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1, INTRODUCTION 

A scanning transmission electron microscope 
provides as image of a specimen by combining in­
formation from both the elastically and inelastically 
Mattered electron; tbat emerge after passing through 
the target. A high energy eJectroproduction exper­
iment which measures both exclusive and inclusive 
reactions is a dose analog of an electron microscope, 
providing images of the nucleoli and nucleus at a res­
olution scale A ~ 1/Q where Q* = -(pc - p',)* is the 
momentum transfer squared. Electroproduetion on 
an internal gas jet target in a circulating electron 
ring has the potential to provide even more infor­
mation: because of its high luminosity, good duty 
factor, and large angular acceptance, one can exam­
ine detailed properties of the hadronic final state in 
coincidence with the scattered electron. Moreover, 
if the proton or nuclear target is polarized, one can 
study detailed correlations of the target spin with 
properties of the produced hadrons. Using nuclear 
targets, one can systematically study the effects of 
varying the nuclear environment on each exclusive 
and semi-inclusive final state. 

The proposed PEGASYS experiment at SLAC 
will utilize an internal gas jet target in the circu­
lating PEP beam at E, a 15 GeV and thus can 
probe the structure of the nucleoD or nucleus at cen­
ter of mass energies WJ = (o + p) J < 30 GeV2 and 
momentum transfers Q3 < 15 GeV/c?. At such res­
olution, A < 10~1 4 cm, the quark and gluon struc­
ture of matter becomes apparent; one can test sot 
only the predictions and dynamical mechanisms of 
quantum cbromodynamics, but one also probe the 
structure of the hadron and nuclear wavefunctions 
in terms of their fundamental degrees of freedom. 
The large acceptance of the PEGASYS apparatus 
and the ability to do coincidence measurements will 
allow the study of tbe final state, channel by channel, 
as a function of the virtual photon mass below and 
above the Bjorkra scaling regime. The PEGASYS 
kinematic range interpolates between the lower en-
e.-gy CEBAF domain where quark degrees of freedom 
begin to become msnifest, and the much higher en­
ergies of HERA, wbicb is far into the perturbative 
QCD regime of logarithmic evolution and multi-jet 
structure. 

QCD itself is a theory of moderate energy scale. 
Tiie parameter A373 is conventionally used to set the 
scale where the running coupling constant a«(Q3) be­
comes large and thus perturbative expansions break 

down. Recent determinations using T decay and the 
muttijet distributions in e*e~ annihilation suggest 
tbat A573 is below 200 MeV and is perhaps as small 
as 100 MeV. In order to determine the absolute 
Vftlue of Â CT£ one must know the correct argumenl 
Q' of the running coup?:ng constant appropriate to 
the measurement. The above determinations of A ^ 
use the method of Ref. 3 in which this scale is 
determined "automatically" by requiring that light 
fermion pairs contributions are summed by the run­
ning coupling constant, just as is done in Abelian 
QED. 

The effective masses of the u, d, and 3 quarks 
and their characteristic transverse momentum within 
hadrons are also of order of a few hundred MeV or 
less. Thus electron scattering at momentum trans­
fers of Q1 *- S to 10 GeV2, corresponding to res­
olution A ~ 0.1 fm, is dearly sufficient to resolve 
the structure of the nucleon and nucleus in terms 
of individual quark and gluon degrees of freedom. 
This is confirmed by the fact tbat tbe Bjorken scal­
ing of the inelastic electron scattering cross section, 
which reflects the point-like scale-invariant behavior 
of tbe electron-quark interaction, is already apparent 
at momentum transfers Q* as low as 1 GrV/c-. 

Tbe EMC and SLAC data on polarized struc­
ture functions imply significant correlations between 
the spin of tbe target proton with tbe spin of the 
glucnj and strange quarks. Thus there should be 
significant correlations between tbe 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 sucb as the p and the 
A. 

It u useful to keep in mind tbe following 
simple model for the helicity parallel and helic­
ity anti-parallel gluon distributions in the nucleon: 
3/#M = id - *fl* •*> G;/JV(X) = l(i - if/x, 
respectively. This model is consistent with the mea­
sured momentum, correct crossing behavior, dimen­
sional counting rules at x —• 1, and Regge behavior 
at small x. It implies that more of the nucleon spin 
is carried by gluons rather than quarks. 

The analyses of the EMC and SLAC spin depen­
dent 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 description of the 
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strange sea assumes that is is strictly due to the 
simple gluon splitting process. The spin correla­
tion of the strange quarks then requires a very large 
gluos spin correlation, much stronger than the sim­
ple model given above. Alternatively the strange sea 
may be "intrinsic" to the bound state equation of 
motion of the nucleon and thus the strong strange 
spin correlation may be a non-perturbative phenom­
ena. One expects contributions at order ]/mJ 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 nu­
cleon, Alternatively, one can regard the strange sea 
as a manifestation of intermediate A' — 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 discriminate between these 
extrinsic and intrinsic components to the strange 
sea. For example, consider events in which a strange 
hadron is observed at large * in the fragmentation re­
gion of the recoil jet, signifying the production and 
tagging of a strange quark. In the case of intrinsic 
strangeness, the associated 5 wilt be in the target 
fragmentation region. In the case that the strange 
quark is created extrinsical!)- via -)"j -» M , both 
the tagged £ quark and the s hadrons will be found 
predominantly in the current fragmentation region. 

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 
•f the deuteron, high momentum nucleon-nudeon 
components, and coherent effects such as shadow­
ing, anti-shadowing, and x > 1 behavior. However, 
perhaps the most interesting aspect for high energy 
physics is the use of the nucleus to modify the en­
vironment in which quark hadronizilion and parti­
cle formation occurs. The PEGASYS kinematic do­
main seems ideal to test the on;,-i of "formation zone 
phenomena", "target length conditions1', etc. It can 
also test an important principle controlling quark 
hadronizalion into exclusive channels inside nuclei: 
"color transparency". Suppose that a hadronic state 
has a small transverse size &j_. Because of the 
cancellation of gluonic interactions with wavelength 
smaller than ij., such a small color-singlet hadronic 
state will propagate through the nucleus with a 
small cross section for interacting in either elasti-
cally or inelasticalJy. la particular, the recoil pro­
ton in large momentum transfer electron-proton scat­
tering is produced initially as a small color singlet 
three-quark slate of transverse size b± ~ \jQ. If 
the electron-proton scattering occurs inside a nu­
clear target (qu«*j-elastie scattering) then '.he recoil 
oucleon can propagate through the nuclear volume 
without significant final-state interactions. This per-
turbative QCD prediction is in striking contrast to 
standard treatments of quasi-elastic scattering which 

predict significant final state scattering and absorp­
tion in the nucleus due to large elastic and inelastic 
nucleon-nudeon cross sections. The theoretical cal­
culations 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. We discuss color trans­
parency further in Section 6. 

