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1. INTRODUCTION

Although the nucleus has been the subject of research
for more than 50 years now, we still lack answers to several
fundamental questions, e.g., the origin of nuclear forces and
the extent to which nuclei can be described as systems of
nucleons. To a large extent the difficulties stem from the
need to deal with the internal structure of nucleons, since the
distances between nucleons in a nucleus, —1.7 fm, are com-
parable to the radius of a nucleon, ~0.8 fm (Ref. 1). This
problem is apparently unsolvable within the framework of
the meson theory of nuclear forces, because of the so-called
charge-zero problem.2 These questions are of practical im-
portance because, on the one hand, heavy nuclei are close to
a state of collapse3'4 and, on the other, these questions are
pertinent to astrophysics in a realistic theory of superdense
nuclear matter. Progress in quantum chromodynamics
(QCD) in describing the properties and structure of ha-
drons5-6 raises the hope that QCD will lead to answers to
basic questions in nuclear physics. However, since it is not
possible to avoid the as yet unresolved problem of the con-
finement of quarks and gluons, the only way at present to
analyze phenomena in nuclear physics theoretically is to use
the general properties of QCD. This is not, however, a trivial
amount of help; quantum chromodynamics will tell us the
answers to some of the theoretical problems which arise in
the derivation of a theory of the nucleus and of nuclear
forces. In particular, the spontaneous breaking of chiral
symmetry in quantum chromodynamics (the w-meson-gold-
stone) is responsible for the dominance of baryon degrees of

freedom in the wave function of a nucleus. Quantum chro-
modynamics makes it easy to understand how to deal with
the relativistic motion of nucleons in nuclei, recoil and retar-
dation in the interaction of fast particles with nuclei, etc. The
quark-gluon origin of nuclear forces raises some new ques-
tions: In which nuclear phenomena do we see the quark and
gluon degrees of freedom? What is the spatial scale of fluctu-
ations of the color charge? What roles are played by color
screening and by asymptotic freedom?

The nonrelativistic nuclear theory gives values for the
basic characteristic of nuclei which are in reasonable agree-
ment with experiment. Quantitative progress in the cases of
intermediate and heavy nuclei has resulted from the use of
phenomenological approaches where the inadequately stud-
ied dynamics of the interaction between nucleons, particu-
larly the short-range nucleon correlations, and a possible
admixture of isobars, etc., are "hidden" in the parameters of
the effective nucleon-nucleon potential.4-7-8 On the other
hand, attempts to derive a microscopic theory of the nucleus
on the basis of the vacuum nucleon-nucleon interaction have
run into difficulties. For example, calculations using relativ-
istic nucleon-nucleon potentials underestimate the binding
energy of the extremely light nuclei 3He and 4He, and calcu-
lations of the elastic and inelastic electromagnetic form fac-
tors of 3He and 4He disagree with experiment.9 One of the
most puzzling effects is the existence of a strong repulsion in
nuclear forces at internucleon distances r 5 0.5 fm.

Until recently it seemed impossible to subject to direct
experimental test the basic approximations used in deriving
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a microscopic theory of the nucleus. In particular, it has not
been possible to clarify experimentally a possible role of
short-range nucleon correlations, three-body internucleon
forces, nonnucleon degrees of freedom, etc.—all topics
which have been discussed widely by theoreticians. There is
a good reason for this situation: In processes which occur at
low energies, 5 100 MeV (with a small momentum transfer
to the nucleons of the nucleus), it is difficult to distinguish
effects of short-range nucleon correlations from the back-
ground of the more probable processes involving intermedi-
ate internucleon distances. As the initial energy is increased,
however, processes involving the transfer of momenta ~ 1
GeV/c to individual nucleons of a nucleus become dominant
in the inelastic scattering of leptons (or hadrons) by nuclei. It
is this circumstance which makes it possible to use high-
energy processes to study nuclear structure.10 The analogy
with the history of the detection of quarks (or gluons) in a
hadron is somewhat pertinent here. Although a quark struc-
ture of hadrons has been suspected on the basis of an analysis
of the static characteristics of hadrons, it was only the move
to higher energies, to processes with a large momentum
transfer, which made it possible to "resolve" the quarks (or
gluons) in a hadron. Our purposes in the present review are
to outline what has been achieved in research on the nucleus
by the theoretical and experimental methods of high-energy
physics, to point out what else can be achieved by this ap-
proach, and to point out what we can expect in the way of
applications to the traditional branches of nuclear physics.

The most direct information about nuclear structure is
extracted from an analysis of the total cross sections for deep
inelastic scattering of leptons by nuclei, / + A—>•/' + X,
where X is a system of hadrons not detected experimentally.
Analysis of the perturbation-theory diagrams in QCD shows
that these cross sections can be expressed directly in terms of
the momentum distribution of quarks in the ground state of
the nucleus (Ref. 11, for example). The European Muon Col-
laboration (EMC) recently discovered a significant differ-
ence between the momentum distributions of quarks in iron
and in the deuteron12 (Fig. I).11 This "EMC effect" has been
confirmed13'14 in electron scattering at x> 0.2. It is also con-
sistent with neutrino data.15'16 At x <0.2, the experimental
situation with regard to the EMC effect is less definite.

At x > 0.2, the longitudinal distances which are impor-
tant in the interaction of a y* with a nucleus are17'18 z— I/
m^x: much smaller than the typical internucleon distances.
At these values of x, therefore, the cross section <ry,A should
be equal to the sum of the cross sections for the scattering of
Y* by the individual nucleons of the nucleus (see the discus-
sion in Subsection 2.3). Nevertheless, the observed quark
distribution is qualitatively at odds with the predictions of
the nonrelativistic theory of the nucleus and thus constitutes
unambiguous evidence for the presence of significant nonnu-
cleon components in the wave function of the nucleus. It is
reasonable to divide the various hypotheses regarding the
nature of the EMC effect at x> 0.2 into three groups, as
follows.

1. In QCD it is expected that the structure function of a
nucleon, F2N (x,Q 2), will be dominated in the limit*—»1 by a
component of the nucleon wave function N — |3q) which

0,6

FIG. 1. Ratio of the structure functions of iron and the deuteron.'2

R = (2/A )FiF,(x,Q2)/F2o(x,Q*)Ciicle&—Systematic uncertainties in the
dependence of R on x; solid line—expectations of the Fermi-motion mod-
els.

does not contain a meson cloud and is accordingly of small
radius. Analysis of the elastic and inelastic form factors of
the nucleon indicates that this component is dominant in
^2N (x,Q2) at x>0.5 (Section 2). Since the interaction of the
quark-gluon components of small radius in a nucleon with
other nucleons is suppressed, the nuclear medium polarizes
the nucleon, suppressing the probability for these configura-
tions in a bound nucleon at an intermediate internucleon
distance.19'20 This interpretation has the EMC effect corre-
sponding to a ^ 5% admixture of resonances (N*,A,N?r,...)
in the wave function of the nucleus and, possibly, a 1-3%
increase in the radius of the bound nucleon.2'

2. There is a probability ~ 20-30% that a nucleus will
contain nonnucleon degrees of freedom: six-, nine-, twelve-
quark bags,23"38 etc. Jaffe has offered the qualitative sugges-
tion23 that a quark in a bag of this sort is distributed over a
volume greater than that in a nucleon. As a result there is a
decrease in its momentum, which leads to a value RA = (2/
A )^2A(*,G2)/^2D(*»22)< lat jc>0.3andtoavarue£A > lat
x<0.2.

3. Close et al. and Nachtmann and Pirner29 have sug-
gested that the confinement radius in the nucleus is 10-20%
greater than that in the free nucleon. In this case the reason
for the EMC effect at all values of x is that there is a more
intense emission of gluons in the scattering of leptons by
nuclei than in scattering by the free nucleon.

On the whole, according to essentially all the interpre-
tations which have been offered for the EMC effect, at x>0.3
this effect may be thought of as a definite experimental indi-
cation of the possibility of a phase transition in a superdense
nuclear medium.

In Section 2 it is shown that the dependence of the EMC
effect on the atomic number at x > 0.3 which has been ob-
served experimentally14 is in reasonable agreement both
with the assumption that a suppression of small-radius con-
figurations is dominant in the bound nucleon and with as-
sumption that the EMC effect is determined by a nontrivial
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quark structure of short-range binary nucleon correlations.
As x decreases, the important longitudinal distances z

become comparable (at x~0.1) to the typical internucleon
distances in a nucleus, ~2 fm. At x < 0.1, the cross section
0-y.A therefore does not reduce to the sum of the cross sec-
tions for scattering by the individual nucleons of the nucleus.
As AC is reduced, the density of partons increases. Incorporat-
ing fluctuations of the parton density leads to a contribution
to R A which is comparable to the observed increase in R A at
x^O.l. This correction falls off rapidly with increasing x,
becoming negligible at x > 0.2.

The naive application of QCD perturbation theory indi-
cates that the coalescence of partons belonging to different
nucleons of a nucleus30 leads primarily to an enhancement of
the distribution of valence quarks at x~0.1 (Ref. 20). How-
ever, the balance equations cannot be solved reliably because
perturbation-theory methods are inapplicable.

The increase in the meson field in a nucleus in compari-
son with that for a free nucleon (models of pion condensation
in nuclei, etc.) leads to an increase in the quark-antiquark sea
in a nucleus).23>31~33 Experiments on v or v scattering by the
proton, deuteron, and nuclei,15 however, have not yet re-
vealed any significant increase in the sea in a nucleus. These
data may, as theoretical calculations become more reliable
and as the role of nonscaling effects is clarified by experi-
ments, prove to be a serious problem for the hypothesis of
meson nature of nuclear forces.

Since essentially all the hypotheses which have been ad-
vanced to explain the deficiency of quarks with 0.3 <x < 0.7
in nuclei assume a significant high-momentum component
in the wave function of the nucleus, we need to study the
magnitude and structure of this component in order to ex-
plain the EMC effect. Several leptonic processes which have
been discovered would be difficult (impossible?) to interpret
in any way other than to a manifestation of a significant
high-momentum component of the wave function of a nu-
cleus. This implication is made in the case of the deuteron by
an analysis34"36 of data on elastic eD scattering at Q2<4
GeV2 (Ref. 37). A significantly greater high-momentum
component has been expected for nuclei,10'34 as has been
confirmed by an analysis38 of near-threshold e + A—»-e' + X
reactions at Q 2<6 GeV2 (Refs. 39 and 40) and deep inelastic
fj, + A scattering at x > 1 is a region kinematically forbidden
to/zN scattering.41 The first correlation experiments carried
out in the deep inelastic reaction v + Ne—*//"*" + fast proton
backward + X (Ref. 42) indicate that the high-momentum
component of the Ne nucleus is dominated by short-range
binary and ternary nucleon correlations.38

Historically the first regular indications of a significant
high-momentum component in the wave function of a nu-
cleus came from limiting fragmentation reactions

a + A -v p (it) + X, (1.1)

where a is a hadron, a y ray, a light nucleus, a v, or a v, with
the p or TT being detected in the fragmentation region of the
nucleus, which is kinematically forbidden to scattering by
hydrogen. A reaction of the type in (1.1) in which protons
were detected was first observed in Ref. 43, and a reaction in

which pions were detected was first observed in Ref. 44
(these experiments are reviewed in Refs. 45-50). These parti-
cles are called "cumulative" after Baldin.51 The complexity
of "soft" hadronic processes resulted in the appearance of
several hypotheses regarding the mechanism responsible for
reaction (1.1): few-nucleon (binary, ternary) correla-
tions,52-54 multiquark bags,34-55 a fluctuon model,51-45-56-59

and a mean field model.60"63 Reaction (1.1) was interpreted
simultaneously in several studies as the result of a final-state
interaction (Refs. 64-67, for example).

