we have seen, the dimensional counting scaling laws will generally be mod-
ified by the accumulation of logarithms from higher loop corrections to the hard
scattering amplitude TH; the .phenomenological success of the counting rules in
their simplest form thus implies that the loop corrections be somewhat mild. As
we have seen, it is the asymptotic freedom property of QCD which in fact makes
higher order corrections an exponentiation of a log log Q2 series, thus preserving
the form of the dimensional counting rules modulo only logarithmic corrections.

8. EXCLUSIVE yy REACTIONS

Two-photon reactions have a number of unique features which *are especially*
important for testing &CD, especially in exclusive channels:“‘]

1. Any even charge conjugation hadronic state can be created in the annihila-
tion of two photons-an initial state of minimum complexity. Because yy
annihilation is complete, there 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 Iq?j >, /gg >, jggg >, IqTjg  >,
lwm >, *** 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 F’ock  components.)

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

WImass.

3. Two-photon physics plays an especially important role in probing dynamical
mechanisms. In the low momentum transfer domain, yy reactions such as
the total annihilation cross section and exclusive vector meson .pair produc-
tion can give important insights into the nature of diffractive reactions in
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&CD. Photons in QCD couple directly to the quark currents at any reso-
lution scale (see Fig. 12). Predictions for high momentum transfer yy re-
actions, including the photon structure functions, F,Y(z,  Q2) and F,y(z, Q2),
high pi jet production, and exclusive channels are thus much more specific
than corresponding hadron-induced reactions. The pointlike coupling of the
annihilating photons leads to a host of special features which differ markedly
with predictions based on vector meson dominance models.

hadrons

6-68 6069A6

Figure 12. Photon-photon annihilation in &CD. The photons couple directly to
one or two quark currents. _

4. Exclusive yy processes provide a window for viewing the wavefunctions of*
hadrons in terms of their quark and gluon degrees of freedom. In the case of
yy annihilation into hadron pairs, the angular distribution of the production
cross section directly reflects the shape of the distribution amplitude (valence
wavefunction) of each hadron.

Thus far experiment has not been sufficiently precise to measure the logarith-
mic modification of dimensional counting rules predicted by QCD. Perturbative
QCD predictions for yy exclusive processes at high momentum transfer and high
invariant pair mass provide some of the most severe tests of the [311theory. A simple,
but still very important exampleL3” is the Q2-dependence  of the reaction y*y + M
where M is a pseudoscalar meson such as the q. The invariant amplitude contains
only one form factor:

uJ&u = +urpgq 'JXQ2) -

It is easy to see from power counting at large Q2 that the dominant amplitude
(in light-cone gauge) gives Frll(Q2) N l/Q2 and arises from diagrams (see Fig.
13) which have the minimum path carrying Q2: i.e. diagrams in which there is
only a single quark propagator between the two photons. The coefficient of l/Q2
involves only the two-particle ,qQ distribution amplitude $(z, Q), which evolves
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Figure 13. Calculation of the 7-q transition form factor in QCD from the valence
q?j and qTjg Fock states.
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Figure 14. Comparison of TPC/yy data”” for the 7 - q and 7 - q’ transition
form factors with the QCD leading twist prediction of Ref. 31. The VMD predictions
are also shown. See S. Yellin, this meeting.

logarithmically on Q. Higher particle number Fock states give higher power-law
falloff contributions to the exclusive amplitude.
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The TPC/yy data’811  shown in Fig. 14 are in striking agreement with the
predicted QCD power: a fit to the data gives Frg(Q2)  N (1/Q2)” with n = 1.05 f
0.15. Data for the 7’ from Pluto and the TPC/rr experiments give similar results,
consistent with scale-free behavior of the QCD quark propagator and the point
coupling to the quark current for both the real and virtual photons. In the case
of deep inelastic lepton scattering, the observation of Bjorken scaling tests these
properties when both photons are virtual.

The QCD power law prediction, FY4(Q2) - 1/Q2, is consistent with dimen-
sional- counting “” and also emerges from current algebra arguments (when both
photons are very virtual)!21 On the other hand, the l/Q2 falloff is .also expected
in vector meson dominance models. The QCD and VDM predictions can be read-
ily discriminated by studying y*y* --f 7. In VMD one expects a product of form
factors; in QCD the falloff of the amplitude is still l/Q2 where Q2 is a linear com-
bination of Qf and Qi. It is clearly very important to test this essential feature of
QCD.

Exclusive two-body processes yy + Hz at large s = W& = (q1 + q2)2 and
fixed 022 provide a particularly important laboratory for testing &CD, since the
large momentum-transfer behavior, helicity structure, and often even the absolute
normalization can be rigorously predicted!‘@’ The angular dependence of some
of the ry + Hz cross sections reflects the shape of the hadron distribution am-
plitudes $H(x;,Q). The yxyxf -+ Hg amplitude can be written as a factorized
form

where TAX, is the hard scattering helicity amplitude. To leading order T cc
cr(c~s/W.&)~  and da/& - Wy$2n+2)f(0cm)  where n = 1 for meson and n = 2
for baryon pairs.

Lowest order predictions for pseudo-scalar and vector-meson pairs for each
helicity amplitude are given in Ref. 31. In each case the helicities of the hadron
pairs are equal and opposite to leading order in 1/W2. The normalization and
angular dependence of the leading order predictions for ry annihilation into charged
meson pairs are almost model independent; i.e. they are insensitive to the precise
form of the meson distribution.amplitude. If the meson distribution amplitudes is
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symmetric in z and (1 - z), then the same quantity

- _
J

’ dx A&, Q)

(1 - 4
0

controls the x-integration for both &(Q2) and to high accuracy M(yy -+ 7rrfr-).
Thus for charged pion pairs one obtains the relation:

-- _ g(YY + r+q N 4pqs)12

g (YY + P+P-) = 1 - co.4 8,, *

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

The scaling behavior, angular behavior, and normalization of the yy exclusive
pair production reactions are nontrivial predictions of QCD. Recent Mark II meson
pair data and PEP4/PEP9  datata3’ for separated 7rlr+7r- and I<+I(- production in
the range 1.6 < Wrr < 3.2 GeV near 90” are in satisfactory agreement with the
normalization and energy dependence predicted by QCD (see Fig. 15). In the case
of r”7ro production, the cos 8,, dependence of the cross section can be inverted to
determine the z-dependence of the pion distribution amplitude. . .D

The wavefunction of hadrons containing light 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; cc m;l where rnt = Icf + m2. An
explicit model for the skewing of the meson distribution amplitudes based on QCD

sum rules is given by Benyayoun and Chernyakp’ These authors also apply their
model to two-photon exclusive processes such as yy + I(+Ic- and obtain some
modification compared to the strictly symmetric distribution amplitudes. If the
same conventions are used to label the quark lines, the calculations of Benyayoun
and Chernyak are in complete agreement with those of Ref. 31.