2. OVERVIEW OF ELECTROPRODUCTION 
PHENOMENOLOGY 

The central focus of inelastic electroproduction 
is the electron-quark interaction, which at large mo­
mentum transfer can be calculated as an incoher­
ent sum of individual quark contributions. The deep 
inelastic electron-proton cross section is thus given 
by the convolution of the electron-quark cross sec­
tion times the structure functions, or equivalently 
the probability distributions C?,/,(x, Q2). In the "in­
finite momentum frame" where the proton has large 
momentum P" and the virtual photon momentum is 
in the transverse direction, Gt/p(x, Q2) is tlie prob­
ability of finding a quark q with momentum frac­
tion x = Q2/2p • q in the proton. However in the 
rest frame of the target, many different physical pro­
cesses 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 (be target. Thus the 
electron interacts with quarks which are both intrin­
sic to the proton's structure itself, or quarks which 
are extrinsic; i.e. created in the electron-proton col­
lision itself. Much of the phenomena at small values 
of x such as Regge behavior, sea distributions associ­
ated with photon-gluon fusion processes, and shad­
owing in nuclear structure functions can be identified 
with the extrinsic interactions, rather than processes 
directly connected with the proton's intrinsic struc­
ture. 

There is an amusing, though gedanken way to (in 
principle) separate the extrinsic and intrinsic contri­
butions to the proton's structure functions. For ex­
ample, suppose that one wishes to isolate the intrin­
sic contribution Gjif{x, Q) to the d-quark distribu­
tion in the proton. Let us imagine that there exists 
another set of quarks {q,} = ut<d„,30,Co, — identical 
in all respects to the usual set of quarks but carrying 
zero electromagnetic and weak charges. The experi­
mentalist could then measure the difTerentc in scat­
tering of electrons on protons versus electrons scat­
tering on anew baryon with valence quarks \aud0 > . 
This is analogous to an "empty target" subtraction. 
Contributions from qq pair production in the gluonic 
field of the target {photon-gluoa fusion) essentially 
cancel, so that one can then identify the difference 
in scattering with the intrinsic d-quark distribution 
of the nucleon. Because of the Pauli principle, dd 
production on the proton where the d is produced in 
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the same quantum state as the d in the nucleon is ab­
sent, but the corresponding contribution is allowed 
in the case of the |trud« > target. Because of this 
extra subtraction, the contributions associated with 
Reggeon exchange also cancel in the difference, and 
thus the intrinsic structure function C'(x, Q) van­
ishes 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 >. 

Although there have been extensive measure­
ments of the deep inelastic structure 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) 
contributions versus logarithmic PQCD evolution? 
Does the Bjorkefl-scaJing non-isosinglet structure 
function Fi(x,Q) behave as C x 1 _ a ' a s 1 - . 0 as dic­
tated by Reggeexchange and duality or is this a man­
ifestation of higher twist contributions to the virtual 
photo-absorption cross section which falls as 1/Q 2? 
Are the non-additive shadowing and antt-shadowiog 
nuclear effects really leading twist or are they Q-
dependent? 

Electron-proton scattering also involves addi­
tional processes such as photoproduction, Compton 
processes, QED radiative corrections, etc. Electro-
production reactions in which large transverse mo­
mentum photons appear are particularly interesting, 
in the exclusive process e±p —» e^ip one can isolate 
the virtual Compton cross section as well as the real 
part of the Compton amplitude. In the inclusive re­
action t-p -* e d 7.V 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 general point of 
view. As long as there is at least one particle de­
tected at large transverse momentum, whether it is 
a scattered electron, or a produced hard photon, or 
& liadron at large Pr, one can use the factorization 
formula 

* GafA(*a,Q)Gb/B{zt, Q)Gc,t(xc,Q) 

which has general validity in gauge theory. The 
systems A,B,C can be leptons, photons, hadrons, 
or nuclei. The primary subprocess in electropro-
duction is eq -> eg. The electron structure func­
tion G,/,(x,Q) automatically provides the (lead­
ing logarithmic) QED radiative corrections. The 
spectrum of the electron beam plays the role of 

the non-perlurbative or initial structure function 
(See Fig. 1(b).) The subprocess t'q -» gq corre­
sponds to photon-induced two-jet production. (S«-
Fig. 1(a).) This subprocess dominates reaction:: in 
which the large transverse momentum triggei is a 
hadron ratber than the scattered lepton. Thus one 
sees that conventional deep inelastic eq —• tq scat­
tering subprocess is just one of the several modes of 
electroproduction. 

m—oq 

lb) 

Figure 1. Application of gauge theory factor­
ization to electroproductioD. (») Tar 79 — n 5"b-
pfocets produces hwlron jela at high pr (t>) The 
*f ~• <ff produces one quark jet and one recoil elec­
tron jet at high py. The QED radiative corrections 
are incorporated into the electron and photon QED 
structure functions. 

The dominant contribution to the meson semi-
inclusive cross section is predicted by QCD factor­
ization to be due to jet fragmentation from the recoil 
quark and spectator djquark jets. 

Higher Twist Effects 
When the momentum transfer is in the interme­

diate range 1 5 Q* & 10 GeV 2 , several other contri­
butions for meson production are expected to become 
importanl in tN -> e'MX. These include: 

1. Higher twist contributions to jet fragmenla 
tion: 

^ . D , ^ . . ? ) ^ . - , , ^ ( r - l ) . 
The scaling term reflects .the behavior of thf 
pion fragmentation function at large fractional 
momentum (z -» ]) as predicted by per-
turbalive QCD (one-gluon exchange), (See 



Fig. 2(a).) The CjQ-1 term is computed from 
the same perturbative diagrams. For luge z 
where this tern) dominates, we predict that 
the deep inelastic cross section will be domi-
nantly longitudinal rather than transverse R = 

(o) Jet Frogmenlotion 

of an effective pion current: (See Fig. 2(b).) 

Figure 2. QCD contribution* _ - ^ elecUo-
produclion. (a) Jet fragmentation, including n w v 

and 1/Q3 higher twist contaibuttou. (b) totaled 
pion contributions at order I/O*. (0 Exclutive pro-
duction. (d) Priroalton" contribution. 

2. "Direct" meson production. Isolated pions 
may also be created by elastic scattering off 

4»o a 

| f . ( W ( i - i ) . W*) 2 -
p. In the case of a nuclrar 

*-0*L-a," 
Here y = t> • p/p t . 
target, one can test for non-additivity of vi 
tual pions due to nuclear effects, as predicted 
in models tor the EMC effect at smalt XB, • 
JafTe and Hoodbhoy have shown that the ex­
istence of quark exchange diagrams involving 
quarks of different nucleons in the nucleus in­
validates general applicability of the simplest 
convolution formulae conventionally used in 
such analyses. The GT/r{z,Q) structure func­
tion is predicted to behave roughly as (1 - 1 ) 5 

at large r, as predicted from spectator quark 
counting rules. ' Applications of these rules to 
other off-shell nucleoli processes are discussed 
in Kefs. 15 and 13. 