Comparison of the characteristic properties of reaction
(1.1) with those of the leptonic processes listed above reveals
that these two types of reactions are related.38 [A crucial role
is played in the interpretation of hadronic reactions (1.1) by
the theoretical observation that the Glauber screenings
which substantially reduce the total cross sections for ha-
dronic processes at nuclei (<rhA ~A 2/3) cancel out in the in-
clusive spectrum.10] We thus have a significant set of differ-
ent high-energy leptonic and hadronic processes which
indicate that in nuclei with A > 12 only 70-80% of the nu-
cleons are below the Fermi surface3' and that the high-mo-
mentum component of the nuclear wave function is deter-
mined primarily by short-range correlations, which are
apparently dominated by nucleon degrees of freedom.38'68

Our interest is thus attracted by recent attempts to de-
rive a theoretical description of short-range nuclear forces in
the spirit of QCD by the methods which have proved suc-
cessful in describing the statistical properties of hadrons:
various versions of the bag model36'69"73 and the potential
quark models (Refs. 73-75, for example). A distinctive fea-
ture of nuclear physics is the need to take into account the
"energy advantage" to the multiquark system of the forma-
tion of "white" subsystems.77-72

This review is organized as follows: Section 2 deals with
the analysis of the EMC effect. Section 3 discusses new ap-
proaches to the description of nuclear forces and the possibi-
lities of a search for exotic degrees of freedom in nuclei. Sec-
tion 4 reviews the results on short-range nucleon
correlations in nuclei in high-energy leptonic and hadronic
processes. The Appendix explains the distinctive features of
high-energy processes which make it necessary to use wave
functions on the light cone in order to describe the nucleus.
These wave functions can be expressed directly in terms of
the wave functions of nonrelativistic nuclear theory over a
broad kinematic region.38

2. THE EMC EFFECT AND NUCLEAR STRUCTURE

The information which has been acquired in recent
years on the microscopic structure of the nucleus by the
methods of high-energy physics cannot be considered in iso-
lation, without reference to our previous experience in nu-
clear physics. Before we take up the high-energy processes,
we will therefore briefly summarize the results which have
been obtained on nuclear structure in nonrelativistic nuclear
theory.

a) Resolved and unresolved problems in nonrelativistic
nuclear theory. The success of nonrelativistic nuclear theory
in describing the basic properties of nuclei shows that the
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wave functions of nuclei are dominated by nucleon degrees
of freedom.

1) The nonrelativistic theory gives a reasonable descrip-
tion of the basic characteristics of the deuteron: its magnetic
moment (within ~ 1%), its electromagnetic form factors up
to Q2 ~ 1 GeV2 (Ref. 78), etc. (We wish to stress that in mo-
mentum space the realistic wave functions of the deuteron—
the Reid, Paris-potential, Hamada-Johnston, etc., wave
functions—differ seriously only at &>0.6-0.8 GeV/c, where
the nonrelativistic approximation breaks down.)

2) The independent-particle model and the shell model
work reasonably well in processes in which momentum
transfers 5 0.2 GeV/c are important (Ref. 79, for example).

3) In the case of heavy nuclei, approaches based on a
phenomenological binary interaction between nucleons,
also incorporating some many-particle correlations, have
proved useful (see the reviews in Refs. 4,7, and 8). Compari-
son of the seemingly different effective potentials used for
these purposes reveals that at the momenta which are impor-
tant, 5200 MeV/c, they are approximately the same in
terms of their basic parameters.80

4) The data on elastic proton-nucleus scattering at
Tp 5 1 GeV agree within ~2% with the standard Glauber
model with the vacuum value of the pN scattering cross sec-
tion.81

5) Analysis of the quasielastic (e,e'( reactions at 12C(Fe)
shows that only ~ 75% (60%) of the nucleons are below the
Fermi surface.82

6) Analysis of experiments on the photodisintegration
of nuclei (Ref. 83, for example) and on the absorption of slow
pions by nuclei (Ref. 84, for example) suggests that at A > 12 a
significant number of nucleons are above the Fermi surface,

«A (k) 9 (k - k f ) d3/c ~ 20-40 %,

and basically belong to binary nucleon correlations.
7) Calculations based on realistic nucleon-nucleon po-

tentials underestimate the binding energy of the very light
nuclei 3He and 4He (the discrepancy in the case of the Reid
potential is 20%; Ref. 9).

8) It has not been possible to obtain correct values of the
binding energy per nucleon for 16O or of the density of the
nuclear medium in the case of infinite nuclear matter.85 The
latter difficulty may stem from the neglect of three-body
forces.85

9) We have no explanation for the origin of nuclear
forces, in particular, the nature of the nuclear core.

b} The EMC effect. The region x>0.3. The most direct
way to study nuclear structure is the deep inelastic scattering
of leptons by nuclei in the Bjorken limit, where q2= — Q2

[the square of the momentum transferred to the hadronic
system (the square of the "mass" of the virtual photon)] and
the mass (W 2 ) of the hadronic system which is produced are
large, and

(2.1)

is fixed. (All the notation corresponds to Fig. 2). It can be
shown in QCD that a fixed value of x in the limit Q2—> <x> the

scattering by the individual quarks of the nucleus becomes
dominant (Ref, 11, for example). In the deep inelastic scat-
tering of leptons by nuclei, we would thus be directly mea-
suring the momentum distribution of the quarks (anti-
quarks) in the nucleus.

The European Muon Collaboration recently measured
the total cross section for the deep inelastic scattering of
muons by Fe and D,

+ Fe (D) X, (2.2)

in the range 9 GeV2 < Q2 < 170 GeV2 at a fixed value of the
Bjorken variable x [see (2.1)], and discovered a significant
difference41 in the x distributions of the quarks in Fe and D
(Fig. I).12 The existence of the effect at *>0.3 was soon con-
firmed in experiments on electron scattering.13'14 Neutrino
data are also consistent with an effect at x > 0.3 (Refs. 15 and
16). The wide-spread interest in this discovery is due to the
qualitative discrepancy between the observations and the ex-
pectations of nonrelativistic nuclear theory, which has nu-
clei consisting exclusively of nucleons [cf. the discussion fol-
lowing Eq. (2.7)].

Reaction (2.2) is usually described by expanding the am-
plitude for the process 7* A—>y*A in inelastic form factors:

F,A (x,
(PA?)

(PA?)—- \ /
) (pAv- (PA?)—

(2.3)

The cross section for the inclusive process// + A—»/*' + X
(i.e., a process in which no particles other than the lepton are
detected) is expressed directly in terms of these form factors:

da

4£2 sin4 (6/2) (PA?)
'cos^

2flA(z. Q*
MA

sin-1

(2.4)

Here E is the energy of the initial lepton, and 6 is the scatter-
ing angle in the rest frame of the nucleus. The most detailed
data are available on F2A (x,Q 2).

We consider first the kinematic region x > 0.2, where
effects of large longitudinal distances are small in the inter-
action of 7* with the nucleus. In this region, if the nucleus
consists exclusively of nucleons, 0y.A reduces to the sum of
the cross sections for the scattering by the individual nu-
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cleons of the nucleus (cf. the discussion in Section 2c):

(2.5)

here /?A(a,A:t) is the density matrix of the nucleons in the
nucleus on the light cone. In the nonrelativistic approxima-
tion, a should be replaced by38

o = l - (2.6)

and (l/AmN)p™(a,k ,) should be replaced by H A ( & ) — the
nonrelativistic density matrix of the nucleons with momen-
tum k in the nucleus. The need to use the wave functions on
the light cone to describe high-energy processes is explained
in the Appendix, as is the relationship between these wave
functions and nonrelativistic nuclear theory. Here
F2N(x,Q2) = (l/2)(F2p(x,Q2)+F2a(x,Q2) is the structure
function of the nucleon. At JC<1, it is useful to expand
F2N (x/a) in a power series in ( 1 — a). The sum rules for the
total angular momentum of the nucleus38 cause the term
linear in ( 1 — a) to cancel out in the summation of the contri-
butions from scattering by all the nucleons of the nucleus.
Accordingly, for F2Ii(x) = c(l — x)3 (a reasonable approxi-
mation of the experimental data at large values of W2) the
structure function of the nucleus at x<l becomes51

; (2.7)

here

Since</t A ) > (k $> },wewouldhave/? A = (2/A )F2AF2D < 1
at x < 0.5 and R A > 1 at x > 0.5, in contradiction of experi-
ment (Fig. 1),6) regardless of the form of the nuclear wave
function. The EMC effect at x > 0.3 is thus unambiguous
evidence for the presence of a nonnucleon component in the
wave function of the nucleus.71 We wish to stress that the
equations of the renormalization group can be used to recon-
struct the quark distribution in a nucleus at low values of Q 2,
comparable to the typical values of hard nuclear processes,
from the measured quark distribution at large values of Q 2.

Essentially all the hypotheses which have been offered
as explanations for the decrease in R A (x,Q 2) at x~0.5 as-
sume that there is, with a probability ~ 20-30%, a high-
energy component in the iron nucleus due to either (a) a high-
momentum (k>kp) component with a small nonnucleon
admixture19'20 or (b) exotic states: multiquark bags, isobars,
etc.81 (Refs. 23-28 and 89).

JaflFe23 was the first to offer a hypothesis to explain the
EMC effect; his hypothesis was followed immediately by
many others (Refs. 24-28, for example). Jaffe suggested that
when nucleons approach to within small distances of each
other a common 6q,9q,..., bag forms. (The same hypothesis
had been advanced earlier to explain the observed produc-
tion of cumulative particles and the elastic form factor of D;
Refs. 34—36 and 55-59.) As a result, the quarks move in a
volume larger than that in a nucleon, so that (by virtue of the
uncertainty principle) the quark distribution in a 6q bag is

softer than that in a nucleon. As an illustration Jaffe suggest-
ed the following expression for the structure function of a
six-quark bag of radius of R ̂ :

(2.8)

Equation (2.8) artificially cuts off the region x > 0.8 and con-
tradicts the data of Refs. 13, 14, and 41. The functional de-
pendence of R 26q (x) onxis thus frequently described24 by an
estimate from QCD perturbation theory90 or the equations
of a dimensionality calculation9 l:F26q(x)~[l — (x/2)]10but
f * — !- *)3- We would thus have

RA-(x)-i*fc(A) (l—|-)10 (I-* (2.8')

This expression can be generalized to the cases of nine- and
twelve-quark systems (Ref. 24, for example). Since the deri-
vation of the quark continuing formulas leans heavily on the
boundedness of the phase volume in the limit x—> 1 (x—>2], we
do not know of any theoretical basis for the validity of (2.8');
even the sign ofR A (0.5-0.6) — 1 is not obvious.92 It is easy to
show that (2.8') has a minimum at x ~0.5. At x>0.85, R A (x)
increases rapidly with x. A fit of the data of Ref. 12 leads to
probability P^ ~20% for a 6q component in iron.

These models are particular cases of the hypothesis that
the MEC effect results from the quark structure of short-
range nucleon correlations. We can thus estimate the depen-
dence of the EMC on the atomic number. On the basis of the
standard nuclear theory we would expect93'94 that the prob-
ability for correlations of j nucleons would be proportional
to

(0,27

for / = 2, 3, 4 at (2.9)

where/? A (/•) is the density of nucleons in the nucleus.38 The/4
dependence of Cj(A } at A < 12 can be determined from near-
threshold (e,e') reactions, from the production of cumulative
particles (Section 4). Figure 4 shows the expected depen-
dence of R A — 1 on A for the cases of binary and ternary
correlations; this dependence is consistent with the data of
Ref. 14. In contrast, the suggestion26 that the EMC effect is
dominated by a scattering by a clusters in the nuclei contra-
dicts experiment, since it predicts that 1 — R A will reach a
maximum in scattering by 4He, 12C, and 16O (Ref. 26).

The assumption—typical of these models—that nonnu-
cleon degrees of freedom are dominant in the wave functions
of short-range correlations corresponds to a significant exot-
ic component in the wave function of the nucleus (per nu-
cleon)9':

^2 exsJg>) •1~20-30%|Pe,

30-40%|Pb,

where F2cji (x) is the structure function of the exotic compo-
nent. It would seem difficult to reconcile the introduction of
such a large exotic component in a nuclear wave function
with the succesful phenomenology of nonrelativistic nuclear
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physics or with the physics of hard nuclear processes (Sec-
tions 3 and 4).