The one-loop corrections to the hard scattering amplitude for meson pairs have
been calculated by Nizic.‘851  The QCD predictions for mesons containing admixtures

WIof the jgg)  Fock state is given by Atkinson, Sucher,  and Tsokos.
The perturbative QCD analysis has been extended to baryon-pair production

in comprehensive analyses by Farrar et alfes’6e1  and by Gunion et al!‘] Predictions
are given for the “sideways” Compton process yy ---f  pi, AK pair production,
and the entire decuplet set of baryon pair states. The arduous calculation of 280
yy + qqqqqq  diagrams in TH required for calculating yy + 25 is greatly simplified
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Figure 15. Comparison of 77 + T+T- and 77 + K+K- meson pair production
data with the parameter-free perturbative QCD prediction of Ref. 31. The theory
predicts the normalization and scaling of the cross sections. The data are from the
TPC/yy collaborationI831

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 shown in Fig. 16 depend in detail on the form of the nucleon
distribution amplitude, and thus provide severe tests of the model form derived by
Chernyak, Ogloblin, and Zhitnitsky’5g1  from QCD sum rules.

An important check of the QCD predictions can be obtained by combining data
from yy + pjj and the annihilation reaction, pj5 + yy, with large angle Compton
scattering up + yp. The available data”‘] for large angle Compton scattering (see
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Figure 16. Perturbative QCD predictions by Farrar and Zhang for the cos(Bcm)
dependence of the 77 --t  py~ cross section assuming the King-Sachrajda (KS), Chernyak,
Ogloblin, and Zhitnitsky (COZ)‘591, and original Chernyak and Zhitnitsky (CZ) “I forms
for the’ proton distribution amplitude, &,(x:i,  Q).
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Fig. 17). for 5 GeV2 < s < 10 GeV2 are consistent with the dimensional counting
scaling prediction, s6da/dt = f(O,,). In general, comparisons between channels
related by crossing of the Mandelstam variables place a severe constraint on the
angular dependence and analytic form of the underlying QCD exclusive amplitude.
Furthermore in pji collisions one can study timelike  photon production into e+e-
and examine the virtual photon mass dependence of the Compton amplitude. Pre-
dictions for the q2 dependence of the ppi6; yy* amplitude can be obtained by
crossing the results of Gunion and Millers.

lo4

I f

0 2 G e V
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0 4 G e V
V 5 G e V

4 l 6GeV

1 0 -1
6-89 cos 0 9.315162

Figure 17.
6 GeV. [“’

Test of dimensional counting for Compton scattering for 2 < ET& <

The region of applicability of the leading power-law predictions for yy + pp
requires that one be beyond resonance or threshold effects. It presumably is set
by the scale where Q4G~(Q2)  is roughly constant, i.e. Q2 > 3 GeV2. Present
measurements may thus be too close to threshold for meaningful testsI881  It should
be noted that unlike the case for charged meson pair production, the QCD predic-
tions for baryons are sensitive to the form of the running coupling constant and
the endpoint behavior of the wavefunctions.

The QCD predictions for yy + Hf7 can be extended to the case of one or two
virtual photons, for measurements in which one or both electrons are tagged. Be-
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cause of the direct coupling of the photons to the quarks, the Qt and Qi dependence
of the yy + Hz amplitude for transversely polarized photons is minimal at W2
large and fixed ocm, since the off-shell quark and gluon propagators in TH already
transfer hard momenta; i.e. the 27 coupling is effectively local for Qf, Qi < pg.
The r*r*  + BB and MM amplitudes for off-shell photons have been calculated
by Millers and Gunion[sgl In each case, the predictions show strong sensitivity to
the form of the respective baryon and meson distribution amplitudes.

We also note that photon-photon collisions provide a way to measure the run-
ning coupling constant in an exclusive channel, independent of the form of hadronic
distribution amplitudes!l’ The photon-meson transition form factors J’-,,M(&~),
A4 = r”,qo, f, etc., are measurable in tagged ey t e’M reactions. QCD predicts

WQ2)
as(Q2) = & &21Fr7(Q2)/2

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

The complete calculations of the tree-graph structure (see Figs. 18, 19, 20) of
both yy + MM and yy +- BB amplitudes has now been completed. One can use
crossing to compute TH for pj? + yy to leading order in cu,(p$) from the calcula-
tions reported by Farrar, Maina  and Nerii6” and Gunion and Millers!“]  Examples*
of the predicted angular distributions are shown in Figs. 21 and 22.

Figure 18. Application of QCD to two-photon production of meson pairs!‘]
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Figure 19. Next-to-leading perturbative contribution to TH for the process 77 +
MB. The calculation has been done by Nizic!““’

Figure 20. Leading diagrams for 7 + 7 -+ j5 + p calculated in Ref. 69.
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Figure 21. QCD prediction for the scaling and angular distribution for y+y + jj+p
calculated by Farrar et o/(69’ The dashed-dot curve corresponds to 4h2/s = 0.0016 and
a maximum running coupling constant cryoz = 0.8. The solid curve corresponds to
4A2/s  = 0.016 and a maximum running coupling constant orax = 0.5. The dashed.
curve corresponds to a fixed CY,  = 0.3. The results are very sensitive to the endpoint
behavior of the proton distribution amplitude. The CZ form is assumed.