3. Exclusive Channels. (See Fig. 2(c).) The 
mesons can of course be produced in exclusive 
channels; e.g. t'p -* » + n , f'P -* />V Pion 
electroproduction extrapolated to t = m\ pro­
vides the basic knowledge of the pion form fac­
tor at spacelike Q2. With the advent of the per-
turbative QCD analyses of targe momentum 
transfer exclusive reactions, predictions can be 
given over the whole range of large t and I?-. 
Exclusive processes axe discussed in more de­
tail in Section 7. We also discuss some special 
features of p" electroproduction in Section 9. 

4. Another meson production channel is the Pri-
makoff reaction 7*'y —i »°, etc., which domi­
nates over other events at very low target recoil 
momentum. (See Fig. 2(d).) Such measure­
ments would allow the determination of the 
1 -» T° 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 constant o»(<3*) solely 
from exclusive measurements. 

3. HADRONIZATJON OF THE QUABK AND 
SPECTATOR SYSTEMS 

At its most basic level, Bjorken scaling of deep in­
elastic structure functions implies the production of 
a sing.. ,"*rk jet, recoiling against the scattered lep-
ton. The specie- ~ «vslem-the remnant of the tar­
get remaining after the sv."**red quark is removed 
is a color-5 system. The struck ij-^k is sensitive 
to the magnitude of thr momentum transit. 9 and 
logarithmically evolves by radiated gluons with rel­
ative transverse momentum controlled by Q1 and 



the available phase-space. According to QCD fac­
torization, 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 bard scattering reaction. 
This jet should be identical to the light quark jets 
produced in e + e ~ annihilation. In contrast, the 
hadro&ization of the spectator system depends in de­
tail on the target properties. Unlike the quark jet, 
the leading particles of the target spectator system 
do not evolve and thus should not depend an the 
momentum transfer Q 3 [at fixed W2 = (o + p) 5]. At 
present we do not have a basic understanding of the 
physics of hadronizatioa, although phenornenologi-
cal approaches, such as the Lund string model, have 
been successful in parameterizing many features of 
the data. 

4. HADROMZATIQN IN NUCLEI 

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 
nucleoo form final state hadrons. 

There are several genera) properties of the ef­
fect of the nuclear environment which follow from 
the structure of gauge theory. The first effect is the 
"formation zone' which reflects the principle that a 
quark or hadron can change slate only after a finite 
intrinsic time in its rest system. This implies that 
the scattered quark in electroproduction cannot suf­
fer an inelastic reaction with mass squared change 
A A/ 2 while propagating a distance L if its laboratory 
energy is greater than AM~L. However the outgo­
ing quark can still scatter elastically as it traverses 
the nuclear volume, thus spreading its transverse mo­
mentum due to multiple scattering. Recently Bod-
win and Lepage and 1 have explained the quantum 
mechanical origin of formation zone physics in terms 
of the destructive interference cf inelastic amplitudes 
that occur on two different scattering centers in the 
nuclear target. The discussion in tbat 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 «tmck quark in electropro-
duction. 

5. SHADOWING AND ANTI-SHADOWINC 

One of the most striking nuclear effects seen in 
the deep inelastic structure functions is the deple­
tion of the effective number of nucleons F*IF^ in 
the region of low X = xtj. The results from the 
EMC collaboration indicate that the effect is roughly 
<32-independent; i.e. shadowing is aleaaing twist in 

the operator product analysis. In contrast, the shad­
owing of the real photo-absorption cross section due 
to ^—dominance falls away as an inverse power of 

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 hadronnudeus scattering corre­
sponds to the following: the incident hadron scatters 
elastically on a nucleon A'i on the front face of the nu­
cleus. At high energies the phase of the amplitude is 
imaginary. The hadron then propagates through the 
nucleus to nucleon A'j where it interacts inelasticaliy. 
The accumulated phase of the 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 A'j without initial-stale 
interactions. Thus the target nucleon A'j sees less in­
coming flux; \t 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 ~ A1/3, the number of surface nudeons. 

In the case of virtual photo-absorption, the pho­
ton converts to a qq pair at a distance proportional to 
v = x - 1 = 2p - q/Q* laboratory frame. The nudeai 
structure function F* can then be written as an in­
tegral over the inelastic cross section ffj^(s') where 
i' grows as l / i for fixed space-like q mass. Thus llie 
A—dependence of the cross section is equivalent to 
ibe shadowing of the q interactions in the nucleus. 
Recently Hung Lu and 1 have applied the standard 
Glauber multi-scattering theory, assuming that for­
malism can be taken over to off-shell q interactions. 
Our results show that for reasonable values of the 
jj-nucleon cross section, one can easily understand 
the magnitude of the shadowing effect at small x. 
Moreover, if one introduces a ag a \ Reggeon con­
tribution to the q~PJ amplitude, the real part of the 
phase introduced by such a contribution automati­
cally leads to "anti-shadowjng* at x — 0.1 (effective 
number of nucleons F£lx,Q)/F£{x,Q) > A) of the 
few percent magnitude seen by the SLAC and EMC 
experiments. 

Our analysis provides the input or starting point 
for the tog Q7 evolution of the deep inelastic structure 
functions. The parameters for the effective quark-
nucleon cross section required to understand shad­
owing phenomena provide important information on 
the interactions of quarks and gluons in nuclear mat -
ter. 

The above analysis also has implications fot 
the nature of particle production for virtual photo-
absorption in nuclei. At high Q1 and x > 0.3, hadron 
production should be uniform- throughout the nu­
cleus. At low r or at low Q1, where shadowing oc­
curs the inelastic reaction occurs mainly at the front 



surface. These features can be examined in detail 
by studying non-additive mulliparticle correlations 
in both the target and current fragmentation regions. 

6. COLOR TRANSPARENCY 

A striking feature of tbe QCD description of 
exclusive processes is color transparency: the only 
part of the hadronic wavefunction that scatters at 
large momentum transfer is its valence Fock state 
where the quarks are at small relative impact separa­
tion. Such a fluctuation has a small color-dipole mo­
ment and thus has negligible interactions with other 
hadrons. Since such a state stays small over a dis­
tance proportional to its energy, this implies that 
quasi-elastic badron-nucleon scattering at large mo­
mentum transfer as illustrated in Fig. 3 can oc­
cur additively on alt of the mideons in a nucleus 
with minima! attenuation due to elastic or inelas­
tic final state interactions in the nucleus, I.e. the nu­
cleus becomes "transparent." By contrast, in conven­
tional Glauber scattering, one predicts strong, nearly 
energy-independent initial and final state attenua­
tion. A detailed discussion of the time and energy 
scales required for tbe validity of the PQCD predic­
tion is given by Farrar tt ah and Mueller in Ref. 5. 

Figure 3. Quasi-elastic fp scattering inside a 
nuclear target. Normally one expects such processes 
to be attenuated by elastic and inelastic interactions 
of tlw incident proton and tbe final state interaction 
of the scattered proton. Pecturbative QCD predicts 
minimal attenuation; i.e. "color traniparency," at 
luge momentum truifec. 