An alternative hypothesis19'20 reduces to the assump-
tion that the EMC effect is caused by the suppression of a
quark component [rare but dominant in F2N (x,Q2) atx > 0.5]
in the wave function of a bound nucleon at typical internu-
cleon distances in a nucleus. The scale of the suppression
expected on this basis can be estimated by noting that the
magnitude of the correction to the description of a nucleus as
a system of nucleons with fixed structure can be character-
ized by the ratio of the typical frequencies in the nucleus and
in the nucleon:

1
TT (2.10)

here Uis the average value of the potential for a nucleon in a
nucleus (t/^40 MeV), and A£;=MN.jA -MN -0.3-0.5
GeV is a typical excitation energy of a nucleon.

A manifestation of QCD is the existence in hadrons of
quark-gluon components of different spatial sizes, as a con-
sequence of a spontaneously broken chiral symmetry in
QCD. The pion cloud around a nucleon has the largest radi-
us (which becomes infinite in the limit of zero quark masses).
As a result, we find a significant difference between the elec-
tromagnetic and axial radii of the nucleon, r^/r^ssO.S,
since the axial current does not interact with the ir (because
the latter has a zero spin). Furthermore, the idea of weakly
interacting compressed configurations in ordinary hadrons
has been raised in QCD perturbation theory.95 It has been
found that the cross section for the interaction of "white"
particles falls off with decreasing radius (r) of the spatial re-
gion occupied by the color quarks in the hadron, in propor-
tion to r2 in the limit r—>0. For a quantitative description of
the EMC effect it is sufficient that the radius of the configu-
rations in the nucleon which contain a quark with x > 0.5 be
significantly smaller than the average radius of a nucleon:

rN (sq > »,5) (2.11)

A fit of the elastic and inelastic form factors of the nucleon96

indicates that the |3q) component in the nonperturbative
wave function of the nucleon is present in the nucleon with a
probability P~Q. 1-0.2 and is dominant in F2N(x,a2) at101

x £ 0.5. The radius of this component turns out to be small:
rlq/r^ ~0.1. The presence of compressed configurations in
hadrons should also be manifested in the low-energy interac-
tions of hadrons. For example, if nuclear forces are the result
of the exchange of mesons M (M = ir,o>,...}, then arguments
like those ordinarily used to calculate hadron form fac-
tors90-91 lead us to conclude20 that in the case of a "com-
pressed" nucleon (rN— >0) the MNN vertex would fall of asn)

rj, . In fact, as the nucleon is compressed (rN— »0), the charac-
teristic momentum of the quarks in the nucleon, k~r^1,
increases, and the additional gluon propagator (in compari-
son with that in the case of a point meson) experiences
asymptotic conditions (cf. Fig. 3). The internucleon interac-
tion potential should therefore fall off in the limit rN— »0 in
accordance with 12)

p
KJ

_k_p_
^ K

1 1 11 \
i 'i i i

1i
i
1
1

FIG. 3.

here R is the distance between nucleons.
Since the interaction between nucleons takes different

forms for different quark-gluon configurations in the wave
function of the nucleon, the presence of the nuclear medium
deforms the wave function of a nucleon bound in a nucleus.
In the case of compressed configurations, the ratio of the
probabilities for compressed configurations in the bound
and free nucleons can be expressed in terms of U(R,j)—the
ordinary internucleon potential—and A£~0.3-0.5 GeV—
the typical energy of the compressed configurations19—as
follows:

8 = 1 + 2 (2.13)

The suppression factor in the case of a nuclear wave function
in momentum space is given in the self-consistent-field ap-
proximation by20

(2.14)for fc<0.4-0,5GeV/c,

where £A is the binding energy of the nucleon. In the approx-
imation of binary nucleon correlations, 8(k ) would be

(2.15)V '

where A£ is a typical excitation energy for the binary nu-
cleon correlations. Since the binary correlations are domi-
nated by correlations with the quantum numbers of the deu-
teron, for which transitions "D"— >-NA are forbidden, &E
should be significantly larger than A£ ( A£~ 1 . 5-2 A£ ). As a
result, (2.14) effectively applies to binary correlations also.
Because of the way in which it was derived, expression (2. 14)
holds only at \S(k ) — 1 1 < 1, i.e., outside the nuclear core.

The nature of the deformation of the wave function of a
bound nucleon in the nuclear core can be predicted on the
basis of a variational principle. Since an increase in the prob-
ability for pointlike configurations leads to an increase in the
binding energy in this region, they are intensified; i.e., we
have 8 > 1 .

Accordingly, at x % 0.5, where the effects of the Fermi
motion are not yet large, and where scattering by com-
pressed configurations is dominant, we find the estimate

x~0,5

^-0.75 -0.85; (2.16)

(2.12) here we have used C/A = 40 MeV and13' A£ = 0.5-0.8 GeV.
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This estimate agrees reasonably well with the observed value
ofR A . A typical property of (2.7) and (2. 16) is the factoriza-
tion of the dependence of R A — 1 on x and on A at x < 0.7,
where the contribution of nucleon correlations amounts to a
correction. This prediction20 agrees reasonably well with ex-
periment.14 By way of contrast, we note that R A itself de-
pends in a complicated way on x and A (Fig. 4). Furthermore,
expression (2. 1 6), which uses measurements of U A at various
nuclei,104 and a calculation105 of t/4He lead to an/4 depen-
dence of R A — 1 which agrees well with recent measure-
ments at the Stanford Linear Accelerator Center14 (Fig. 5).

To incorporate the deformation of nucleons and the
Fermi motion simultaneously for F2A (x,Q 2) we should re-
place/^ (x,Q 2) by F% (x,Q 2)— the structure function of the
deformed nucleon — in the impulse approximation for F2A .
As a result we find

(x, <?)2= p* (a, Pt) L d*pt; (2-17)

here x = — Aq2/2q0mA and/jA is the density matrix of the
nucleons in the nucleus.94 To estimate f)(k,x)
=^2N (kjc,Q 2)/^2N (x,Q 2) we can use the arguments above,
according to which we would have rj(krx}~d(k )(=;!) at
x>0.6 (*<0.3). Equation (2.17) with S(k) from (2.15),
A£~(0.5-0.8) GeV, and/7A from Ref. 38 gives a satisfactory
description of the data of Ref. 14 (Fig. 6) at x> 0.35.

The suppression of compressed configurations should
evidently be manifested in scattering by the deuteron also.
Recent data106 on the reaction e + D— *e + p + n seem to
indicate such an effect (Subsection 4.1).

These effects have little influence on the average char-
acteristics of the nucleons in a nucleus, since the poarizabi-
lity of a nucleon basically reduces to a change in the prob-
ability for compressed configurations from P~0. 1-0.2 to
P (8} . As a result, the radius of a bound nucleon in a nucleus
increases 1-3% because of an increase in the probability for
intermediate configurations from 1 — P to 1 — P
+ (1 — (S))P (Ref. 20). A similar estimate results from cor-

recting the bag model for a decrease in the interaction with
decreasing radius of the nucleon bag20:

? bound „ V 1,03. (2.18)
'free

This estimate of r^wd /rfree is based on a specific assumption
regarding the dynamics of the interaction of nucleons in an

it 6

FIG. 5. Comparison of the data of Ref. 14 for (2/A }aA (x)/<7p (x) — 1 with
predictions of the mechanism involving a suppression of pointlike config-
urations (solicl line; the error bars on this curve reflect the uncertainties in
the value of UA) and mechanisms involving the deformation of two-nu-
cleon and three-nucleon correlations (dashed and dot-dashed lines).

average quark-gluon configuration, and it is model-depen-
dent. For example, in the model of chiral bags the incorpora-
tion of an increase in the pion field in the nucleus leads to a
compression of the bag in comparison with the case of a free
nucleon69'70 It is nevertheless interesting to note that the suc-
cess of the equations of the Glauber approximation in de-
scribing the total cross section for the scattering of hadrons
by nuclei (see the review by Alkhazov et a/.81) does not con-
tradict a significant level of compressed configurations in
either the incident hadron100 or the nucleon bound in the
nucleus20 [cf. (2.18)].

The admixture of nonnucleon components, PA,N.,NCT ,
due to the supression of compressed configurations in a
bound nucleon also turns out to be small: 4{/APCK A£~2-
4%. The suppression of compressed configurations in a
bound nucleon also gives rise to a small correction to the
binding energy of a nucleon in a nucleus,20 Af~ 1 MeV. The
deformation of the average configurations in a nucleon may
cause a comparable increase in the binding energy, but the
corresponding calculations have so far run into difficul-
ties.141

Although the expansion of nucleons leads to only small
corrections in the phenomena which are usually discussed in
nuclear physics,15* the attraction between nucleons intensi-
fies with increasing density of the nuclear matter. As a re-
sult, there are increases in the radius of a bound nucleon,
(2.18), and thus the relative weight of the excited states in the

a

0,02

0

-0,02

-0,0ft

^

0 0,2 0,4 0,6 0,8 x

FIG. 4. Dependence of (2/A )aA (x)/aD (x) on A parametrized in the form
"(^ (Ref. 14).

0 0,2 0,4 0,6 x 1,0 1,2

FIG. 6. Comparison of the data of Ref. 14 with calculations from Eq.
(2.17).
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nucleon. In other words, the local structure of the nuclear
matter changes. We see an analogy between the properties of
superdense nuclear matter and those of a nonideal exciton
gas, where the internal structure of the excitons leads to sim-
ilar changes in the properties of the excitons.21 This analogy
suggests that the EMC effect might be thought of as indicat-
ing a possible phase transition in superdense nuclear matter,
analogous to the phase transition from an exciton gas to an
electron-hole liquid.21'22 However, the excitation energy of
the nucleon, mN. — mN ^ 0.3 GeV, is large, so that in a rela-
tivistic situation this effect amounts to only a correction.
With increasing density of the nuclear matter, the probabil-
ity for the exchange of quarks and gluons between nucleons
increases. As a result, the properties of the nuclear matter
come to be determined by the nature of the excitations in the
two nucleon system (dibaryon resonances?). The quantita-
tive analysis of these questions is still in a primitive stage.

It was mentioned in Ref. 29 that the EMC effect can be
described in a semiquantitative way, at all values of x, as a
result of a difference between the radiative effects in QCD at
a nucleus and at a nucleon if it is assumed that the color
screening radius in a nucleon is 10-20% greater than that at
a nucleon. Jaffe et a/.92-109 have suggested that a mixing of
quarks between nucleons at small relative separations34

might be responsible for an increase in the color screening
radius. They concluded that ~ 80% of the nucleons in a
heavy nucleus belong to a nonnucleon component. In mod-
els like that proposed by Low,95 a 10-20% increase in the
color screening radius should result in a comparable in-
crease in the cross section for the scattering of hadrons by
bound nucleons of a nucleus, e.g., in/>4He scattering. The
Glauber approximation, however, agrees within ~2% with
experimental data.81

To explain the EMC effect at x> 0.3 e must first refine
the existing limitations on the admixture of an exotic compo-
nent in the nuclear wave function (Subsection 3c). It is also
necessary to study directly the compressed component in the
wave function of the nucleon. Apparently the clearest ap-
proach here would be to study the multiplicity of hadrons
associated with the production of a Drell-Yan lepton pair in
hA scattering19 (see Refs. 38, 101, and 102 for some other
suggestions).

c) The EMC effect. The region x<0.2. The EMC
group12'15 found that at g2>9 GeV2 and x <0.2 the ratio
R (x,Q2) is significantly greater than 1 and depends weakly on
Q2 (Fig. 1). The experimental data from SLAC13'14'110 are
contradictory: Recent measurements14 failed to reveal a Q2

dependence of RA=(reA/<rcD
 at *~0.1 in the range

2<g2<5 GeV2, but, in contrast with Ref. 12, they revealed
RAxl at *<0.3. In contrast, some earlier data13b>11° at
Q 2 ~ 2 GeV2 and x ~ 0.1 are compatible with Ref. 12, and at
the same time they indicate that R A is lower than in Ref. 12
atx<0.1. As has been mentioned in several papers,111 the
discrepancy between the results of Ref. 14, on the one hand,
and Refs. 12 and 110, on the other, might be due to a signifi-
cant value crL/crT|Fe — <7LArT|D ssO.15 at x~0.l and
g2~2-5 GeV2. Using the standard formulas from a QCD
perturbation theory (see Ref. 11, for example), we can show

that a significant difference of this sort could apparently
arise only from effects which fall off in a power-law fashion
with increasing Q2 (higher twists). This difference would
lead to a qualitative difference between FIA/F0 and F2A/
F2D in the SLAC kinematics. For example, we would have
PSL/F® < landF^/F^ > latx~Q.landQ2~2GeV2.
Since these ratios should be essentially identical in the scal-
ing limit, a strong dependence of crL ArT on A (if confirmed
by further experiments) would seriously complicate an inter-
pretation of the SLAC data in terms of the distribution of
quarks in a nucleus.