9. EXCLUSIVE NUCLEAR REACTIONS - REDUCED AMPLITUDES

The nucleus is itself an interesting QCD structure. At short distances nuclear
wavefunctions and nuclear interactions necessarily involve hidden color,  degrees
of freedom orthogonal to the channels described by the usual nucleon or isobar
degrees of freedom. 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
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Figure 22. QCD prediction for the scaling and angular distribution for 7~7 + p+p
calculated by Gunion,  Sparks and Millers.‘691 CZ distribution amplitudes are assumed.
The solid and running curves are for real photon annihilation. The dashed and dot-
dashed curves correspond to one photon space-like, with &z/s = 0.1.

amplitude formalism. -- .*1

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) N l/Q1’ which comes from
simple quark counting rules, as well as perturbative 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 ed + 0, the deuteron can be regarded as two nucleons
sharing the deuteron four-momentum (see Fig. 23). The momentum C is limited
by the binding and can thus be neglected. To first approximation the proton and
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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’gO’g’l

fd(Q2)  = FdQ2)
FlN (q) FIN (q>’

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

i.e. the same scaling law as a meson form factor. Diagrammatically, the ex-
tra power of l/Q2 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 (X = X’ = 0.) A s shown in Fig. 24, this scaling is consistent with experiment
for Q = pi 2 1 GeV. [g21

N-

P p+9= P’

6 - 8 6 5446AlO

Figure 23. Application of the reduced amplitude formalism to the deuteron form
factor at large momentum transfer.
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The distinction between the QCD and other treatments of nuclear amplitudes
is particularly clear in the reaction -yd + np; i.e. photodisintegration of the
deuteron at fixed center of mass angle. Using dimensional counting, the leading

- - power-law prediction from QCD is simply g(-yd --f np) N ,fi F(O,,). Again we
note that the virtual momenta are partitioned among many quarks and gluons, so
that finite mass corrections will be significant at low to medium energies. Never-
theless, one can test the basic QCD dynamics in these reactions taking into account
much of the finite-mass, higher-twist corrections by using the “reduced amplitude”

PO,911f o r m a l i s m . Thus the photodisintegration amplitude contains the probability
. amplitude (i.e. nucleon form factors) for the proton and neutron to each remain

intact after absorbing momentum transfers pP - 1/2pd and pn - 1/2pd,  respectively
(see Fig. 25). After the form factors are removed, the remaining “reduced” ampli-
tude should scale as F(B,,)/~T. The single inverse power of transverse momentum
pi is the slowest conceivable in any theory, but it is the unique power predicted
by PQCD.

0 2 4 5 6

Figure 24. Scaling of the deuteron reduced form factor. The data are summarized
in Ref. 90.

The prediction that f(O,,) is energy dependent at high-momentum transfer is
compared with experiment in Fig. 26. 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
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Figure 25. Construction of the reduced nuclear amplitude for two-body inelastic
- deuteron reactions!”

comparison as the solid curve in Fig. 26(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 --f pn amplitude
is correctly predicted by perturbative QCD. A recent analysis by Fujita”” shows
that mass corrections to the leading QCD prediction are not significant in the
region in which the data show scaling. However Fujita also finds that in a model
based on simple one-gluon plus quark-interchange mechanism, normalized to the
nucleon-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 of the other four quarks will increase
the photo-disintegration amplitude by a large factor.

The derivation of the evolution equation for the deuteron and other multi-
quark states is given in Refs. 97 and 91. In the case of the deuteron, the evolution
equation couples five different color singlet states composed of the six quarks.
The leading anomalous dimension for the deuteron distribution amplitude and the
helicity-conserving deuteron form factor at asymptotic Q2 is given in Ref. 97.

There are a number of related tests of QCD and reduced amplitudes which
require p beams [“I such as pd + yn and jjd -+ n-p in the fixed 6,, region.
These reactions are particularly interesting tests of QCD in nuclei. Dimensional
counting rules predict the asymptotic behavior g @d -+ r-p) N & f(6,,)

since there are 14 initial and final quanta involved. Again one notes that the
jjd 3 r-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-1/2pd)2 and the XN time-like form factor at L? = (~+1/2pd)~. Thus
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Figure 26. Comparison of deuteron photodisintegration data with the scaling
prediction which requires f2(Ocm)  to be at most logarithmically dependent on energy at
large momentum transfer. The data in (a) are from the recent experiment of Ref. 93.
The nuclear physics prediction shown in (a) is from Ref. 94. The -data in (b) are from
Ref. 95. .L

&d-r-p - hv(t”) &v(~)Mr, where M, has the same QCD scaling properties
as quark meson scattering. One thus predicts

The reduced amplitude scaling for yd + pn at large angles and pi X 1 GeV
(see Fig. 26). One thus expects similar precocious scaling behavior to hold for
jid -+ r-p and other jid exclusive reduced amplitudes. Recent analyses by Kon-
dratyuk and Sapozhnikov[“’ show that standard nuclear physics wavefunctions and
interactions cannot explain the magnitude of the data for two-body anti-proton an-
nihilation reactions such as j?d + n-p.
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10. A TEST OF COLOR TRANSPARENCY

A striking feature of the QCD description of exclusive processes is “color trans-
- - parency:“The  only part of the hadronic wavefunction that scatters at large momen-

tum transfer is its valence Fock state where the quarks are at small relative impact
separation. Such a fluctuation has a small color-dipole moment and thus has negli-
gible interactions with other hadrons. Since such a state stays small over a distance
proportional to its energy, this implies that quasi-elastic hadron-nucleon scattering
at large momentum transfer as illustrated in Fig. 27 can occur additively 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 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. 14.

5837A25 A-l

Figure 27. Quasi-elastic pp scattering inside a nuclear target. Normally one ex-
pects such processes to be attenuated by elastic and inelastic interactions of the incident
proton and the final state interaction of the scattered proton. Perturbative QCD pre-
dicts minimal attenuation; i.e. “color transparency,” at large momentum transfer!14’

_ A recent experiment 1’s] at BNL measuring quasi-elastic pp + pp scattering at
6,, = 90’ in various nuclei appears to confirm the color transparency prediction-
at least for J&b up to 10 GeV/ c see Fig. 28). Descriptions of elastic scattering(
which involve soft hadronic wavefunctions cannot account for the data. However,
at higher energies, j&b - 12 GeV/c,  normal attenuation is observed in the BNL
experiment. This is the same kinematical region E,, - 5 GeV where the large
spin correlation in ANN are observed!‘001 I shall argue that both features may
be signaling new s-channel physics associated with the onset of charmed hadron
production!1011 Clearly, much more testing of the color transparency phenomena is
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required, particularly in quasi-elastic lepton-proton scattering, Compton scatter-
ing, antiprotonproton  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 singularities or
resonance interference effects.