A recent experiment at BNL measuring quasi-
elastic pp -> pp scattering at fm = 90° in vari­
ous nuclei appears to confirm the color transparency 
prediction—at least for p;,j up to 10 GeV/c (see 
Fig. 4). Descriptions of elastic scattering which 
involve soft badronic wavcfunctions cannot account 
for the data. However, at higher energies, P/a& ~ 
12 GeV/c, normal attenuation is observed in tbe 

0.5 
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Aluminum 

0 5 10 15 
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Figure 4. Measurements of the transparency 
ratio 

near 90* on Aluminum. Conventional theory pre­
dicts that T should be small and roughly constant 
in energy. Perturbative QCP predicts a monotonic 
rise to T = 1. 

BNL experiment. This is the same kinematical re­
gion Ecm ~ 5 GeV where tbe large spin correlation 
in Ann are observed- Both features may be sig­
naling new j-channel physics associated with the on­
set of charmed hadron production or interference 

with Landsboff pinch singularity diagrams Clearly, 
much more testing of the color transparency phenom­
ena is required, particularly in quasi-elastic lepton-
proton scattering, Compton scattering, antiproton-
proton scattering, etc. The cleanest test of the 
PQCD prediction is to check for minimal attenuation 
in large momentum transfer lepton-proton scattering 
in nuclei since there are no .complications from pinch 
singularities or resonance interference effects. 

It should also be noted that initial-state interac­
tions in the exclusive process fp —»It are suppressed 
at high lepton pair mass. This w a remarkable con­
sequence of gauge theory and is quite contrary to 
normal treatments of initial interactions baaed on 
Glauber theory. This novel effect can be studied in 
quasielastic JSA - t ll ( A - l ) reaction, in which there 
are nu extra hadrons produced and the produced 
leptons are coplanar with the beam. (Tbe nucleus 
(A - 1) can be left excited). Since PQCD predicts 
the absence of initial-state elastic and inelastic inter­
actions, the number of such events should be strictly 

0 



additive in the number Z of protons in the nucleus, 
every proton in the nucleus is equally available Tor 
short-distance annihilation. In traditional Glauber 
theory only the surface protons can participate be­
cause of the strong absorption of the p as it traverses 
the nucleus. 

The above description is the idea] result for large 
s. QCD predicts that additivity is approached mono-
tonically with increasing energy, corresponding to 
two effects-, a) the effective transverse size of the 
p wavefur.ction is 6j. ~ V\/s, and b) the format icn 
time for the p is sufficiently long, such that the Fock 
state stays small during transit of the nucleus. 

7. EXCLUSIVE CHANNELS IN ELECTRO-
PRODIJCTtOJi 

One of the most important areas of exploration 
in coincident electroproduction experiments are ex­
clusive channels, One can study not only the form 
factors of mesons and baryons at high Q* but also 
study eleclroproduction of resonances, testing not 
only dimensional scaling rules, but also consequences 
of gluon spin, such as the hadron helicity conser­
vation rule. Exclusive channels are important since 
they are sensitive not only to the hard scattering 
quark gluon diagrams, but also because of their sen­
sitivity to the shape of the hadron distribution ampli­
tude, the basic valence wavefuaction of the hadron. 
It is also extremely interesting to extend measure­

ments of the fixed angle behavior of pholoproduciion 
da/dt(ip —t » + n) to the virtual photon case. The 
perturbative QCD prediction is that the transverse 
photon amplitude is insensitive to Q~ if Q1 « pj . 
this is dramatic consequences to vector meson dom­
inance predictions which require that the rate falls 
off as Q~*. 

Electromagnetic Form Factors 
We begin with a review of perturbative QCD 

predictions for form factors. A belicity conserving 
baryon form factor at large Q2 has the form: [see 
Fig. 5(a)] 

i i 

o « 

where to leading order in Qj((?2), Tg is computed 
from 3f+7* -» 3q tree graph amplitudes: [Fig. 5(b).] 

and 

M*„Q) = /V 2*d <M*.,£±.W*i, < Q-) 

<J. 
(b) 

a 
rz + it J2 

(C ) 

Figure 5. f » Factorization of the nucleoli form ftctot at Urge Q2 in QCD. (b) The leading order diagrams 
for the hard scattering Amplitude Tu The dots indicate insertions which enter the renormalJiat.cn of the «upJin« 
conttonl (c) The leading order diagrams which determine the Q7 dependence of the distribution Amplitude 0 ( t . Q) 
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is the valence three-quark wavefunetion [Fig. 5(c)) 
evaluated at quark impact separation i± ~ 0{Q~>). 
The net result tor the nudeon magnetic form factor 

x[l + O(o.(«)) + 0(g)]. 
The first factor, in agreement with the quark count­
ing rule, is due to the hard scattering of the three 
valence quarks from the initial to final nucleoli direc­
tion. Higher Fock states lead to form factor contribu­
tions of successively higher order in l/Q1. The loga­
rithmic corrections derive from an evolution equation 
for the nucleon distribution amplitude. The 1„ are 
the computed anomalous dimensions, reflecting the 
short distance scaling of three-quark composite op 
craters.5 4 The results hold for any baryon to baryon 
vector or axial vector transition amplitude that con­
serves the baryon helicity. Helicity non-conserving 
form factors should fall as an additional power of 
l/Ql2i Measurements" of the transition form factor 
to the J = 3/2 yV(1520) nucleon resonance are con­
sistent with Jt - ± 1 / 2 dominance, as predicted by 
the helicily conservation rule. It is important to ex­
plicitly verify that F3{Q2)JFi{Q2) decreases at large 
(?'. The angular distribution decay of the J/^> -»pp 
is consistent with the QCD prediction A, + Ay = 0-

FiguK 6. Comparison of experiment with 
Die QCD oinwnsionalcouDUof rule ( C y - ' / W ) ~ 
emiiant for form factors. The proton data extendi 
beyond 30 GeV>. 

Thus, modulo logarithmic factors, one obtains a 
dimensional counting rule for any hadronic or nuclear 
form factor at large Q1 (X - A' = 0 or 1/2) 

w 1 )-^)"" 1 . 
pW 1 . Ff-1 6- i 

where n is the minimum number of fields in the 
hadron. Since quark helicity is conserved in Tg and 
4>(z>, Q) i*toe L, =6 projection of the wavefunction, 
total hadronic helicity is conserved at large momen­
tum transfer for any QCD exclusive reaction. The 
dominant nucleon form factor thus corresponds to 
FiiQ1) or Gu(Q7); the Pauli form factor Ft[<^) is 
suppressed by an extra power of <?J. Similarly, in 
the case of the deuteron, the dominant form factor 
has helicity A = A' = 0, corresponding to \fA(Q*). 

The comparison of experimental form factors 
with the predicted nominal power-law behavior is 
shown in Fig. 6. The general form of the logarith­
mic corrections to the leading power contributions 
form factors can be derived from the operator prod­
uct expansion at short distance * or by solving 
an evolution equation for the distribution ampli­
tude computed from gluon exchange {Fig. 5(c)], the 
only QCD contribution which falls sufficiently slowly 
at large transverse momentum to effect the large Q* 
dependence. 
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Figure 7. Comparison of tbr acaling behavior 
of the proton magnetic form factor with the theoret­
ical prediction of Reft 2$ and 3D. The CZ predic­
tions" u< sartnaliKd in sign and mapimde. The 
date we tram Ref. 28. 