We begin our theoretical discussion of the origin of the
EMC effect at x < 0.2 with the exact sum rules which follow
from QCD. For this analysis it is convenient to write F2A in
the form F2A (x,Q 2) = VA (x,O 2)+OA (x,Q 2), where VA —
the distribution of valence quarks in the nucleus — carries
information on the quantum numbers of the nucleus, and
OA is the contribution to the cross section from the scatter-
ing of y* by a quark-antiquark "sea" in the nucleus. A study
of v, v, and A scattering will make it possible to distinguish
experimentally VA and OA, since the neutrinos interact in
different ways with quarks and antiquarks.

Using the exact sum rule for the baryon charge,38-23

J [-^
(2.19)

we can easily show that if we assume (2/A)V A(x,Q2)/
VD (x,Q 2)> 1 at x < 0.05 the observed increase in F2A (x,Q 2)
at small x must be due to an increase in the sea in Fe by a
factor of 1.4-1.6 (Ref. 23). On the other hand, to reconcile
sum rules (2. 19) with the observed EMC effect it is sufficient
to have (2/A )V A(x,Q2)/VD(x,Q2)^2/3 at xS 10~2 as a
consequence of Glauber screening. This value is close to the
value observed for (I/A )F2A/F2N inRef. 1 12atx~ 10~2and
Q 2 ~ 2 GeV2. We wish to emphasize that we do not have an
adequate theory for the screening in crr*A . All that is known
is that screening is present in QCD in the leading term in Q 2

(Refs. 19 and 101). We might also note that, as is shown by an
analysis of the sum rules for the total momentum of the nu-
cleus, the assumption that screening is important only for
OA(x,Q2) at x~ 10~2 (Ref. 30) does not explain the existing
EMC data at x~ 0.1.

As x decreases, the longitudinal distances which are im-
portant in the interaction of 7* with the nucleons of the nu-
cleus increase: z~l/mNx. At x~0.1, they are comparable
to the average internucleon distances in the nucleus. As a
result, the impulse approximation in terms of quark distribu-
tion is not equivalent to the impulse approximation in terms
of the nucleon (cluster) degrees of freedom in the nuclear
wave function. Examples are diagrams of the type in Fig. 7,
which shows an exchange of partons between different nu-
cleons (clusters) of a nucleus.113 At x>0.1, where the mo-
menta of the clusters in the nucleus can be ignored in com-
parison with the momenta of the partons in a cluster, the
change in the parton distributions is of the form SpA (x)
— ̂ pll(x}/(R Am-nx)(R Ak2), where RA is the radius of the
nucleus, k 2 is the average square transverse momentum of a
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FIG. 7.

parton,/>ci (x) is the distribution of partons in a nucleon (clus-
ter), and /I is a numerical factor ~ 1 . The basic lessons to be
drawn from this calculation are that at small values of x
diagrams of the type in Fig. 7 — fluctuations in the density of
partons, pions, etc. — are important, but they decrease rapid-
ly with increasing x, becoming an insignificant correction at
x>0.2.

On the basis of general considerations we can calculate
only the functional dependence of RA (0. 1 ) on the atomic
number, since this dependence is governed by the circum-
stance that y* interacts with both nucleons of the nucleus:

RA(x~0.i)

~ J pA(r t) PA fr2) d»rt d'r28 (~- |zt - *2|)

X 6 ( l f m - | r l t - r 2 t l ) ; (2.20)

(/•) is the density of nucleons in the nucleus. The radi-
us RA (Q.I) is expected to be a slightly stronger function of A
than tfx (0.5) (Ref. 20).

Another mechanism corresponds to the coalescence of
partons of different nucleons of the nucleus.32 In QCD per-
turbation theory we would naturally expect20 that diagrams
of the type in Fig. 8, which correspond to the coalescence of
quarks and gluons, would play a leading role at x ~ 0. 1 , since
at x > 0.05 we have ¥N (x) < ON(x). It is difficult to deal with
this mechanism in a quantitative way (it is difficult even to
determine the sign of the effect at ;c~0.1), since it is neces-
sary to solve balance equations in a region in which the vir-
tualities at the parton interaction vertices are small.

The increase in RA at x<0.2 has been interpreted in
several papers23-3 1~33 as an inherently nuclear effect — an in-
tensification of the nonstatic pion field in a nuclear medium.
Calculations carried out using the model of a Fermi liquid
show that a precondensation of the pion field in a nucleus
leads to an increase in OA (x,Q 2) which is compatible with the
observed value A = (I/A )F2A(x,Q2) - (l/2]F2D(x,Q )2 at
x < 0.2. The equations of Ref. 32, however, violate the exact

FIG. 8.

(in the limit Q2—*oo) sum rule which follows from QCD for
the nuclear momentum carried off by partons. (In the for-
malism used in Ref. 32, the fraction of the nuclear momen-
tum which is carried off by a pion, aw s/c3mA, can be either
positive or negative!) Incorporating the sum rules through
the formalism of the nuclear wave function on the light cone
leads to a much smaller (by a factor ~l/3) increase in
RA - 1 (Ref. 33). The calculations of Refs. 32 and 33, how-
ever, ignored the scattering of v and v by mesons which are
exchanged by nucleons (diagrams of the type in Fig. 7, where
the exchange of quarks is replaced by an exchange of me-
sons). On the whole, the theoretical analysis of a possible role
of a meson field in a nucleus is incomplete.

We wish to emphasize that the experimental data on v,
v scattering by nuclei15 so far do not reveal any significant
difference between O A (x,Q 2}/O N (x,Q2) and 1. In particular,
preliminary data of the CDHS collaboration on the ratio of
the antiquark distributions in the proton and in iron at
(Q2) = 7 GeV2 can be used to estimate the maximum possi-
ble contribution of the pion field of u,d quarks to &(x,Q 2) It
turns out to be much smaller than the value observed for A in
Ref. 12, and this result is obviously inconsistent with the
expectations of Refs. 23, 25, 27, 31, and 32. As was men-
tioned in Ref. 11 Id, the introduction of a longitudinal cross
section crL which increases with A does not change this con-
clusion.

For completeness we note that a small increase in
F2A(x,Q2) at small values of x, by a factor (1 - (S)P}/
(1 — P) ~ 1.03, results from the increase (discussed above) in
the probability of the intermediate configurations in a bound
nucleon. It is difficult to evaluate a possible contribution
from the deformation of intermediate configurations.

It can be seen from an analysis of these mechanisms that
distinguishing between the contributions of FA and OA is
crucial for reaching an understanding of the nature of the
EMC effect at x < 0.2. Such experiments are presently being
carried out, on the basis of v,v, A scattering and also on the
basis of the reaction fj, + A.—*/J, + h + X, with the hadron h
being detected in the y* fragmentation region (the EMC
group). It is also necessary to determine, theoretically and
experimentally, the Q 2 dependence of the screening ay.A at

3. THE DEVELOPMENT OF IDEAS REGARDING NUCLEAR
STRUCTURE

In this section we identify and discuss the theoretical
problems that arise in an effort to derive a microscopic the-
ory of the nucleus on the basis of quantum chromodynamics.

a. The meson hypothesis of the nature of nuclear forces.
Study of the scattering of nucleons with energies below the
threshold for meson production has revealed that over a
broad range of the internucleon distance r the nuclear forces
are similar to van der Waals forces (Fig. 9) but differ in that
they fall off exponentially at large r. A qualitative under-
standing of the exponential decay of nuclear forces with in-
creasing r. A qualitative understanding of the exponential
decay of nuclear forces with increasing r is based on
Yukawa's idea that the nuclear potential reduces to the
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Fourier transform of diagrams with an exchange of parti-
cles:

i r|S(7 --Mr
e"rFnT*~V> I3'1)

where M is the mass of the exchanged particle. The asympto-
tic form of the potential at large r is thus described by an
exchange of a particle with a minimum mass: a ir meson.
Experimental confirmation of this idea comes from the
agreement with experiment of calculations of the peripheral
phase shifts for NN scattering on the basis of tr exchange
(Pomeranchuk). At present, all the data in nuclear physics
indicate that the approximation of one-pion exchange gives a
quantitatively correct description of the long-range part of
the nuclear potential at r ̂  \/mv.

Attempts were later undertaken to calculate the poten-
tial V(r] at short and intermediate range on the basis of ideas
regarding the exchange of heavier mesons (p,<a,2ir,...) the
OBEP model; see the review by Erkelenz114). A quantitative
description of the NN-scattering phase shifts has emerged
from work in this direction. However, some of the param-
eters of the meson-nucleon interaction which have been used
are seriously at odds with the expectations based on the ex-
perimental physics of elementary particles. For example, the
description of the nuclear core would require a value for the
constant gaNN much larger than follows from the vector
dominance model. There are many phnomena which can be
interpreted as the interactions of the incident particle with
the meson potential: the so-called meson currents (reviewed
by Brown and Jackson78). In those cases in which the ex-
change of heavy mesons is important, however, the theoreti-
cal interpretation is ambiguous, since the contribution of the
meson exchange currents depends strongly on the essentially
unknown form factors for vertices of thepiry type.

The meson models of quantum field theory which have
been offered to date are qualitatively at odds with QCD,
since these models predict an increase in the invariant charge
with decreasing distance at short range instead of asympto-
tic freedom (in QCD). On the other hand, the field-theory
interaction of vector mesons with nucleons violates unitarity
even in the "tree" (Born) approximation.161

Because of the composite nature of nucleons and me-
sons, it is not obvious that the idea of meson exchanges is a
suitable approximation at internucleon distances

2r 2 fm , (3.2)

at which a meson "cannot fit" between nucleons [/-N (rM) is
the radius of the nucleon (meson)]. From the standpoint of
calculating the ladder quark-gluon diagrams corresponding

to the exchange of a meson, the exchange of quarks and
gluons between nucleons would appear to be a more natural
source of the short-range nuclear forces. Furthermore, it is
not clear whether the OBEP approximation is compatible
with the experimental absence of a significant intensification
of the nonstatic meson field in a nucleus (Subsection 2c).

The OBEP approximation has been applied not only to
the NN system but also to the NN system. As was noted by
Sakurai as early as 1960, the negative charge parity of vector
mesons means that the exchange of p and co in an NN system
will give rise to large short-range attractive forces.115 At the
same time, in the diagrams of QCD perturbation theory we
do not see a simple relationship between the NN and NN
interactions (see Refs. 38 and 1 16, for example).

b) QCD and nuclear forces. As often happens in science,
QCD automatically erased the seemingly inescapable diffi-
culties of the meson hypothesis of nuclear forces. Instead of
the "charge zero" we have asymptotic freedom in QCD.
Furthermore, in contrast with the meson field-theory mod-
els the simplest theoretical description turns out to be the
description of the processes which occur over short time in-
tervals. Here we can use perturbation theory, by virtue of the
asymptotic freedom in QCD, so that the scattering can be
described in terms of quarks and gluons. These are the phe-
nomena which are the present focus of attempts to test the
QCD predictions. We wish to stress, however, that a brute-
force attempt to derive a quantitative theory of nuclear
forces on the basis of QCD runs into obvious difficulties. The
kinematic region in which perturbation theory can be used is
quite far from the region characteristic of the basic nuclear
phenomena. [In particular, we have an invariant charge
a(k 2) £ 1 at k 5 0.2-0.3 GeV/c.] To illustrate this assertion,
we calculate the asymptotic behavior of the electromagnetic
form factor of the deuteron, FD (q2), in QCD perturbation
theory. At sufficiently large values of q2, the Feynman dia-
grams of the so-called democratic-chain type35 are domi-
nant. A calculation of these diagrams leads to a behavior
F0(q~ l/(q2)5 for the form factor.35-91 This approximation,
however, is valid only if all the quark and gluon propagators
for the wave function of the deuteron are large; otherwise,
perturbation theory is qualitatively incorrect. This condi-
tion can be written in the graphic form34

where (fcq ) is the average (typical) momentum of the quark
in a nucleon, ~0.3 GeV/c. In other words, the behavior (I/
q2)5 is not justified theoretically at \q2\ 54 GeV/c2. In this
region, the momenta of the nucleons in the deuteron would
be $ 1 Gev/c!