I - I I 1 I I

- 0 6 GeV/c A l u m i n u m  l
- l lOGeV/c

0.5 - X 12 GeV/c
++

4

t

i it-

I,

I I I I I I
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I N C I D E N T  M O M E N T U M  (GeV/c)
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Figure 28. Measurements of the transparency ratio

ZeffT=-=
Z $+A + P(A - ~$PA ---$ WI

near 90” on Aluminum!QIConventional  theory predicts that T should be small and
roughly constant in energy. Perturbative QCD’“’ predicts a monotonic rise to T = 1.

One can also understand the origin of color transparency as a consequence of
the PQCD prediction that soft initial-state corrections to reactions such as pp --+ z-t
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 FA + &? (A - 1)
reaction. in which there are no extra hadrons produced and the produced leptons
are coplanar with the beam. (The nucleus (A- 1) can be left excited). Since PQCD
predicts the absence of initial-state elastic and inelastic interactions, the number of
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such events should be strictly additive in the number 2 of protons in the nucleus,
every proton in 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 jj as it traverses the nucleus.

The above description is the ideal result for large s. QCD predicts that ad-
ditivity is approached monotonically with increasing energy, corresponding to two
effects: a) the effective transverse size of the ,jj wavefunction is bl - l/G, and
b) the formation time for the ji 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 hadronic

quasiexclusive antiproton-nuclear reactions. For large pi one predicts

+ T+T- + (A - 1)) = c Qdd $ (pp + r+g 7
PEA

where Gp/~ (9 > is the probability distribution to find the proton in the nucleus with
light-cone momentum fraction y = (p” + p”)/(pl + p$), and

The distribution Gp,A(y) can also be measured in eA + ep( A - 1) quasiexclusive
reactions. A remarkable feature of the above prediction is that there are no cor-
rections 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 pi reaction is
$vdbl - O(l/p~)).  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 pi exclusive reactions.

Another interesting feature which can be probed in such reactions is the behav-
ior of Gp/A (y) for y well away from the Fermi distribution peak at y - mN/MA.
For y + 1 spectator counting rules ‘lozl predict Gp,A(y) - (l-~)~~.-’ = (l-~)~~-~
where N, = 3(A- 1) is the number of quark spectators required to “stop” (y; + 0)
as y + 1. This simple formula has been quite successful in accounting for distribu-
tions measured in the forward fragmentation of nuclei at the BEVALAC.[2”1  Color
transparency can also be studied by measuring quasiexclusive J/ll, production by
anti-protons in a nuclear target j?A --t J/$(A - 1) where the nucleus is left in a
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ground or excited state, but extra hadrons are not created (see Fig. 29). The cross
section involves a convolution of the jip ---) J/t+h subprocess cross section with the
distribution G,,A(y)  where y = (p” + p3)/(pi + p”,, is the boost-invariant light-
cone fraction for protons in the nucleus. This distribution can be determined from
quasiexclusive lepton-nucleon scattering lA + tp( A - 1).

.

5970A14

Figure 29. Schematic representation of quasielastic  charmonium  production in FA
reactions. -

In first approximation pp -+ J/$ 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 antiquarks at small impact separation can annihilate. Again it fol-
lows 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 char-
monium is not restricted to the front surface of the nucleus. The exact nuclear
dependence depends on the formation time for the physical us to couple to the
small m configuration, TF 0; Ep. 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 nucleon to stay at the J/lc, resonance. Since the J/lc, is produced at nonrel-
ativistic  velocities in this low energy experiment, it is formed inside the nucleus.
The A-dependence of the quasiexclusive reaction can thus be used to determine
the J/$-nucleon cross section at low energies. For a normal hadronic reaction
j?iA + HX, we expect A,E N A’13, corresponding to absorption in the initial and
final state. In the case of j5A + J/lc, X one expects A,K much closer to A1 if color
transparency is fully effective and a( J/1c, N) is small.
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11. 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 = l!i$#Eq#j measured in large
momentum transfer pp elastic scattering (see Fig. 30). At plab = 11.75 GeV/c  and
t9,, = 7r/2, ANN rises to E SO%, corresponding to four times more probability for
protons to scatter with their 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
nofexpected  from the slowly-changing perturbative QCD predictions. However,
the unpolarized data is in first approximation consistent with the fixed angle scal-
ing law slOda/dt(pp + pp) = f(Oc~) ex ected from the perturbative analysis (seep
Fig. 9). The onset of new structure ‘lo’]  at s N 23 GeV2 is a sign of new degrees of
freedom in the two-baryon system. In this section, I will discuss a possible expla-
nation’1011  for (1) the o served spin correlations, (2) the deviations from fixed-angleb
scaling laws, and (3) the anomalous energy dependence of absorptive corrections
to quasielastic pp scattering in nuclear targets, in terms of a”simple  model based on
two J = L = S = 1 broad 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
Plab > 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 3F3 pp resonance at ,/s = 2.17 GeV (pl,b = 1.26 GeV/c)  associated with
the pA threshold.

The perturbative QCD analysis13” of exclusive amplitudes assumes that large
momentum transfer exclusive scattering reactions are controlled by short distance
quark-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

wrunning coupling constant, and pinch singularities), hadron helicity conservation,
and the novel phenomenon, “color transparency.”

As discussed in Section 9, a test of color transparency in large momentum
transfer quasielastic pp scattering at 8,, _N 7r/2 has recently been carried out at
BNL using several nuclear targets (C, Al, Pb)!” The attenuation at pi& = 10
GeV/c  in the various nuclear targets was observed to be in fact much less than that
predicted by traditional Glauber theory (see Fig. 28). This appears to support the
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Figure 30. The spin-spin correlation ANN for elastic pp scattering with beam and
target protons polarized normal to the scattering plane!1o31  ANN = 60% implies that
it is four times more probable for the protons to scatter with spins parallel rather than
antiparallel.

color transparency prediction.
The expectation from perturbative QCD is that the transparency effect should

become even more apparent as the momentum transfer rises. Nevertheless, at
plab = 12 GeV/ c, normal attenuation was observed. One can explain this surprising
result if the scattering at Plab = 12 GeV/c (,/s = 4.93 GeV), is dominated by
an s-channel B=2 resonance (or resonance-like structure) with mass near 5 GeV,

62



since unlike a hard-scattering reaction, a resonance couples to the fully-interacting
large-scale structure of the proton. If the resonance has spin S = 1, this can also
explain the large spin correlation ANN measured nearly at the same momentum,
plab = 11.75 GeV/c. Conversely, in the momentum range plab z 5 to 10 GeV/c
one predicts that the perturbative hard-scattering amplitude is dominant at large
angles. The experimental observation of diminished attenuation at plab = 10 GeV/c
thus provides support for the QCD description of exclusive reactions and color
transparency.