The comparison of the proton form factor data 
with the QCD prediction arbitrarily normalized is 



shown in Fig. 7. The fail-off of (Q2)7GU(Q2) with 
Q* is consistent with the logarithmic fall-off of the 
square of QCD running coupling constant. As we 
shall discuss below, the QCD sum rule model form 
for the nucleoli distribution amplitude together with 
the QCD factorization formulae, predicts the correct 
sign and magnitude as well as scaling behavior of the 

proton and neutron form factors. 

A crucial check of the perturbative QCD for­
malism is the verification of the color transparency 
phenomena, particularly for quasi-elastic electron-
proton scattering in nuclei. As we have emphasized 
in Section 6, the observation of color transparency in 
the BNL experiment for quasi-elastic proton-proton 
scattering appears to have eliminated alternative 
models in which exclusive scattering is dominated 
by soft hadron wavefunction contributions. 

8. HADRONIC WAVEFUNCTION PHENOMENOLOGY 

Let us now return to the question of the normal­
ization of exclusive amplitudes in QCD. It should be 
emphasized that because of the uncertain magnitude 
of corrections of higher order in as{Q ), comparisons 
with the normalization of experiment with model 
predictions could be misleading. Nevertheless, we 
shall assume that the leading order normalization is 
at least approximately accurate. If the higher order 
corrections are indeed small, then the normalization 
of the proton form factor at large Q2 is a non-trivial 
test of the distribution amplitude shape; for exam­
ple, if the proton wave function has a non-relativistic 
shape peaked at a; ~ 1/3 then one obtains the wrong 
sign for the nucteon form factor. Furthermore sym­
metrical distribution amplitudes predict a very small 
magnitude for Q*Gr

M{Q2\ at large Q2. 

The phenomenology of badron 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 < x^1 > = 
/ XUxt X™ ^(XJ,/J) of the hadron's distribution am­
plitude. A particularly important challenge is the 
construction of the baryon distribution amplitude. 
In the case of the proton form factor, the constants 
a„m in the QCD prediction for Git must be com­
puted from moments of the nucleon's distribution 
amplitude ^(x;, Q). There are now extensive theo­
retical efforts to compute this nonperturbative input 
directly from QCD- The QCD sum rule analysis of 
Chernyak et provides constraints on the first 

12 moments of ^(i,<2). Using as a basis the polyno­
mials which are eigenstates of the nucleon evolution 
equation, one gets a model representation or the nu­
cleon distribution amplitude, as well as its evolution 
with tbe momentum transfer scale. The moments 

Figure 8. The proton distribution amplitude 
4>f(zi, (i) determined it the scale p ~ ! CeV from 
QCD sum rules. 

of the proton distribution amplitude computed by 
Chernyak et a/, have now been confirmed in an inde­
pendent analysis by Sachrajda and King. 

A three-dimensional "snapshot* of the proton's 
utid wavefunction at equal light-cone time as deduced 
from QCD sum rules at a ~ 1 GeV by Cbernyak et 
at: and King and! Sach 4Jda is shown in Fig. 8. 
The QCD sum rule analysis predicts a surprising fea­
ture: strong flavor asymmetry in the nucleon's mo-
mentum distribution. The computed moments of the 
distribution amplitude imply that 65% of the pro­
ton's momentum in its 3-quark valer _e state is car­
ried by the u-quark which has the same helicity as 
the parent hadron. 



Dziembonski and Mankietricz have recently 
shown that the asymmetric form of the CZ dis­
tribution amplitude can result from a rotationally-
invaiiant CM wave function transformed to the light 
cone using free quark dynamics. They And 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-consijlcnt ansatz 
for the quark wave functions. Thus for the first time 
one has a somewhat complete model for tLe rela-
tivistic three-quark structure of the hadrons. In the 
model the transverse size of the valence wave func­
tion is not found to be significantly smaller than 
the mean radius of the proton-averaged over all 
Fock states as argued in Rcf. 35. Dziembowski tl 
al. also fir.d that the perturbative QCD contribu­
tion to the form factors in their model dominates 
over the soft contribution (obtained by involut­
ing the non-periurbativc wave functions) at a scale 
Q/N as 1 GeV, where N is the number of valence 
constituents. (This criterion was also derived in 
Ref 15.) 

Gari and Stefanis have developed a model for 
the nucleon form factors which incorporates the CZ 
distribution amplitude predictions at high QJ to­
gether with VMD constraints at low Q2. Their anal­
ysis predicts sizeable values for the neutron electric 
form factor at intermediate values of Q'. 

A detailed phenomenolcgirsl analysis of the nu­
cleon form factors for differ< J* shapes of the distri­
bution amplitudes has been given by Ji, Sill, and 
Lombard-Nelsen. Their results show that the CZ 
wave function is consistent with the sign and magni­
tude of the proton form factor at largt Q2 as mea­
sured by the American University/SLAC collabora­
tion 2 9 (see Fig. 9). 

It should be stressed that the magnitude of the 
proton form factor is sensitive to the x -* 1 depen­
dence of the prot.ro distribution amplitude, where 
non-pertir'iative effects could be important. The 
asymmetry of the distribution amplitude empha­
sizes contributions farm the large x region. Since 
non-leading corrections are expected when the quark 
propagator scale Q2(l—x) is small, in principle rela­
tively large momentum transfer is required to clearly 
test the perturbative QCD predictions. Chernyak 
et al. have studied this effect in some detail and 
claim that their QCD sum rule predictions are not 
significantly changed when higher moments of the 
distribution amplitude are included. 

The moments of distribution amplitudes can also 
be computed using lattice gauge theory. In the case 
of the pion distribution amplitudes, there is good 
agreement of the lattice gauge theory computations 
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Figure 9. Predictions for the normalization 
and aign of the proton form factor at high g* us­
ing pet tuibative QCD factorisation and QCD sum 
rule predictions for the r̂aton distribution ampli­
tude <fjom Ref. 37). The predictions use farms given 
fay Cntrayu and Zhitniuky, King and Sachnjdi,33 

sad Gari and Stefanii* 

of Martinelli and Sachrajda*0 with the QCD sum 
rule results. This check has strengthened confidence 
in the reliability of the QCD sum rule method, al­
though the thape of the meson distribution ampli­
tudes are unexpectedly structured: the pion distri­
bution amplitude is broad and has a dip at x = 1/2. 
The QCD sum rule meson distributions, combined 
with the perturbative QCD factorization predictions, 
account well for the scaling, normalization of the pion 
form tutor and 77 —» M*M~ cross sections. 