Consequently, perturbation-theory methods are almost
never applicable for the scale times and scale distances char-
acteristic of nuclear phenomena. Nevertheless, there is a ba-
sis for a restrained optimism. Significant progress has been
achieved in recent years in the circumvention of the confine-
ment problem on the basis of dispersion QCD sum rules
through calculations of the static characteristics of hadrons
determined by effects ignored by perturbation theory.5 A
recent calculation118 has been successful in finding a dynam-
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ic characteristic of a hadron—the pion form factor in the
interval 0.5 < |^2| < 4 GeV2—in agreement with experiment.
It runs out that in this q2 interval the form factor is deter-
mined by the interaction of quarks with vacuum fluctu-
ations, and the one-gluon exchange diagram, which is domi-
nant in the limit \qz\—>oo, is only a minor correction in this
region.17'

Theoretical work has revealed several hadron proper-
ties which are specific to QCD. These properties should be
considered in the construction of realistic models of the nu-
cleus.

1. Since the masses of the u, d, and s quarks (ma ss4
MeV, mdzz7 MeV, and ms zz 150 MeV are small in compari-
son with the range of the strong interaction, ~mp, the QCD
equations have an approximate chiral symmetry. ("Chiral
symmetry" is the symmetry under independent transforma-
tions of the left-hand and right-hand components of the
quarks u, d, and s.) In nature, the QCD equations have a
solution in which the chiral symmetry is spontaneously
broken. In the limit of vanishing current masses of the u and
d quarks, the IT mesons are massless Goldstone bosons.
When the masses of the u and d quarks are taken into ac-
count, the pion acquires a small mass, much smaller than the
masses of other hadrons. As a result, over space-time inter-
vals \/m7r>JKxI'&-\mp the description of the hadron inter-
actions in terms of a chiral Lagrangian containing only ha-
dronic degrees of freedom works well. The chiral
Lagrangian of QCD is successful in calculations not only on
the low-energy interaction of ir and K mesons but also the
properties of the ?7(560) and ?7'(960) mesons (see the reviews
in Refs. 5 and 117). Furthermore, we do not rule out the
possibility that the nucleon can be described as a chiral soli-
ton.119 Accordingly, it does not year appear necessary to
appeal to quark-gluon degrees of freedom in order to de-
scribe the phenomena that are determined by the average
internucleon distances in a nucleus.

2. The interaction of slow pions with hadrons is propor-
tional to the momentum of the pion. For vanishing current
masses of the u and d quarks, this circumstance is a manifes-
tation of chiral symmetry in QCD: the Goldstone nature of
the IT meson (the proof reduces to an examination of the
Ward identities for the axial current). As a result, at a low
pion energy £„ the NN—»-NN77 reaction is dominated by the
emission of pions from the external nucleon lines, while
emission from the center is suppressed by a factor ~E^/mp.
A numerical analysis shows that the direct production of
slow pions is slight. This theoretical result explains the ex-
perimental observation that the inelasticities in NN scatter-
ing are caused primarily by the production of baryon reson-

ances, primarily A isobars. The scale value determined by
the admixture of nonnucleon components is thus
m A — mN ~ 0.3 GeV, while in the deuteron we would have 2
(mA — mN), because of the isoscalar nature of the deuteron.
It is this QCD property which explains the dominance of the
baryon degrees of freedom in the nuclear wave function and
the existence of relativistic nuclear physics.

3. The presence of a condensate of quark-antiquark
pairs and of gluons has the consequence that the energy of
the nonperturbative vacuum is substantially lower than that
of a perturbative vacuum.

4. The color forces between quarks and gluons are
screened at large distances. Today, this is a plausible as-
sumption: Theoretically, confinement has been seen only in
two-dimensional models (the Schwinger model, etc.). From
the discussion in Point 1 above we have rscr < l/mv.

Phenomenological models of the nucleus motivated by
QCD have recently attracted considerable interest in nu-
clear physics. A fundamentally new element introduced in
these models is the question of the role played by color de-
grees of freedom in the nuclear wave functions. The contri-
bution of these degrees of freedom is determined by the ener-
getics of the color excitations and the color screening radius.
At present, the theory tells us little about such problems (see
Points 1 and 2). It is in the treatment of these questions that
the models discussed below differ from both the nonrelati-
vistic nuclear theory and from each other.

A first group consists of the "bag" models, in which the
confinement of the quarks and gluons is dealt with by intro-
ducing an external boundary which is impenetrable to the
quarks and gluons, and asymptotic freedom by the fact that
inside a bag the quarks and gluons are free particles (see the
review by Thomas71). In the MIT bag model120 and in the
chiral bag model in which the pion field is present both inside
and outside the bag71 the radius of the bag is71 0.8-1 fm.
Calculations based on these models have not yet led to a
description of the interaction in a region in which bags over-
lap. For both models, there are comparatively light multi-
quark states, e.g., M^ — 2MN ~0.3 GeV. (In the chiral mo-
dels1192 motivated by the analysis11913 of the low-energy
QCD Lagrangian, this difference is ~ 1 GeV and has been
interpreted by the authors as a nuclear-core mechanism.)
Since a multiquark system may experience a lowering of en-
ergy as a result of nonperturbative effects, forming white
subsystems, the bag states apparently are not manifested as
resonances.77 On the other hand, they lead to poles in the P
matrix for NN scattering and may determine the short-range
dynamics of the NN interaction.72'77

These qualitative considerations have been incorporat-
ed in a model72'73 of composite quark bags. It is assumed in
this model that at rS6~ 1.1-1.5 fm the nucleons make an
abrupt transition into a quark bag, while at r > b they inter-
act through a phenomenological NN potential, which is ba-
sically a one-pion exchange. The introduction of a compos-
ite-quark-bag potential corresponds to an NN-interaction
which depends on the energy; it simultaneously describes a
short-range repulsion and an attraction at intermediate in-
ternucleon distances. This model has been successful in cal-
culating the lowest NN-scattering phase shifts at TN < 1
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GeV in terms of the bag radius b, the residue of the
NN—>-(composite quark bags) transitions, and the compos-
ite-quark-bag energy Ev. Consequently, in contrast with the
earlier studies (see Refs. 34-36 and 55-59, for example), it
becomes possible to incorporate 6q bags in the wave func-
tions of the deuteron and nuclei in a manner consistent with
the NN-scattering phase shifts. Incorporating the strong
coupling of composite quark bags and NN channels has the
consequence that the admixture of nonnucleon degrees of
freedom is small even though it determines the entire dy-
namics of the NN interaction at r<b (Ref. 72):

ex ( D ) ~ 2 %, > 2) ~ 5 %. (3.4)

While the wave function of a six-quark composite quark
bag is described by the MIT model, its exotic component is
due primarily not to an admixture of baryon resonances but
to states constructed from two color three-quark clusters.36

This conclusion may turn out to be qualitatively wrong since
it ignores the differences between the characteristic excita-
tion energies of white and color degrees of freedom.

An alternative to the bag model is the model of constitu-
ent quarks, in which it is assumed that the properties of the
hadrons are determined by the interaction between quarks,
while the interaction with the vacuum condensates is dealt
with by introducing an effective quark mass mu zzmd ss300
MeV. The constituent quark model is successful in describ-
ing the basic characteristics of hadrons and even high-ener-
gy collisions of hadrons (see the reviews in Refs. 121 and
122). The achievements of the constituent quark model in
describing experimental data are stimulating the develop-
ment of potential models of hadrons, in which it is assumed
that the constituent quarks interact with each other through
a binary potential which increases in a power-law fashion
with distance (see the review and citations of earlier papers in
Refs. 74-76). This description is incorrect at large distances
between the nucleons, since it ignores the production of qq
pairs, which converts the power-law decay of the NN poten-
tial into an exponential decay. Under the assumption that
the potential is determined at r > 2 fm by one-pion exchange,
Maltam and Isgur76 showed that at r < 2 fm the NN potential
calculated by a variational method from the model of Ref. 76
is similar to the phenomenological soft-core potentials. The
attraction at r~ 1.4 fm arises primarily from the presence of
spatially separated color three-quark clusters in this model.
In the core region, according to Ref. 76, white three-quark
clusters are dominant, while Refs. 74 and 75 have a six-
quark 4S2P configuration dominant here. These models are
difficult to reconcile with the hypothesis of quark and gluon
confinement since they contain van der Waals color forces,
which provide the basic attraction between nucleons in Ref.
76. Furthermore, the interaction of color entities at dis-
tances > 1 fm is difficult to reconcile with QCD lattice calcu-
lations, which show that color-screening effects (the produc-
tion of pairs from vacuum) become important at these
distances.181

On the whole, although the use of QCD to derive a mi-
croscopic theory of the nucleus has so far been at a semi-
quantitative level, the existence of a significant high-mo-

mentum component in the nuclear wave function and the
existence of a large number of phenomena (Section 4) in
which this component can be studied quantitatively raise the
hope that relativistic nuclear physics will eventually become
a method for studying in detail nonperturbative effects in
QCD.

c) Possible search for exotic degrees of freedom in the
wave function of a nucleus. From the standpoint of the phys-
ics of strong interactions, a description of a nucleus in terms
of nucleon degrees of freedom alone can be only approxi-
mate. Fundamental questions here are how important these
exotic (i.e., nonnucleon) components are and what their na-
ture is.

In the prequark era (before the November Revolution of
1974: the discovery of the ^ meson), interest focused on an
admixture of baryon resonances in the nuclear wave func-
tion, particularly an admixture of a AA component in the
deuteron.19' The probability for this configuration, /AA, can
be estimated on the basis of dimensional considerations,
through a comparison with the probability that the nucleons
in the deuteron are in a configuration with an energy non-
conservation of the order of the difference between the
masses of the AA system and the deuteron115:

- m?,, w 0.8 GeV/c ,

i.e.,

(3.5)

(3.6)

Here realistic wave functions of the deuteron, with a core,
have been used for ^D. The incorporation of overlap inte-
grals in the model of one-gluon exchange leads to115 an addi-
tional suppression of/AA: /AA ~ 10~3. A similar value is ex-
pected in the model of composite quark bags.73 This estimate
is consistent with the results of an experimental search for
isobars in the deuteron123:

/AA =(1±2)-10-8.