What could cause a resonance at Js = 5 GeV, more than 3 GeV beyond the-- _
pp threshold? There are a number of possibilities: (a) a multigluonic excitation
such as Iwwwss)~  (b) a “hidden color” color singlet (qqqqqq)  excitationf’051  or
(c) a “hidden flavor” IqqqqqqQq  excitation, which is the most interesting pos-
sibility, since it naturally 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
attractive channels in which ZQ/V,,~ is large, one expects resonances or threshold
enhancements in QCD in color-singlet channels at heavy quark production thresh-

‘1’s]olds since all 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 + AK+p, and open charm: pp + A,D”p,
respectively. In any case, the structure at 5 GeV is highly inelastic: its branching
ratio to the proton-proton channel is BPP 21 1.5%.

A model for this phenomenon is given in Ref. 101. 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.
Although complete calculations are not yet available, many features of the QCD
predictions are understood, including the approximate sm4 scaling of the pp ---t pp
amplitude at fixed 0cm and the dominance of those amplitudes that conserve hadron
helici tyygl Furthermore, recent data comparing different exclusive two-body scat-
tering channels from BNL[“’show that quark interchange amplitudes’10’1  dominate
quark annihilation or gluon exchange contributions. Assuming the usual symme-
tries, there are five independent pp helicity  amplitudes: 41 = M(++, ++), 42 =
M(--,++), 43 =  M(+-,+-),  $4 =  M(-+,+-),  $5 =  M(++,+-).  The h e -
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licity amplitudes for quark interchange have a definite relationship:‘S’l

dl(PQCD)= %h(PQCD)= -2&(PQCD)- -
ii= 4aCF(t)F(u)[~~~,  + (u t--f f)]P .
d

The hadron helicity non-conserving amplitudes, &(PQCD) and &(PQCD) are
zero. This form is consistent with the nominal power-law dependence predicted by
perturbative 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(t) = (1 - t/~~i)-~, with m$ =
0.71 GeV2.  As shown in Ref. 51, the P&CD-quark-interchange structure alone
predicts ANN N l/3, nearly independent of energy and angle.

Because of the rapid fixed-angle s -4 falloff of the perturbative QCD amplitude,
even a very weakly-coupled resonance can have a sizeable effect at large momentum
transfer. The large empirical values for ANN suggest a resonant pp + pp amplitude
with J = L = S = 1 since this gives ANN = 1 (in absence of background) and a
smooth angular distribution. Because of the Pauli  principle, an S = 1 di-proton
resonances must have odd parity and thus odd orbital angular momentum. The
the two non-zero helicity amplitudes for a ;7 = L = S = 1 resonance can be
parameterized in Breit-Wigner form:

&(resonance)  = 127r
$ P(s)

&4,1(8,m) M.+ _ E “r ’
cm - 2

&(resonance)  = -12~-

(The 3F3 resonance amplitudes have the same form with d$, I replacing d:,,,.)
As in the case of a narrow resonance like the Z”, the partial width into nucleon
pairs is proportional to the square of the time-like proton form factor: l?P(s)/I’ =
~Ppl~~~~12/l~~~*2~12, corresponding to the formation of two protons at this in-
variant energy. The resonant amplitudes then die away by one inverse power of
(Ecm - M*) relative to the dominant PQCD amplitudes. (In this sense, they are
higher twist contributions relative to the leading twist perturbative QCD ampli-
tudes.) The model is thus very simple: each pp helicity amplitude 4; is the coherent
sum of PQCD plus resonance components: 4 = $(PQCD)  + C4(resonance).  Be-
cause of pinch singularities and.higher-order  corrections, the hard QCD amplitudes
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are expected to have a nontrivial phase; ‘15’ the model allows for a constant phase S
in 4(PQCD). B ecause of the absence of the &, helicity-flip amplitude, the model
predicts zero single spin asymmetry AN. This is consistent with the large angle
data at piat, = 11.75 GeV/c!logl

At low transverse momentum, pi 5 1.5 GeV, the power-law fall-off of $(PQCD)
in s disagrees with the more slowly falling large-angle data, and one has little guid-
ance from basic theory. The main interest in this low-energy region is to illustrate
the effects of resonances and threshold effects on ANN. 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 a phenomenological form F(t) 0; e-1/2Pdltl.  A kinematic factor of
Js/2Pcm is included in the background amplitude. The value p = 0.85 GeV-1 then
gives a good fit to da/dt  at 8,m = 7r/2 for plab < 5.5 GeV/c!llol  The normalizations
are chosen to maintain continuity of the amplitudes.

The predictions of the model and comparison with experiment are shown in
Figs. 31-36. T he of 11owing parameters are chosen: C = 2.9 x 103, S = -1 for
the normalization and phase of +(PQCD). The mass, width and pp branching
ratio for the three resonances are MJ = 2.17 GeV, Id = 0.04 GeV, Bzp = 1;
M,” = 2.55 GeV, Is =  1 . 6  GeV, Bfp =  0 . 6 5 ;  a n d  M,* = 5.08 GeV, Ic =
1.0 GeV, Bip = 0.0155, respectively. As shotin  in Figs. 31 and 32, 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. 32 marks the
change in regime below pl& = 5.5 GeV/c where PQCD becomes inapplicable. It
is interesting to note that in this energy region normal attenuation of quasielastic
pp scattering is observed!” The angular distribution (normalized to the data
a t  8cm = 7r/2) is predicted to broaden relative to the steeper perturbative QCD
form, when the resonance dominates. As shown in Fig. 33 this is consistent with
experiment, comparing data at pi& = 7.1 and 12.1 GeV/c.