In the case of the baryon, the asymmetric three-
quark distributions axe consistent with the normal­
ization of the baryon form factor at large Q2 and also 
the brandling ratio for J/»> —»pp. The data for large 
angle Compton scattering tp —» w are also well de­
scribed. However, a very recent lattice calculation 
of the lowest two moments by Maitinelli and Sachra-
jda does not show skewing of the average fraction 
of momentum of the valence quarks in the proton. 
This lattice result is in contradiction to the predic­
tions of the QCD sum rules and does cast jome doubt 
on the validity cf the model of the proton distribu-

32 
lion proposed by Cbernyak el al. The la.tice calcu­
lation is performer! 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 com­
plication when one uses the QCD sun rule model 
distribution amplitudes. In the analysis of Ref. 31 it 
was argued that only about 1% of the proton form 
factor comes from regions of integration in which all 
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the propagators are hard. A new analysis by Diiem-
bowski et a!*2 shows that the QCD sum rule dis­
tribution amplitudes of Cbernyak et a/, together 
with the perturbitive QCD prediction jives contri­
butions to the form factors which agree with the 
measured normalization of the pion form factor at 
Q3 > 4 GeV1 and proton form factor Q* > 20 GeV2 

to within a factor of two. In the calculation the 
virtuality of the exchanged gluon is restricted to 
|Jfc2| > 0.25 GeV*. The authors assume a, = 0.3 and 
that the underlying wavefunctions fall off exponen­
tially at the r ~ l endpoints. Another model of the 
proton distribution amplitude with diquark cluster­
i n g 0 chosen to satisfy the QCD sum rule moments 
comes even closer. Considering the uncertainty in 
the magnitude of the higher order corrections, one 
really cannot expect better agreement betweei) the 
QCD predictions and experiment. 

The relative importance of non-pet lurbative con­
tributions to form factors is also an issue. Unfor­
tunately, there is little that can be said until we 
have a deeper understanding of the end-point be­
havior of hadronic wavefunctions, and of the role 
played by Sudakov form factors in the end-point re­
gion. Models have been constructed in which non-
perturbalive effects persist to high Q However, 
sucb models do not seem consistent with the observa­
tion of color transparency. Other models have been 
constructed in which sucb effects vanish rapidly as Q 
increases. 

If the QCD sum rule results are correct then, the 
light hadrons are highly structured momentum-space 
valence wavefunctions. In the case of mesons, the re­
sults from both the lattice calculations and QCD sum 
rules show that the light quarks are highly relativis-
tic. This gives further indication that while nonrel-
ativistk potential models are useful for enumerating 
the spectrum of hadrons (because they express the 
relevant degrees of freedom), they may not be reli­
able in predicting wave function structure. 

9. DlFFRACTtVE ELECTXOPRODUCTION 

Exclusive processes such as virtual Compton 
scattering, f'p — 7p,and {P electroproduction 
•j*p - i p°p play a special role in QCD as key probes 
of "pomeron" exchange and its possible basis in 
terms of multiple-gluon exchange. At large photon 
energy, the diffractive amplitudes are dominated by 
J = 1 Regge singularities. 

Recent measurements of -fp -+ p"p by the EMC 
group using the high energy muon beam at the 
SPS show three interesting features: (1) The p° is 
produced with zero helicity at (J* > 1 GeV2; (2) 

w>6&v 

Fijure 10. The slope parameter * for the form 
«V/« - At" Ct to the EMC data (Ret. II) for 
«>->W»pfw MS l-SGeV1. 

L»* X (01 

Figure 11. (a) Diltiutive electtoytoductioe, of 
rector menus, (b) Local pomace contribution cou­
pling to sue quack, (e) Ferturbative pometon con­
tribution. For Itrfe tra&fwne momentum t? * Q-
two-fluOB eicfcufe coatributiou ate dominant. 

the falloff in momentum transfer becomes remark­
ably fiat for Q* > 5 GeV1; and (3) the integrated 
cross section falls as IfQ*. 

The most surprising feature of the EMC data 
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is the very slow fall-off in t for the highest Qj 
data. (See Fig. 10.) Using the parameterization e" , 
t' =\t- i„« | , the slope for 7 < 0* < 2S GeV1, 
EL = 200 GeV data is b ~ 2 GeV"2. If one as­
sumes Pomeron factorizauon, then the fall-off in mo­
mentum transfer to the proton should be St least as 
fast as the square of the proton form factor, repre­
senting the probability to keep the scattered proton 
intact. (See Fig. 11(b).) Tbe predicted slope for 
|f| < 1.5 GeV2 « i - U GeV- 2, much steeper than 
the EMC data. The background due to inelastic ef­
fects is estimated by the EMC group to be less than 
'20% in this kinematic domain. 

In the vector meson dominance picture one ex­
pects: (1) dominant!}- transverse p polarization (s-
ehannel helicity conservation); (2) fall-off in t similar 
to the square of the proton form factor (Pomeron fac­
torization); and (3) a l/Q2 asymptotic fall-off when 
longitudinal photons dominate. 

Tbe physics of electroproduction is quite differ­
ent in QCD. At large CJ2 > pf diffractive channels 
take on a novel character. {See Fig. 11(c).) The 
transverse momentum itj- in the upper loop connect­
ing tbe photon and p° is of order the photon mass 
scale, kj ~ Q. (Other regions of phase space are 
suppressed by Sudakov form factors). Thus just as 
in deep inelastic inclusive scattering, the dilfractive 
amplitude involves tbe proton matrix element of the 
product of operators near the light-cone. In the case 
of virtual Cornptoo. scattering 7*p -» jjf, one mea­
sures product of two electromagnetic currents. Thus 
one can test an Operator product expansion simi­
lar to that which appears in deep inelastic lepton-
nucieon scattering, but for non-forward matrix ele­
ments. In such * case the upper loop in Fig. 11(c) 
can be calculated using perlurbative methods. The f) 
enters through the same distribution amplitude that 
appears in large momentum transfer exclusive reac­
tions. Since the gauge interactions conserve helicity, 
this implies A; ̂  0, A, = X'r independent of the pho­
ton belicity. The predicted canonical Q2 dependence 
is 1/Q*, which is also consistent with tbe EMC data. 

Since the EMC data is at high energy (Ey = 
200 GeV, s > pj.) one expects that the vector gluon 
exchange diagrams dominate quark-exchange contri­
butions. One can show that the virtually of tbe 
gluons directly coupled "to the 1 -* p transition is 
effectively of order (? J, allowing a perturbative ex-
(jansion. The effect is a known feature of the higher 
liorn, multi-photon exchange contributions to mas­
sive Bethe Heitiei processes in QED.4T 

The dominant exchange in tbe t-channel should 
thus be the two-gluon ladder shown in Fig. 11(c). 
This is analogous to the diagrams contributing to 
the evolution of the gluon structure function. If each 
gluon carries roughly half of tbe momentum transfer 

to different quarks in the micleon, then the fall-off in 
t might be significantly slov. « than that of the proton 
form factor, since in the latter case the momentum 
transfer to the nucleon is due to tbe coupling to one 
quark. This result assumes that the natural fall-off of 
the nudeon wavefunction in transversa momentum is 
Gaussian rather than power-law at low momentum 
transfer. Alternatively the small slope of the differ­
ential cross section may reflect a sharp zero in the 
forward amplitude due to helicity mismatch between 
tbe photon and p. 