The experimental search for an admixture of isobars in the
deuteron thus appears to be a very difficult task. Special con-
ditions must be arranged; e.g., a search must be made for
cumulative isobars in deep inelastic scattering of leptons in
order to avoid background processes. For heavier nuclei, the
theoretical restrictions are far less severe, since the
NN—>NA transitions are suppressed to a lesser extent by
both energy denominators and the combinatorices than in
the case of the NN—>-NA transitions. It would thus be inter-
esting to measure the ratio of inclusive cross sections for
reactions at high energies20':

a dah+A-.A(N*, Nn. . .

for «A > 1-

(«. *t) (
gdgh+A-»N+X ,-

In order to suppress the possible production of N* and A in
secondary processes, it would be necessary to use the lightest
nuclei, with /4<6. To the best of our knowledge, absolutely
no such data are presently available. Limitations at a level of
even 1/3 would be informative.
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Quark physics has raised the question of six-quark con-
figurations in the deuteron in which the quarks belonging to
the proton and the neutron are mixed.34"36 As Feynman124

has pointed out, however, any "white" state can be described
in terms of both hadronic and quark-gluon degrees of free-
dom. Just which description is simpler is a dynamic prob-
lem. If the color clusters are not spatially separated, then a
description in terms of white hadronic degrees of freedom
would be just as convenient as the other description. If, on
the other hand, there are spatially separated color groups of
three quarks in the deuteron, then such a state could be de-
scribed more conveniently in terms of quark degrees of free-
dom. There are clear advantages in using the two descrip-
tions simultaneously. For example, the absence of
significant inelasticities in the NN interaction with a zero
isospin suggests that it might be possible to describe the deu-
teron in terms of nucleon degrees of freedom over a rather
broad range [see (3.5)]. In terms of quarks, in contrast, it is a
simpler matter to calculate the momentum dependence of
the so-called hard nuclear processes.125 We recall that it was
this approach which proved successful in describing the
properties of hadrons on the basis of dispersion sum rules.5

Here is a list of the existing limitations on an exotic
baryon component in the wave function of a nucleus (cf. the
discussion in Section 2).

a) The nonrelativistic theory of the deuteron at nucleon
momenta fc<0.2-0.3 Gev/c agrees within ~10% with ex-
periment, while at fc>0.3 Gev/c ("hard" nuclear process;
Section 4) the two-nucleon approximation describes cross
sections with ~ 30%. An exotic component should therefore
give us simply corrections to the contribution of the nucleon
component. If we assume that a transition to an exotic com-
ponent is possible only at distances < \/mv or fc>200 MeV/
c, then we have the following limitation on Pex (D):

P** (D)<3 %. (3.7)

A definite limitation is also imposed by the agreement of the
nonrelativistic theory with the static characteristic of the
deuteron.

b) For 3He, an analysis of p3He scattering126 yields a
limitation on the admixture of light nonnucleon compo-
nents, primarily the A isobar (per nucleon):

3He) < 1.7 %. (3.8)

c) In the case of carbon, an analysis of (e,e') reactions
near the quasi-elastic peak82 leads to an integral estimate:
The probability for finding a nucleon in a nucleus with a
momentum less than the Fermi momentum is82 ~75%. On
the other hand, the probability for finding a nucleon with a
momentum > 300 MeV/c in a nucleus is ~ 30% (Section 4).
Taking into account the uncertainties in these numbers, we
find the following conservative upper estimate of the magni-
tude of the exotic component:

(12C) < 10 %.. (3.9)

As in the case of the deuteron, the exotic component is only a
correction to the high-momentum nucleon component over
a broad range of nucleon momenta. An estimate close to (3.9)

can also be derived for Fe, but it is less reliable in that case
because of the lack of data on lepton reactions at Fe at21'
x>l.

Correlation experiments hold promise for a search for
exotic configurations. Of primary interest here are lepton
reactions at Q 2> 1 GeV2 with several particles detected in the
final state, for the lightest nuclei (A<6):
/ + A-+1' + N(A../V77J + X with «N (aA ,aNff) > 1. In such re-
actions, however, we can search for only products of the
decay of multiquark (primarily 6q) configurations. In order
to detect the ejection of a six-quark as a whole we would
naturally turn to processes involving a study of three-parti-
cle correlations, corresponding to three nearly coincident
nucleons. If, as two nucleons close on each other, a six-quark
is formed, then as three nucleons close on each other the
momentum of one may be balanced by a six-quark. Accord-
ingly, when this nucleon is ejected a six-quark may simulta-
neously be liberated. A necessary condition here is to select
configurations in which scattering by triple correlations is
predominant. The simplest example is the reaction
e + 3He->e + p + X with ap> 1.5 at Ee ~5 GeV. A selec-
tion of events with (pt)p ~ — (/?,)c>0.5 Gev/c sharply in-
creases the contribution from the elastic scattering of the
electron by fast nucleon of the nucleus. To search for mani-
festations of 6q configurations we should study the composi-
tion of the forward-emitted system (2N,2Nfl-,...) and seek
peaks in the mass spectrum of this system. Another possibil-
ity is to study the corresponding reaction with a cumulative
pion, to study deep inelastic scattering, and to replace the
lepton by a hadron (see also the discussion in Ref. 38 and in
Subsection 4a).

Another important question in the effort to learn about
the dynamics of the NN interaction is whether the dibaryon
resonances which have recently been discussed extensively
actually exist (see the review by Makarov127). At this point,
the theoretical and experimental situation here is unsatisfac-
tory, since the positions of the assumed resonances are close
to the thresholds for the production of isobars. Calculations
show (Ref. 128, for example) that if a reaction involving iso-
bars came into play it would cause irregularities similar to
those observed experimentally. Since the dibaryons have pri-
marily inelastic decay modes, according to the existing
phase-shift analyses, it becomes necessary to study accurate-
ly inelastic reactions in which the dibaryon contribution
should be enhanced: NN—»NA, N + N—»-N + A, ?rD—>-NA,
(vrNN), N + d—»NNN, NN—»7rD. In such reactions, it is
also a comparatively simple matter to measure the polariza-
tion of A, and there are some rather simple ways to measure
the polarization of the fast deuteron.129

4. STUDY OF SHORT-RANGE CORRELATIONS IN NUCLEI IN
THE SCATTERING OF HIGH-ENERGY PARTICLES

To the best of our knowledge, the methods of high-ener-
gy physics were first used in a purposeful way to measure the
high-momentum component of a nuclear wave function by
Lederman et a/.,130 who studied the production of antipro-
tons below the threshold. In recent years, as extensive data
on hadron reactions43"50 and then lepton reactions37'39"42
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with a large energy transfer to the nucleons of a nucleus have
become available, it has become possible to take up the study
of not only the magnitude but also the structure of short-
range nucleon correlations in a nuclear wave function.

a) Near-threshold (e,e') reactions at large Q2. Theinelas-
tic scattering of electrons by the nuclei D (Refs. 3 and 4), He,
and Al has been studied at SLAC at39-40 Q 2> 1 GeV2:

e + A + X. (4.1)

This study has been carried out near the kinematic bound-
ary, i.e., under conditions such that the mass of the product
system X is small, W-M^SQ.3 GeV, with x = Q2/
2^0/7% > 1. In this kinematics the production of pions is
strongly suppressed, so that X is a system of nucleons and
nuclear fragments. A natural mechanism for reaction (4.1)
(see Ref. 131, for example, and the bibliography there) is the
elastic scattering of the e by a nucleon with a large momen-
tum k, directed opposite q (in the rest frame of the nucleus .4 ),
since only in this case can W — M A be small. In other words,
the contribution from the high-momentum component of
the nuclear wave function is kinematically enhanced in such
processes.

A = 2. In the region W — MD >50 MeV, where the final
state interaction is slight, the process is described by the sum
of diagrams in Fig. 11, which correspond to the impulse ap-
proximation and to an interference, respectively. The cross
section is expressed in terms of the deuteron wave function
on the light cone, which is essentially equal in the two-nu-
cleon approximation to the nonrelativistic wave function of
the deuteron22' (Ref. 52). The results calculated with the help
of the standard wave functions of the deuteron with a core125

agree reasonably well with the SLAC data231 (Ref. 39). An
interesting way to check the dominance of the diagram in
Fig. lla was proposed by West131 in a nonrelativistic ap-
proach, where at large values of Q2 the ratio

fin

w (4.2)

should depend only on the variable y determined by energy
conservation:

(4.3)

This is so-called y scaling; here | f(Q2) |2 is the square of the
corresponding nucleon form factor; and crMott is the cross
section for scattering by a point nucleon. The analysis by
Bosted et al.136 has shown that^ scaling agrees with the data
of Refs. 38 and 106. (A relativistic motion of the nucleons25

does not significantly disrupt^ scaling.137) This is an inde-
pendent test of the suggestion that the wave function of the
deuteron can be measured in reaction (4.1). On the whole,

FIG. 11.
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analysis of (e,e') reactions at the deuteron has shown that the
two-nucleon approximation works reasonably well at Q 2<2

GeV2 up to fc<0.6 GeV/c and that we have24' U£

(k )d3k-0(k — GeV/c) -4-5%. This integral is dominated by
the D wave, in agreement with the observed behavior of the
elastic cross section for hD scattering in the momentum-
transfer region 0.3-0.4 GeV2 (Ref. 138, for example) and
with data on elastic pD scattering25' (Ref. 139).

It is reasonable to expect that at Q2 > 2 GeV2 the form
factor of the nucleon [like .F2N (x,Q 2) at x>0.6] will be domi-
nated by scattering by compressed configurations in the
wave function of the nucleon. Since the probability for com-
pressed configurations is suppressed in a bound nucleon [cf.
(2.15')], the two-nucleon approximation should overesti-
mate the cross section for the reaction eD—>eNN at large Q 2

and at k £ 0.5 Gev/c by a factor of 20 <5D (k}. Furthermore, at
k £ 0.5 Gev/c we would expect an additional decrease in the
cross section (beyond that stemming from the EMC effect),
since a deformed nucleon cannot undergo fragmentation be-
cause of the limited phase volume to the states allowed by the
quantum numbers. Refined data furnished us by Arnold et
al.106 are consistent with the existence of such an effect (Fig.
12). We wish to emphasize that since the standard deuteron
wave functions (the Reid and soft-core wave functions) suc-
cessfully describe the cross section at Q 2<2 GeV2 (Fig. 12), it
is a deviation from the two-nucleon approximation which we
observe experimentally. We need detailed measurements of
the cross section for the reaction eD-*e + p + n, since this
reaction at Q 2>4 GeV2 can furnish direct information on the
six-quark component in the deuteron (cf. Subsection 3a).

A^3. At A > 2, the large momentum (k) of the nucleon
by which the electron is scattered may be balanced by not
only a single nucleon with a momentum of — k, as in the
deuteron (a binary correlation), but by two nucleons, with
&i~fc2 k /2 (a ternary correlation), etc. It is thus con-
venient to write the cross section for reaction (4.1) as the sum
of the cross sections for scattering by two-nucleon, three-
nucleon, etc., correlations38:

L V, a j ( A ) a j ( x ,
i—2

(4.4)

We have used the circumstance that at large values of x the
wave functions of ay'-nucleon correlation and thus the cross
section for scattering by it are determined exclusively by the
local properties of the nuclear matter; the only property that
depends on the nucleus is the relative probability for ay-
nucleon correlation, a} (A ). It is thus obvious that (4.4) must
hold in cases in which electrons are scattered by 6q,9q,...,
clusters26' (Ref. 140). From the kinematics we have

a, (x, <?2) = 0 at x > j. (4.5)

It is convenient to normalize cr2 in such a way that at* > 1 we
have a2(x,Q2) = cr0(x,Q2). It follows from condition (4.5)
that at x>2 we have 03(x,Q2) ~ cr3He (x,Q 2). Since the nucleus
is a rather low-density system, the contribution of they-nu-
cleon correlation should dominate a.tj>x>j — 1. The ratio
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FIG. 12. Cross section for the reaction10*
e + D—»e + X as a function of the invariant mass of
the product system, W, and of the minimum mo-
mentum of the nucleon in the deuteron wave func-
tion &„,„, allowed for the given values of Q 2 and W.
Here Q I, is Q2 for the elastic scattering of the elec-
tron by the deuteron (or nucleon) at 6 = 8° (10°).
The curves show calculations in the two-nucleon
approximation with the deuteron wave functions
(Reid, soft core). As in Ref. 136, a limitation
W — M0 > 50 MeV must be imposed in order to
suppress the final state interaction.
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(4.6)

should therefore depend only weakly on27)x and Q 2 (Ref. 38).
Relation (4.6) explains the regularities observed in the ex-
perimental data on near-threshold (e,e') reactions at 3>4He
and Al:

a)o-3He (x,Q 2)c7D (x,Q 2) is essentially independent of x for
1 <x<2 (Fig. 13). The magnitude of this ratio agrees with the
expectations of Ref. 38, based on an analysis of the yields of
cumulative p and ir from 4He (more on this below).

b) R(x,Q2) = cr.He(x,Q2)/cr>He(x,Q2)\2<x<3 is also
slightly dependent on Q2 (Fig. 14), although a,He and 0<Hc

fall off by a factor of 100 over this Q2 interval. The observed
value of R~3 corresponds to a doubling of the probability
for ppn and nnp trios in 4He in comparison with the correla-
tion probability in 3He. This result is in agreement with a
combinatorial estimate38 based on the near equality of the
radii of 3He and 4He.

c) Comparison of the spectrum from an empty alumi-
num target, reported in Ref. 40b, with data on 4He indicates
(l/27)aA1/(l/4)o-4He ~2 and that this cross section depends

only weakly on x in the interval28' 2<x<2.7.
Day et al. and Rock et a/.40 report that the data on

ff3He(x,Q2) exceed by a factor ~5 the theoretical results
based on a solution of the Schrodinger equation for 3He with
a binary NN interaction. To a significant degree, the reason
for this discrepancy is that the calculations used in Ref. 40
discarded the high-momentum component of the spectral
function with momenta &>0.5 Gev/c. Analysis of recent cal-
culations141 of the 3He wave functions seems to indicate that
the discrepancy with experiment is not large in the binary-
correlation region. Specifically, the calculations lead to
a2(3He)sl.3, while the data of Refs. 40 and 106 imply
a2(

3He) ;= 1.7. The difference between these numbers is of the
same order of magnitude as the decrease in the average den-
sity of nucleons in 3He in the calculations of Ref. 141.