The most striking test of the model is its prediction for the spin correlation
ANN shown in Fig. 34. The rise of ANN to N 60% at plab = 11.75 GeV/c is
correctly reproduced by the high energy J=l resonance interfering with 4(PQCD).
The narrow peak which appears in the data of Fig. 34 corresponds to the onset of
the pp --t pA( 1232) c annel which can be interpreted as a uuuuddqgresonant  state.h
Because of spin-color statistics one expects in this case a higher orbital momentum
state, such as a pp 3F3 resonance. The model is also consistent with the recent
high-energy data point for ANN at pl&, = 18.5 GeV/c and p$ = 4.7 GeV2 (see Fig.
35). 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 pl,b z 6 GeV/c
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Figure 31. Prediction (solid curve) for da/dt(pp + pp) at B,, = 7r/2 compared
with the data of Akerlof et a1!“0’ The dotted line is the background PQCD prediction.
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Figure 32.
data[ll”

Ratio of da/dt(pp  ---*  pp) at 8,, = x/2 to the PQCD prediction. The
are from Akerlof et al. (open triangles), Allaby et al. (solid dots) and Cocconi

et al. (open square). The cusp at pfab  = 5.5 GeV/c  indicates the change of regime from
PQCD.

shown in Fig. 34. The comparison of the angular dependence of ANN with data
at J&b = 11.75 GeV/ c is shown in Fig. 36. The agreement with the data’1111  for
the longitudinal spin correlation ALL at the same J&b is somewhat worse.

The simple model discussed here shows that many features can be naturally
explained with only a few ingredients: a perturbative QCD background plus res-
onant 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 “‘21 in s at fixed 8,,, and the

66



I

l-55

I
"0 0.4 0.8

z=cos 0 c.m. 5914AS

Figure 33. The pp + pp angular distribution normalized at 0,, = 7r/2.  The data
are from the compilation given in Sivers et al., Ref. 24. The solid and dotted lines are
predictions for plab = 12.i  and 7.1 GeV/c,  respectively, showing the broadening near
resonance.
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Figure 34. ANN as a function of p/a6 at ecrn  = 7r/2.  The dataJ1lol  are from Crosbie
et al: (solid dots), Lin et al. (open squares) and Bhatia et al. (open triangles). The peak
at p[&, = 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 (plob  = 2.35 GeV/c)
and charm (p{&  = 12.8 GeV/c) thresholds, interfering with a PQCD background. The
value of ANN from PQCD alone is l/3.

broadening of the angular distribution near the resonances. Most important, it
gives a consistent explanation for the striking behavior of both the spin-spin cor-
relations and the anomalous energy dependence of the attenuation of quasielastic
pp scattering in nuclei. It is predicted that color transparency should reappear
at higher energies (pl,b 2 16 GeV/c), and also at smaller angles (&, ==: SO’) at
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Figure 35. ANN at fixed p$ = (4.7 GeV/c)‘.  The data pointL1”’ at p/&  = 18.5
GeV/c  is from Court et al.
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Figure 36. ANN as a function of transverse momentum. The data’l”’ are from
Crabb et al. (open circles) and O’Fallon  et al. (open squares). Diffractive contributions
should be included for pg 5 3 GeV2.

plab = 12 GeV/ c where the perturbative QCD amplitude dominates. If the J=l
resonance structures in ANN are indeed associated with heavy quark degrees of
freedom, then the model predicts inelastic pp cross sections of the order of 1 mb
and lpb for the production of strange and charmed hadrons near their respective
thresholds!1’31 Thus a crucial test of the heavy quark hypothesis for explaining
ANN, rather than hidden color or gluonic excitations, is the observation of signifi-
cant charm hadron production at p[&, 2 12 GeV/c.’

Recently Ralston and Pire [15’ have proposed that the oscillations of the pp elas-
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tic cross section and the apparent breakdown of color transparency are associated
with the dominance of the Landshoff pinch contributions at Js N 5 GeV. The

,oscillating behavior of da/dt is due to the energy dependence of the relative phase
between the pinch and hard-scattering contributions. They assume color trans--
parency will disappear 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 Ralston-Pire model. Fur-
thermore, the recent analysis by Botts and Sterman’581  suggests that the pinch
contributions should satisfy color transparency. In any event, more data and anal-

ysis are needed to discriminate between models.
-- _. Nuclear-Bound Quarkonia

The above analysis also has implications for the production of hidden charm
near threshold in hadronic and nuclear collisions. For example, consider the reac-
tion dd + a(ci?) where the charmonium state is produced nearly at rest. At the
threshold for charm production, the incident nuclei will be stopped (in the center
of mass frame) and will evidently fuse into a compound nucleus (the Q ) because of
the strong attractive nuclear force. The charmonium state will be attracted to the
nucleus by the QCD gluonic Van der Waals force. It is thus likely that a new type
of nuclear bound state will be formed: charmonium bound to nuclear matter. Such
a state should be observable at a distinct dd energy, and it will decay to unique
signatures such as dd + ap+p-. The binding energy in the nucleus*gives a preci-.”
sion measure of the charmonium’s interactions with ordinary hadrons and nuclei;
its decays will measure hadron-nucleus interactions and test color transparency
starting from a unique initial state condition.

12. DISCRETIZED 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 sim-
plicity of the e+e- and yy initial state, the full complexity of hadron dynamics is

_ involved in understanding resonance production, exclusive channels near threshold,
jet hadronization,  the hadronic contribution to the photon structure function, and
the total e+e-  or yy annihilation cross section. A primary question is whether we
can ever hope to confront QCD directly in its nonperturbative domain. Lattice
gauge theory and effective Lagrangian methods such as the Skyrme model offer
some hope in understanding the low-lying hadron spectrum but dynamical compu-
tations relevant to yy annihilation appear intractable. Considerable information[51
on the spectrum and the moments of hadron valence wavefunctions has been ob-
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tained using the ITEP QCD sum rule method, but the region of applicability 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’s Fock light-cone
components. DLCQ has b een used to obtain the complete spectrum of neutral
states in QEDIgl  and QCD11151 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[l+l] results below. Studies of QED in 3+1 dimensions

are now underway.I1161 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 + z/c. In light-cone gauge
A+ = A0 + A” = 0, the QCD light-cone Hamiltonian

HQCD = Ho+gHl +g2Hz

contains the usual S-point and 4-point interactions plus induced terms from in-
stantaneous gluon exchange and instantaneous quark exchange diagrams. The
perturbative vacuum is an eigenstate of HQCD and serves as the lowest state in-
constructing a complete basis set of color singlet Fock states of Ho in momentum
space. Solving QCD is then equivalent to solving the eigenvalue problem:

as a matrix equation on the free Fock basis. The set of eigenvalues {M2}  repre-
sents the spectrum of the color-singlet states in &CD. The Fock projections of the

eigenfunction corresponding to each hadron eigenvalue gives the quark and gluon
Fock state wavefunctions &(zi, Icli, Xi) required to compute structure functions,
distribution amplitudes, decay amplitudes, etc. For example, as shown by Drell

‘361and Yan, the form-factor of a hadron can be computed at any momentum trans-_
fer Q from an overlap integral of the tin summed over particle number n. The e+e-
annihilation cross section into a given J = 1 hadronic channel can be computed
directly from its $eq Fock state wavefunction.