In the case of quasi-elastic diffractive electropro­
duction in a nuclear target, we expect neither shad­
owing of the incident photon nor final state interac­
tions of the outgoing vector meson at large Q! (color 
transparency). 

Thus p° electroproduction and virtual Compton 
scattering can give important information on the 
nature of diffractive (pomeron exchange) processes. 
Data at all energies and kinematic regions are clearly 
essential. 

10. EXCLUSIVE NUCLEAR PROCESSES IN QCD 

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. Ex- '• 
plicit 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 cannc'. correctly describe the observed off-shell 
falloff of form factors, vertex amplitudes, Z-graph di­
agrams, etc. because badron compositeness is not 
taken into account. One of the most elegant areas of 
application of QCD to nuclear physics is the domain 
of large momentum transfer exclusive nuclear pro­
cesses. Rigorous results have been given by Lepage, 
Ji and myself for the asymptotic properties of the 
deuteron form factor at large momentum transfer. 
In the asymptotic Q2 —> co limit 'be deuieroji dis­
tribution amplitude, which controls large momentum 
transfer deuteron reactions, becomes fully symmetric 
among the five possible color-singlet combinations of 
tbe six quarks. One can also study the evolution 
of the "hidden color" components (orthogonal to the 
np and A A degrees of freedom) from intermediate to 
large momentum transfer scales; the results also give 
constraints on the nature of the nuclear force at short 
distances in QCD. Tbe existence of hidden color de­
grees of freedom further illustrates the complexity of 
nuclear systems in QCD. It is ciceivable that six-
quark d* resonances corresponds to these new de­
crees of freedom may be found by careful seaiches of 
the *)V —* fd and 7"d —* rd channels. 
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The basic scaling law for the helicity-conserving 
deuteron form factor is FJ^Q2) ~ 1/Qla which comes 
from simple quark counting rules, as well as per-
turbative QCD. One cannot expect this asymptotic 
prediction to become accurate until very large Q 2 

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 in­
tact. Note that for vanishing nuclear binding energy 
ej -• 0, the deuteron can be regarded as two nucle­
ons sharing the deuteron four-momentum (see Fig. 
12). The momentum C is limited by the binding and 
can thus be neglected. To first approximation the 
proton and neutron share the deuteron's momentum 
equally. Since the deuteron form factor contains the 
probability amplitudes for the proton and neutron to 
scatter from p/2 to p/2 + q/2; it is natural to define 
the reduced deuteron form factor ' ' 

W ) s MQ2) 

*,(¥)**(¥)' 
The effect of nucleon compositeness is removed from 
the reduced form factor. QCD then predicts the scal­
ing 

i.e. the same scaling law as a meson form factor. Di-
agrammaticaUy, the extra power of 1/<?S comes from 
the propagator of the struck quark line, the one prop­
agator not contained in the nucleon form factors. Be' 
cause of hadron helicity conservation, the prediction 
is for the leading helicity-conserving deuteron form 
factor (A = A' = 0.) As shown in Fig. 13, this scaling 
is consistent with experiment for Q = px 5 1 GeY 

Again we note that the virtual momenta are parti­
tioned among many quarks and gluons, so that fi­
nite mass corrections will be significant at low to 
medium energies. Nevertheless, one can test the 
basic QCD dynamics in these reactions taking into 
account much of the finite-mass, higher-twist cor­
rections by using the "reduced amplitude'' formal­
ism. ' ' Thus the photo-disintegration amplitude 
contains the probability amplitude (i.e. nucleon form 
factors) for the proton and neutron to each remain 
intact after absorbing moment urn transfers pp-i j'2pt 
and p» — \j1pt, respectively (see Fig. 14)'. After the 
form factors are removed, the remaining "reduced" 
amplitude should scale as F[8tm)fpr. The single in­
verse power of transverse momentum pr >s the slow­
est conceivable in any theory, but it is the unique 
power predicted by PQCD. 
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Figure 13. Scaling of the deuteron reduced 
form factor. The data are Bummarued in Ref. 15. 
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Figure 12. Application of the reduced ampli­
tude formalism to the deutercn 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 id —• nn; i.e. photo-disintegration of 
the deuteron at fixed center of mass angle. Using 
dimensional counting, the leading power-law predic­
tion from QCD is simply ^fad -t np) ~ ,f, FfAm). 

Figure 14. Cooitruction of the reduced nuclear 
amplitude for two-body inelastic deuteron reactions. 

The prediction that /(fcW) is energy dependent 
at high-momentum transfer is compared with exper­
iment in Fig. 15. It is particularly striking to see the 
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QCD prediction verified at incident photon lab ener­
gies as low as 1 GeV. A comparison with a standard 
nuclear physics model with exchange currents is also 
shown for comparison as the solid curve in Fig. 15(a). 
The fact that this prediction falls less fast than the 
data suggests that taenia 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 import-Jit question is whether the normal­
ization of the id —» pn amplitude is correctly pre­
dicted by perturbative QCD. A recent analysis by 
Fujita shows that mass correct'ons 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 nuc!eon-.""ic]eon 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 delud­
ing other diagrams in which the photon coup.-"s 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. 55 and 50. In the case of the deuteron, the 
evolution equation couples five different color sin­
glet states composed of the six quarks. The leading 
anomalous dimension for the deuteron distribution 
amplitude and the helicity-conserving deuteron form 
factor at asymptotic Q1 is given in Ref. 55. 

There are a number of related tests of QCD 
and reduced amplitudes which require p beams 
such as pd —* 771 and pd —« ir~p in the fixed 
Son region. These reactions are particularly inter­
esting tests of QCD in nuclei. Dimensional count­
ing rules predict the asymptotic behavior ^ (pd —• 
r"p) ~ j-jfjiT /(Am) since there are 14 initial and 
final quanta involved. Again one notes that the 
pd —» x~p amplitude contains a factor represent­
ing the probability amplitude (i.e. form factor) for 
the proton to remain intact after absorbing momen­
tum transfer squared ( = (p — l/'2pd)2 and the JVA' 
time-like form factor at i = (p + \j2ptf. Thus 
A < J J _ , - , ~ Fis(l) F\n(s)Mr, where M, has the 
same QCD scaling properties as quark meson scat­
tering. One thus predicts 

m &*-*-?) /(fl) 
rfsftifsW "' P2T ' 

The reduced amplitude scaling holds for jd -> pn 
at large angles J*nd py £ t GeV (see Fig. 15). One 
thus expects similar precocious scaling behavior to 
hold for pd -+ x~p and other pd exclusive reduced 
amplitudes. Recent analyses by Kondratyuk 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 pd —» ir~p. 
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Figure 15. Comparison of deuteron pholodieinlegration data with the scaling prediction which requires / ' ( ( „ ) 
to be at most logarithmically dependent on energy at large momentum transfer. The data in (a) are from tbe recent 
experiment if Ref. 51. The nuclear physics prediction shown in (a) is from Ref. 52 The data in (b) are from 
Ref. S3. 
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11. RELATION or ELECTROPHODUCTIOK TO 
QCD WAVEFUNCTIONS 

As discussed in Section 8, constraints on mo­
ments of the hadron wavefunctions have been 
obtained using the UQCD Sum-Rule" technique 
and lattice gauge theory. An alternative non-
perturbative method, "discretized light-cone quan­
tization" has recently been used to determine the 
hadronic and nuclear spectrum of QCD in one space 
and one time dimension in addition to the hadronic 
wavefunctions. 