On the whole, the data on (e,e') reactions indicate a sig-
nificant absolute value of the high-momentum component of
the nuclear wave function. The theoretical interpretation of
the data, on the other hand, is ambiguous: The results are
consistent both with an expansion of the cross section in
contributions from binary, ternary, etc., nucleon correla-
tions [see (4.4)] and with models which assume that the mo-
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FIG. 14. a: Ratio of the structure functions for scattering by 4He and 3He
at the fixed value x = 2.5 as a function of Q2 (data from Ref. 40b). b:
Comparison of the x dependence of the structure functions of 4He and 3He
atS2 = UGeV2. l—F2.He(x,Q2);2-Fm,(x,Q2);3-3F2,Hc(x,Q2)(dzta.
from Ref. 40b).

mentum of the fast nucleon is balanced by a system of nu-
cleons with a mass131 ~MA _, (the mean field approxi-
mation).

b) Deep inelastic 1A scattering at x>l. The behavior of
the nuclear structure functions — F2A (x,Q2) at x > 1 and
their significant value were predicted in Refs. 132 and 142 on
the basis of Eq. (2.17). Baldin143 worked from the assump-
tion that the xf dependence for the spectra of cumulative
particles agrees with the x distribution of quarks to predict
^ZA (•*) ~ exp( — ax) with a s 7. In the model of few-nucleon
correlations, the similarity of the distributions of cumulative
pions and quarks over a broad range x > 1 arises at A > 2 as a
consequence of the similarities in the functional dependence
on x at x < 0.8 for the spectra of pions in hN scattering and
the quark distribution in the nucleon. On the other hand, in
the case of the deuteron the spectrum of cumulative pions is
expected125 to decrease as x—*2 much more slowly than
F2D(x,Q2) [see (4.12)]. Preliminary results of the measure-
ments of F2C(x,Qz) at x>l in(i12C scattering at Q2~100
GeV2 have recently appeared (Fig. 15).41 The experimental
slope of the spectrum, a x 8-10, agrees reasonably well with
the expectations of Refs. 132, 142, and 143. On the other
hand, as can be seen from Fig. 15, nuclear models which do
not contain a significant high-momentum component, the
Fermi-gas model, and the oscillator model are in qualitative
contradiction of experiment. The calculations of Refs. 132

and 142 in the binary-correlation approximation, with
p^ (a,k t) = AZyok (a,k,) at A:>0.3 GeV/c and A = 6-8 (Ref.
53) and with the same/oj, as in (e,e') reactions, agree reasona-
bly well with experiment at x~ 1. At large x, the data are
consistent144 with the calculations of Refs. 125 and 145,
which use a density matrix for nucleons in a nucleus on the
light cone, — p%(a,k t), extracted from a theoretical analy-
sis of processes involving the production of cumulative parti-
cles. The need to use the wave functions on the light cone is
discussed in the Appendix. The relation between p% and the
nonrelativistic nuclear wave function (in the region in which
there is such a relationship) was studied in Ref. 38. The con-
tribution of ternary and quaternary correlations causes an
increase in the ratio of structure functions F2A.(x,Q2)/
F2D (x,Q 2)aU > 1 (Fig. 6). ThefunctionF2D (x,Q 2)calculated
in this manner agrees52 with the scaling limit of F20(x,Q2)
measured in Ref. 39, where the mass of the product hadron
state was small. The estimate of the coefficient A in Ref. 53
agrees reasonably well68'38 with the existing analyses of the
photo-disintegration of nuclei, where the number of triplet
pn pairs in the 12C nucleus with momenta &~0.3-0.4 Gev/c
has been measured. This value of A corresponds to the fol-
lowing value of the high-momentum component:

J a (ft) .6 (£ - 0,4 GeV/c) d3A; - 0.15. (4.7)

We wish to emphasize that in this definition A, incorporates
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the contribution of higher-order correlations. For example,
it can be expected on the basis of an analysis of the cross
section for the production of cumulative nucleons38 that the
coefficient for specifically binary correlations would be
A -4-6.

The data of Ref. 41 have also been analyzed in the fluc-
tuon model29' (Refs. 27 and 146). In contrast with the few-
nucleon correlation model, the fluctuon model predicts that
the ratio (1/6)F2C (x,Q 2)/F2D (x,Q2) will depend only weakly
on x at 1 <x < 1.5 and will have a value ~2. This number is
significantly different from the experimentally observed ra-
tio of the inclusive cross sections for the production of cumu-
lative pions from 12C and D (per nucleon); this ratio is ~ 5-6
at aff > 1 and increases with increasing an (Ref. 87).

c) Production of cumulative nucleons in the scattering of
(anti)neutrinos. In principle, the most effective way to study
the structure of short-range correlations is to study deep in-
elastic processes and to detect the additional particles. By
virtue of the kinematics, a nucleon emitted into the rear
hemisphere with a large momentum — p (a cumulative nu-
cleon) may be produced as a result of the disruption of the
correlation only if the v is scattered by a nucleon which is
correlated with an ejected nucleon which is moving forward
with a momentum/;' (Fig. 16); this is the so-called spectator
mechanism.30' In this case we should have a sort of Doppler
effect: the mean value of* for events in which a cumulative
nucleon with a momentum p is detected should be smaller
than in the average event.53 In the case of vNe, where the
effects of secondary interactions are apparently slight, a de-
crease in (v)p = (xy)p compatible with the predictions of
Refs. 38 and 53 has been observed.42 Those predictions were
based on a dominance of binary and ternary nucleon correla-
tions in the high-momentum component of the nuclear wave
function (Fig. 17a); here y = E^ /E^. The coefficients a2 and
a3 have been determined independently, from an analysis of
hadronic processes involving the production of cumulative
protons38 (see Ref. 38 for a discussion of the data of Ref. 148
for heavier nuclei with A ~ 102, where secondary-interaction
effects are intensified). The absolute value of the cross sec-

FIG. 16.

tion also agrees (within ~20-30%) with the value extracted
for the high-momentum component of the nuclear wave
function from the value ofF2,*c (x,Q 2) at x> 1 (Ref. 143). On
the other hand, < y) did not increase (Fig. 17b). This is not a
trivial point, since in the average event at a nucleon a de-
crease in x is accompanied by an increase in y (the contribu-
tion from the scattering of v by sea quarks increases).

d) Production of cumulative particles in high-energy ha-
dronic processes. Extensive information has now been accu-
mulated on the production of cumulative particles in high-
energy processes43'50-87'149

a + A -»- b + X. where a = (7, v, v*, n, p,

light nuclei,...1), b = N., n, (4.8)

i.e., in the limiting fragmentation region of the nucleus,
which is kinematically forbidden for scattering hydrogen:

„ / J7
1 n \ ryi ~~1 ~--̂ . \ (A Q\

The direction of the momentum of the incident particle, a, is
selected as axis 3.

The study of processes (4.8) was stimulated by Baldin's
suggestion51 that the production of cumulative pions might
be a limiting fragmentation process governed by the interac-
tion of fast particles with fluctuations of the nuclear density
and also by the formulation by Bayukov et a/.43 of the basic
behavior in the production of cumulative protons in ha-
dronic processes. The reader is referred to Refs. 38 , 45-49,
58,59b, and 68 for a detailed account of the extensive experi-
mental results and a bibliography.

1,5

FIG. 17. The behavior of u(a) and>>(a) for events with cumulative nucleons
in the reaction v + Ne-»,u+ -I- p + X. The data are from Ref. 42. Solid
line—Prediction of the few-nucleon correlation model; dot-dashed line—
effect of a 20% contribution of secondary interactions; dashed line—
mean value of v for the sample.
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In typical inelastic high-energy hadronic processes
(£"„ > 10 GeV) the average momentum transfer to the ejected
nucleon of the nucleus is not small,10 ~1 GeV/c so that
again in the case of hadronic processes it is possible in princi-
ple to study short-range nucleon correlations.

A = 2. The basic contribution of the high-momentum
component of the deuteron wave function to the cross sec-
tion for the production of cumulative nucleons is the so-
called spectator mechanism52-53 The amplitude for this pro-
cess corresponds to the scattering by a forward-moving
nucleon (Fig. 18a) and to Glauber screening (Fig. 18b). The
contribution of the direct mechanism — the scattering by a
nucleon moving opposite to h (Fig. 18c) — is a rather small
correction. At low values ofp, Glauber screening cancels out
for this mechanism. I4° The final result for the inclusive cross
section

i.e., for the cross section summed over all processes and over
all parameters of the product particles except those under
study, is144

Gh/P(«, Pt). (4.10)

where the factor xh = 0.7-0.9 incorporates the Glauber
screening and the contribution of the direct mechanism (see
Refs. 129 and 150 for the expression for xh).

3l} The cross
section for the production of cumulative -IT mesons, etc., is
described exclusively by the direct mechanism and is given
by52

<??"•(*.*)

- S JpS(P, fctX - , Pt + *t

The possibility that the production of cumulative pions from
a deuteron is an effect of small internucleon distances in the
deuteron was first raised by Baldin,51 on the basis of the idea
that two nucleons interact as a single hadron in this case, i.e.,
that the ratio G ̂ "(ayG "'"(a/2) is independent of a.

Calculations from Eq. (4.10) with realistic deuteron
wave functions agree well with the data of Refs. 46 and 49 at
a ^ 1.6-1.7 (fc<0.8 Gev/c). At larger values of a the contri-
butions of the more complex quark-gluon configurations in
the deuteron125 and the three-reggeon contribution,38-132

corresponding to the regime G °/p(a, pt ) ~ (2 — a)2, are para-
metrically enhanced. The possibility of a substantial produc-
tion of nucleons through a final state interaction by means of
color forces has also been discussed.67 A distinctive feature
of the latter mechanism is the small associative multiplicity;

FIG. 18.
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another is the suppression of the production of cumulative
nucleons in deep inelastic scattering of leptons by the deu-
teron.

Equation (4.11) describes the cross section for the pro-
duction of cumulative pions46'50'87 up to a~ 1.3. At larger
values of a (where the contribution from momenta k £ 1
GeV/c is dominant in the deuteron wave function in the
impulse approximation), the contributions of more-complex
quark-gluon configurations in the deuteron and three-reg-
geon contributions may prove important, as in the case of the
production of cumulative nucleons. In the limit a—»-2, these
contributions are parametrically enhanced and lead to125

GS^(a,)\ ~ (2 a)5 (4-12)

This result should be compared with F2o(x)~(2 — x)10, ex-
pected in QCD perturbation theory in the limit x—*2 (Ref.
90). [The behavior of F2D (x) is consistent with the scaling
limit of the data of Ref. 39, where, however, the mass of the
hadron state which is produced is small.] At present we have
data on G°/>r only at46'50'87 a<1.35; at a> 1, G°/ir falls off
approximately in proportion to (2 — a)9. We wish to empha-
size, however, that the use of the completeness approxima-
tion in the kinematics of the experiments of Refs. 46 and 87,
especially at a>1.3, is a dubious procedure because of the
limited phase volume (the invariant recoil mass is small).