The light-cone momentum space Fock basis becomes discrete and amenable to
computer representation if one chooses (anti-)periodic boundary conditions for the
quark and gluon fields along the z- = z - ct and zl directions. In the case of
renormalizable theories, a covariant ultraviolet cutoff A is introduced which limits
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the maximum invariant mass of the particles in any Fock state. One thus obtains
a finite matrix representation of HJ$!D which has a straightforward continuum
limit. The entire analysis is frame independent, and fermions present no special
difficulties.- -

Since HLC, P+, $1, and the conserved charges all commute, HLC is block
diagonal. By choosing periodic (or anti-periodic) boundary conditions for the basis
states along the negative light-cone $(z- = +L) = f+(z- = -L), 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+ = %I-- ) k+ = y ni , CFcl n; = Ii’.
. The dimension of the representation corresponds to ‘the number of partitions of

the integer I< as a sum of positive integers n. For a finite resolution K, the
wavefunction is sampled at the discrete points

The continuum limit is clearly Ii’ -+ DC).
One can easily show that P- scales as L. One thus defines P- E T&H .

The eigenstates with P2 =-M2  at fixed Ps and ?l = 0 thus satisfy HLC IQ) =
KH IQ) = M2 IS), independent of L ( h hw ic 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 light-cone space with period 2L. The commuting operators,
the light-cone momentum P+ = %I( and the light cone energy P- = k H are
constructed explicitly in a Fock space representation and diagonalized simultane-
ously. The eigenvalues give the physical spectrum: the invariant mass squared
M2 = P”P,,.  The eigenfunctions give the wavefunctions at equal +r and allow
one to compute the current matrix elements, structure functions, and distribution
amplitudes required for physical processes. All of these quantities are manifestly
independent of L, since M2 = PsP- = HI<. Lorentz-invariance is violated by
periodicity, but re-established at the end of the calculation by going to the contin-
uum limit: L + 00, I( -+ 00 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
are obtained by the diagonalization of HLC, one can also calculate scattering am-
plitudes as well as decay rates from overlap matrix elements of the interaction
Hamiltonian for the weak or electromagnetic interactions. An important point is
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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.

. - The simplest application of DLCQ to local gauge theory is QED in one-space
and one-time dimensions. Since A+ = 0 is a physical gauge there are no photon
degrees of freedom. Explicit forms for the matrix representation of HQED are given
in Ref. 9.

(a)-- _ A x
(b)

3 - 8 3 4507A26

Figure 37. Diagrams which appear in the interaction Hamiltonian for QCD on the
light cone. The propagators with horizontal bars represent “instantaneous” gluon and
quark exchange which arise-from reduction of the dependent fields in A+ = 0 gauge.
(a) Basic interaction vertices in &CD. (b) “Instantaneous” contributions.

.e

The basic interactions which occur in HLC(QCD) are illustrated in Fig. 37. Re-
cently  Hornbostel’1151 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 spec-
tra are obtained as a function of quark mass and QCD coupling constant (see Fig.
38).

Where they are available, the spectra agree with results obtained earlier; in
particular, the lowest meson mass in SU(2) agrees within errors with lattice Hamil-
tonian  results!1171 The meson mass at NC = 4 is close to the value obtained in the
large NC limit. The method also provides the first results for the baryon spectrum

_ in a non-Abelian gauge theory. The lowest baryon mass is shown in Fig. 38 as a
function of coupling constant. The ratio of meson to baryon mass as a function of
NC also agrees at strong coupling with results obtained by Frishman and Sonnen-
schein!llsl  Precise values for the mass eigenvalue can be obtained by extrapolation
to large I( since the functional dependence in l/K is understood.

As emphasized above, when the light-cone Hamiltonian is diagonalized for a
finite resolution I<, one gets a complete set of eigenvalues corresponding to the
total dimension of the Fock state basis. A representative example of the spectrum

72



8

- SlJ(2) *****. su (4)

- - -  SU(3)
Homer:

l SU (2) Lattice
I I I I 1

6

p 4E

2

0

4

3m
2

2

I

0 0 . 5 1.0 1.5

8-87 m/g
*.

5837A24

Figure 38. The baryon and meson spectrum in QCD [l+l] computed in DLCQ
for NC = 2,3,4 as a function of quark mass and coupling constant!“”

is shown in Fig. 39 for baryon states (B = 1) as a function of the dimensionless
variable X = l/(1+ rm2/g2). Note that spectrum automatically includes continuum
states with B = 1 .

The structure functions for the lowest meson and baryon states in SU(3) at two
different coupling strengths m/g = 1.6 and m/g = 0.1 are shown in Figs. 40 and 41.
Higher Fock states have a very small probability; representative contributions to
the baryon structure functions are shown in Figs. 42 and 43. For comparison, the
valence wavefunction of a higher mass state which can be identified as a composite
of meson pairs (analogous to a nucleus) is shown in Fig. 44. The interactions
of the quarks in the pair state produce Fermi motion beyond x = 0.5. Although
these results are for 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 ki =
(2r/LJni as discrete variables on a finite Cartesian basis. The theory is co-
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Figur~l~~. Representative baryon spectrum for QCD in one-space and one-time
dimension.
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Figure 40. The meson quark momentum distribution in QCD[l+l]  computed
using DLCQ. ‘l”’

variantly regulated if one restricts states by the condition

where A is the ultraviolet cutoff. In effect, states with total light-cone kinetic
energy beyond, A2 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, con-

W”sistent with the renormalization group. The resolution parameters need to be
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Figure 41. The baryon quark  momentum distribution in QCD[l+l]  computed
using DLCQ. i115’

Figure 42. Contribution to the baryon quark momentum distribution from qqqm
states for QCD[1+1]!1’5’

taken sufficiently large such that the theory is controlled by the continuum regu-
lator A, rather than the discrete scales of 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
resolution I(. 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
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Figure 43. Contribution to the baryon quark momentum distribution from qqqQQQQ
states for QCD[1+l]!“5’
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Figure 44. Comparison of the meson quark distributions in the qqfi Fock 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!l”’

-
a space-time lattice, there are no special difficulties with fermions: e.g.no
fermion doubling, fermion determinants, or necessity for a quenched approx-
imation. Furthermore,-the discretized theory has basically the same ultravi-
olet structure as the continuum theory. It should be emphasized that unlike
lattice calculations, there is no constraint or relationship between the physi-
cal size of the bound state and the length scale L.