The simplest covariant representation of the 
hadron wavefunction in terms of its quark and gluon 
quanta is the light-cone Fock representation. One 
first constructs the complete set |n X n| = 1 of 
multi-quark and gluon color singlet eigenstates of 
the free QCD Hamiltonian at fixed light-cone time 
T = t + z/c. It is convenient to choose the physical 
lighl-con« gauge A+ = A" + A' = 0 since no ghosts 
are required. The expansion of the proton wavefunc­
tion on this basis at fixed r has the form 

+ t!w«?(*.,*Ln \)\vvdqq > 

+ ... 
Each multiparticle wavefunction is a function of 
the light-cone fractions i , = (fc° + kf)/(P° + P'), 
J3] xi — 1 a n < l transverse momenta £ J k±, = 0-
The rapidity of the constituent relative to that of 
the hadron is y, = logr,. Since the XJ and k^t are 
defined as relative coordinates with respect to the 
hadron total momentum, the light-cone Fock state 
wavefunctions are frame-independent covariant am­
plitudes. In the non-relativistic limit the light-cone 
Pock expansion reduces to the momentum space rep­
resentation of multiparticle n-body Schrodinger the­
ory. The use of a Fock-state expansion in terms of 
free quark and gluons does not contradiction color 
confinement; the analog is the Fourier transform of 
the wavefunction of a particle bound in a harmonic 
oscillator. 

Physical observabies relevant to electroproduc-
tion can be immediately and simply related to the 
Fock-state wavefunctions. For example, form fac­
tors and other matrix elements of the electromag­
netic current are given by a simple overlap of light-
cone wavefunctions. Note that in the Bethe-Salpeter 
formalism, there is no closed expression for cur­
rent matrix elements because of tbe presence of 
an infinite set of irreducible kernels. The struc­
ture functions for deep inelastic scattering are given 
by the usual parton-model expressions. Note that 
the sum is over all Fock components. The distri­
bution amplitude which controls high momentum 

transfer exclusive reactions to leading only depends 
on the valence Fock state. Typical exclusive pro­
cesses are given by the factorized form AS(s,4) = 
f[dx] Ily (t>i[x,p±) TniiuPiAm)- The hard scai-
tering amplitude T# is computed to leading order 
in a,(pj.) by replacing each hadron by its valence 
quarks with momenta pf = x,P* collinear to its re­
spective hadron. The main results are dimeaional 
counting rules for the scaling behavior in l/Q or 
1/px; badron helicity conservation to leading order 
in l/Q and color transparency. 

Since high energy experiments have for the most 
part confirmed the main features of the quark and 
gluon scattering processes as predicted by perlurba-
tive QCD, the central problem in testing and un­
derstanding the full non-perturbative theory is the 
determination of the badron wavefunctions them­
selves, Phenomenological constraints are obtained 
by comparing the predicted normalizations and an­
gular behavior of exclusive cross sections with data 
particularly electroproduction. The main question is 
whether one can hope to evaluate the {0.} directly 
from theory, in principle, the most direct method 
would be to diagonalize the light-cone Hamiltonian 
for QCD in the Fock state basis: the eigenvalue prob­
lem is 

H$D\*>=M-\*>: 
i.e. in Heisenberg matrix form 

< n\HfgD\m X m|* >= M1 < n|* >; 
To do this numerically one can introduce a discrete 
Fock basis by choosing periodic (anti-periodic for 
fermions) boundary conditions. The system is trun­
cated in the ultraviolet b> restricting the total invari­
ant mass of the Fock basts. Thus far this program 
has been successfully carried for gauge theories such 
as QED and QCD(W„1<)r = 2,3,4) in one-space and 
one-time dimension. 

58 
Recently Hornbostel has used discretized light-

cone quantization (DLCQ) to obtain the complete 
color-singlet spectrum of QCD in one space and one 
time dimension for Afc = 2,3,4. 

The hadronic spectra are obtained as a function 
of quark mass and QCD coupling constant (see Figs. 
16 and 17), Where they are available, the spectra 
agree with results obtained earlier. 

The structure functions for the lowest meson 
and baryon states in SUI3) at two different coupliug 
strengths mfg = 1.6 anu mfg = 0-1 are shown in 
Figs. 18 and 19. Higher Fock states have a very 
small probability; representative contributions to the 
baryon structure functions are shown in Figs. 20 
and 21. 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. 22. The interactions of the quarks in 
the pair state produce Fermi motion beyond x = 0.5. 
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Figure 16. The baryon and meson spectrum in 
QCD (1+1) computed in DLCQ for Nc = 2,3,4 as 
a function or quark matt and coupling constant. 
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Figure 17. Representative barton spectrum for 
QCD in one-ipace and one-time dimension. 

Although these results are for one time one space the­
ory they do suggest that the sea quark distributions 
in physical hadrons may not be the smooth distri­
butions usually assumed but actually they may be 
highly structured. 
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Figure 18. The meson quark momentum dis­
tribution in QCD[1+1] computed using DLCCJ.** 
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Figure 19. The baryon quark momentum dis­
tribution in QCD[I+I] computed using DLCQ.9* 
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Figure 20. Contribution to the baryou 
quark momentum distribution from 94494 state* for 
QCD[I + 1].M 

12. CONCLUSIONS 

Electroproduction is an extraordinarily rich phe­
nomena; it remains the definitive process to examine 
the fundamental structure of the nucleon and nucleus 
since at momentum transfer beyond Q- > I GtV/c-
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Figure 21. Contribution to ibe bnvon quark 
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QCD[l+l|" 
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Figure22. Gompaiiton of the meson quark dis­
tributions in the «»$J Fact tute with tj.it of > con­
tinuum meson pair stite. The structure in the for­
ma may be due to tae fact thai tfteae four-particle 
wavefunctions are orthogonal. 

the electron probes the quark current of hadronic and 
nuclear matter directly. Exclusive reactions and in­
clusive electroproduction measurements are compli­
mentary coherent and incoherent probes of hadron 
structure and the underlying quark and gluon dy­
namical mechanisms. Measurements of the target 
spin correlations with final state hadron spins are 
also very important for unraveling the source of the 
apparently large net gluon and strange quark polar­
ization in the nucleon. Photon reactions, both real 
and virtual, test other'fundamental aspects as the 
quark current, including charge-cubed sum rules and 
isolation of the real part of the Compton amplitude. 
The nucleus in electroproduclion serves both as a 
QCD structure and a perturbing environment to fil­
ter and select new aspects of hadron dynamics and 
quark hadronization. The structure of the proton 
and nuclear effects in QCD has become a common 
goal of both nuclear and particle physics. Internal 
targets in electron storage rings appears to be an 
ideal way to carry out virtually all of the above mea­
surements. 
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