3. The DLCQ method has the remarkable feature of generating the complete
spectrum of the theory; bound states and continuum states alike. These can
be separated by tracing their minimum Fock state content down to small
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coupling constant since the continuum states have higher particle number
content. In lattice gauge theory it appears intractable to obtain informa-
tion on excited or scattering states or their correlations. The wavefunctions
generated at equal light cone time have the immediate form required for rel-
ativistic scattering problems. 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 num-
ber 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- body SchrGdinger  theory.-- _

Whether QCD can be solved using DLCQ - considering its large number of
degrees of freedom is unclear, The studies for Abelian  and non-Abelian gauge
theory carried out so far in l+l dimensions give grounds for optimism.

Other Applications of Light-Cone Quantization
In the discretized light-cone quantization method, one can construct an ex-

plicit matrix representation of the QCD Hamiltonian on the light-cone momentum
space Fock representation. The kinetic energy operator in this representation is
diagonal. In principle one can diagonalize the total Hamiltonian on this repre-
sentation to obtain not only the discrete and continuum eigenvalues, but also
the corresponding light-cone wavefunctions required to compute intrinsic struts
ture functions and distribution amplitudes. Since we are primarily interested in
the lowest mass eigenstates of the hadron spectrum, we can 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 study of positronium at
large cy. The evaluation of the Fock state sum can be made highly efficient by us-
ing vectorized code and importance sampling algorithms such as Lepage’s program
VEGAS. On the other hand if the total Hamiltonian could be diagonalized, one
could immediately construct the resolvent, and thus the T- matrix for scattering
problems. The fractional experimental resolution in center of mass energy squared
Ss/s can be matched to the a corresponding resolution l/K.

- The light-cone Fock state representation can also be used advantageously in
perturbation theory. For example, one can calculate any scattering amplitude in
terms of the usual Lippman-Schwinger series:

T = HI + HI
1

P- - Ho + ic
HI + . . . .

Langnau and I are currently applying this method to the higher order calculation
of the electron’s anomalous magnetic moment in quantum electrodynamics. The
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sum over intermediate Fock states is equivalent to summing all r-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because
of the restriction to positive 2, diagrams corresponding to vacuum fluctuations
or those containing backward-moving lines are eliminated. The amplitudes are
regulated in the infrared and ultraviolet by cutting off the invariant mass. The
ultraviolet regularization and renormalization of the perturbative contributions
may be carried out by using the “alternating denominator method”[1201  which
yields an automatic construction of mass renormalization counter-terms.

The same method can also be used to compute perturbative contributions to
the-annihilation ratio R,+,- = a(e+e- -t hudrons)/a(e+e-  + p+p-)  as well as
the quark and gluon jet distribution. The results are obtained in the light-cone
variables, Z-C,  Icl, X, which are the natural covariant variables for this problem.
Since there are no Fadeev-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 a1!1211 who found a
surprisingly large value of 64.9 for the coefficient of (os/x)3 of R,t,- in the MS
scheme.

13. CONCLUSIONS

In this colloquium I have emphasized several novel. features of quantum chro-,-
modynamics, 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 experimen-
tally to be surprisingly complex, very much at variance with intuition based
on non-relativistic quark model. The most convenient covariant representa-
tion 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 and asymmetric between the valence u and d quarks.
Polarized deep inelastic structure function measurements by the SLAC-Yale
and CERN-EMC collaborations show that the gluons and strange quarks
have strong spin correlations with the proton spin. There is even the pos-
sibility of a small admixture of hidden 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-
shadowing features of the leading twist nuclear structure functions.

2. The perturbative QCD analysis of exclusive amplitudes has now become a
highly-developed field, based on all-orders factorization theorems, evolution
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equations, Sudakov-regulated pinch contributions, etc. The application to
experiment has been highly successful; the recent confirmation by the TPC-
yy experiment of the PQCD predictions for the photon-q transition form
factor is an important verification 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 at the few GeV scale. The observation at
BNL of increasing color transparency of quasi-elastic pp scattering in nuclei
has confirmed perhaps the most novel feature of perturbative &CD. The ex-

. - perimental results contradict the standard Glauber treatment of initial and
final state interactions but support the PQCD prediction that -large-angle pp
scattering involves only the small color-dipole moment configurations of the
proton Fock state. The observation of color transparency rules against a de-
scription of large momentum exclusive amplitudes in terms of the convolution
of soft hadronic wavefunctions. It is clearly essential that color transparency
be tested in other channels, particularly, quasi-elastic e - p scattering.

3. It should be emphasized that experimental and theoretical studies of exclu-
sive amplitudes are necessary for the fundamental understanding of the struc-
ture of the hadronic tiavefunctions.  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 the extraction of quark mixing parameters of electro-
weak theory also require a detailed understanding of hadronic wavefunctions.

4. I have described a new approach to the problem of solving QCD in the non-
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 QCD[3+1].  A very
interesting feature of the DLCQ results for QCD[l+l]  are the oscillations
which emerge in the higher Fock state contributions to the hadron structure
functions. The DLCQ method also leads naturally to a perturbative method
for computing R,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 ANN
in large-angle pp scattering at E,, N 5 GeV. As I have discussed in this
lecture, this phenomena can be interpreted as due to a threshold enhance-
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ment or resonance due to open charm production in the intermediate state.
This explanation also naturally 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 charmo-
nium with nucleons or nuclei, just below the production threshold for open
charm.

Quantum Chromodynamics has now emerged as a science in itself, unifying
hadron 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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