Comparison of the data on hadron reactions (4.8) at the
deuteron with lepton processes shows that reaction (4.8) in-
corporates direct information on the high-momentum com-
ponent of the deuteron wave functions over a broad kinemat-
ic region.

A > 2. We begin by listing the basic features of reactions
(4.8) which indicate that we are dealing with a nontrivial
phenomenon. The data are reviewed in more detail in Ref.
38.

a) The a dependence for the spectrum of cumulative p's
and IT'S from 4He and from heavier nuclei is essentially the
same for 1.3<a<2; at 1.3<a<1.6, these spectra are similar
to the spectra of p's and -IT'S from the deuteron.46'47

b) The a dependence for the spectrum of cumulative
pions is similar in shape to the x dependence for the structure
function of the 12C nucleus.

c) The normalized cross section G fp(a, pt )CT^ has an
identical^ dependence for any incident particle a, and with-
in ~ 20-30% it is independent of the species of particles

d) The quantity (I/A )G^/p>w(a,pt) increases with in-
creasing^, and up to A 5 12-20 this increase is identical for
p's and TT'S. At larger values of A, the quantity (I/A )G^/P

increases significantly more rapidly.46-47'159

e) The cross sections for the production of two, three,
etc., cumulative nucleons are larger; for the most part, two
nucleons are emitted from remote points of the nucleus.47-154

f) The relation G^p(a,pt)>l(fG^(a,pt) holds, but
the a dependences of G?" and G?" are similar.46-47-149

The spectator mechanism for the production of cumu-
lative nucleons53 and the theoretical conclusion10-144 that the
Glauber screenings cancel out in the inclusive cross section
are crucial to an understanding of the basic behavior here, as
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we will demonstrate in the particular case of the violation by
an initial hadron h of only the binary correlations in a nu-
cleus. The incident hadron h successively disrupts all the
nucleon correlations at the impact parameter (Fig. 19). In
the average event, the hadron h interacts inelastically with
v = Ao*w /OM? nucleons. Consequently, the inclusive cross
section, i.e., the cross section summed over the emission of
spectator nucleons from arbitrary points of the nucleus, is321

(4.13)
d3PN

where <p \ is the probability for a binary nucleon correlation.
The reggeon-diagram technique can be used to generalize
this result to arbitrary correlations and to incorporate the
Glauber screenings caused by scattering by correla-
tions.38-144 Qualitative differences from the "actual" mo-
mentum approximation are seen in the significant emission
from heavy and intermediate nuclei of several cumulative
nucleons and also in an increase with A (~A 1/3) of the longi-
tudinal dimensions of the nucleon emission region. This pre-
diction10 is in agreement with the data of Refs. 47 and 154.
The picture of a sequential ejection of nucleons also explains
the angular dependence of the sticking coefficient for the
production of fast deuterons from nuclei.47

As a result, the cross section for reactions (4.8) can be
written in a form analogous to that for (e,e') reactions:

mation of a few-nucleon correlations for the high-momen-
tum component of the nuclear wave functions. In this ap-
proach, the cross sections G f/p'ir have the same form as for
the deuteron [expression (4.11)] after the substitution
PD (a> Pt)—*PA (a> Pt )• Generalizing (4.13) to incorporate the
ejection of nucleons from arbitrary correlations (not simply
binary correlations!), we conclude that the inclusive spec-
trum of cumulative nucleons, G ̂ /af^, must have an iden-
tical dependence on the atomic number of the nucleus, A, for
any particles a = (y,v,v,e, p,ir) (Ref. 10) and even for nu-
cleus-nucleus scattering.156 In contrast, the empirical hy-
pothesis of nuclear scaling47'48 predicts a universal^ depen-
dence of the multiplicity of cumulative nucleons: G ̂ /a^.
A universal A dependence of the inclusive spectrum has been
found experimentally not only for p, IT (Refs. 47 and 48) and
Y (Ref. 49) scattering by nuclei but also for nucleus-nucleus
scattering.157 Because of the Glauber screening in the ejec-
tion of a cumulative nucleons from a few-nucleon correla-
tion we would expect a completely definite dependence of
G ̂ /a^ on the species of the particle a (Refs. 145 and 156).

The absolute value of G ̂  and its dependence on a and
pt can be calculated from(4.10), (4.11), and the data on G ̂ /p;
the results agree reasonably well with experiment.38

To calculate the dependence of G f71^ on a and pt it is
convenient to expand /oj m a series in the contributions of
two-nucleon and three-nucleon correlations,38'94

PI) (4.14)

with the same coefficients (with an accuracy to within isoto-
pic effects) as in (4.4). It obviously follows from (4.14)—by
analogy with the case of reaction (4.1)—that the spectra are
similar (Point a in the list above) and that the A dependences
of G f/p'"' are identical for light nuclei (Point c). The A depen-
dences of G ̂ p-'(a, pt) and rfe-e'} (x,Q2) are directly related at
a~a>l [Eqs. (4.13) and (4.8)]. For example, the value
a2(

4He) s 4 extracted from region (4.1), agrees with the value
fl^(4He)/a5(3He) = 9/5 estimated in the Wigner model in
Ref. 38. We wish to emphasize that (4.14) holds in all models
in which reaction (4.8) results from a scattering by short-
range nucleon correlations [the models of few-nucleon cor-
relations, 6q(9q,...) bags, and fluctuons]. It does not hold,
however, in the mean field models, where it is assumed that
the momentum of the fast nucleon is balanced by the mo-
mentum of the entire residual nucleus, or in models in which
reaction (4.8) is caused by secondary interactions.

For more-detailed calculations we can use the approxi-

FIG. 19.
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. Pt), (4.15)

and to approximate p} as the convolution of j — 1 binary
correlations. For p2(a,pt =0)~(2-a)m we then find38'94

(experimentally and in QCD perturbation theory,125 we have
w~3 over a bro&d range of a)

,
p,(a,

a — i \mO'-l)+j-2

B( /_a) (4.16)

As a result, we calculate an absolute value for G ̂ f which is
in reasonable agreement with experiment. We might note
that since the nucleus is a rather dense system, the contribu-
tion of the y'-nucleon correlation to p% in the region a—A
(i.e., at those values of a for which the description of this
correlation in terms of nucleon degrees of freedom appears
to be qualitatively wrong) is masked by a contribution from a
higher order correlation. As a result, internucleon distances
% 1-1.2 fm are important in most of the phenomena dis-
cussed in this section of the paper.38

The value a2(
l2C)~6-8 found from this analysis agrees

with the value found for a2(
12C) from the deep inelastic fiA

scattering and from photonuclear reactions (see the discus-
sion in Subsection 4b). Analysis of the experimental data on
the production of cumulative particles in hadronic pro-
cesses, above-threshold (e,e') reactions with large Q2, etc.,
shows that the probability (P}} for a y-nucleon correlation
falls off rapidly withy, Pj ~ (PJ!~ l ~ (l/5)> - ] , reflecting the
small value of the probability for an additional nucleon to
enter the small volume.

Several alternative models have been proposed for the
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production of cumulative particles. These models have been
compared in detail with experiment elsewhere.38'68 Here we
will briefly discuss the basic physical ideas. The first group of
models are models which assume that the cumulative parti-
cles arise from a violation of short-range nucleon correla-
tions in a hard hadronic process; i.e., the impulse approxi-
mation is assumed to be valid. These models ignore the
spectator mechanism for the production of cumulative nu-
cleons. Examples are the fluctuon model33' and the models of
6q, 9q, and 12q bags.34-45'46-51'55-56-59-158 These models fail to
explain (a) the large absolute value of the yield of one, two,
etc., cumulative nucleons; (b) the result p/ir £ 102 in the case
of cumulative particles; (c) the large value observed experi-
mentally for R A (the radius of the region from which the two
cumulative protons are emitted)154; and (d) the large absolute
value of the yield of cumulative pions under the assumption
that the process is hard. This conclusion is indicated by a
comparison of G^ at av > 1 withdataonF2A(x,C2)andon
the production of leading pions in the scattering of leptons
by hadrons.58 If we take the Glauber rescatterings and the
spectator mechanism into account—so far, this has been
done only in the model of few-nucleon correlations—we find
that the specific difference between these models reduces to
the magnitude of the admixture of nonnucleon degrees of
freedom in the nuclear wave functions (cf. Subsections 2a
and 3c). The large absolute value of the cross section for the
production of cumulative protons seriously limits the possi-
bility of introducing an admixture of nonnucleon compo-
nents in nuclear wave functions (Subsection 3c). It follows
from the set of data discussed above that in the case of light
nuclei the nucleon degrees of freedom are responsible for at
least half of the high-momentum component of the wave
function. In order to resolve this situation; it is necessary to
search for the production of cumulative baryon reson-
ances.161

It has been assumed in several papers (Refs. 65 and 162,
for example) that the production of cumulative nucleons is
the result of the absorption of slow secondary pions (with
momenta ~ 100-300 MeV/c) by correlated pairs of nucleons
in the nucleus. The role played by this mechanism was over-
estimated in a qualitative way in Refs. 162 and 65, since it is
heavy resonances, for the most part, rather than pions which
propagate in a nucleus. Many experiments have shown163

that pions with a Feynman variable ;c<0.2 are primarily
products of the decay of A, a>, andp. These resonances essen-
tially do not have time to decay inside the nucleus, since the
distance traversed by a resonance without decay, the mean
free path of the resonance, and the radius of the region in
which the resonance interacts with the nucleons of the nu-
cleus (the resonance "formation" region in the elementary
reaction) are all ~ 1-1.5 fm. That this mechanism may play a
role in the case of nuclei with A> 12 may be indicated by the
observation in the reaction p + A—>ir + X of a dip in the
spectrum of pions emitted into the rear hemisphere with mo-
menta ~ 200-300 MeV/c (with x > 0.4)87 (see Ref. 86 for an-
other explanation of this dip, in the spirit of the EMC effect).
The cascade model, based on classical mechanics, overesti-
mates the role of cascade processes in a qualitative way. In

addition to the important role of heavy resonances, dis-
cussed above, that model ignores (a) the formation time of
fast hadrons and (b) the fact that quantum mechanics leads
to an interaction of slow particles which is qualitatively dif-
ferent from that in classical mechanics (Ref. 164, for exam-
ple). In particular, for a slow particle (with a momentum
k < k f), the probability for an interaction with a nucleon of
the nucleus, i.e., the probability to enter a volume of radius
~\/kF, is suppressed (in comparison with a calculation
based on classical mechanics) because of the wave nature of
the particle. As a result, the cross section for the absorption
of slow pions by correlated pairs of nucleons in a nucleus is
suppressed by a factor k ^./k \, in comparison with the cross
section found from cascade calculations.165

In general, there has not been an adequate theoretical
study of a possible role of secondary interactions with the
formation of cumulative particles or of the problem of the
passage of cumulative particles through nuclear matter. If,
for example, cumulative pions and nucleons are produced in
a pointlike configuration (cf. Section 2), their secondary in-
teraction with the nucleus will be strongly suppressed. Con-
sequently, the only processes that can be used for a reliable
study of nuclear structure at this point are the processes in
which cumulative particles are produced in the lightest nu-
clei, with A <6-9. To determine the boundary of the^4 region
in which it is possible to study nuclear structure, rather than
the spatial picture of the strong interaction, it will be neces-
sary to carry out correlation experiments (see Refs. 10, 38,
and 68, for example).

In summary, the methods of high-energy physics have
proven their effectiveness in research on short-range correla-
tions in nuclear wave functions. In a next step in the re-
search, these methods may make it possible to study in detail
the structure of these correlations. For theoretical nuclear
physics, the presence of even crude experimental informa-
tion on the magnitude and properties of the short-range cor-
relations and on the properties of nuclear forces should have
important practical consequences.

The problem of calculating the effective nucleon-nu-
cleon interaction potential in terms of the interaction of nu-
cleons in vacuum has been simplified slightly. Most of the
progress in the quantitative description of the consequences
of the small internucleon distances in a nucleus has resulted
from the use of an expansion of the high-momentum compo-
nent of the nuclear wave function in the sum of the contribu-
tions of short-range correlations, which are of a universal
form, independent of the particular nucleus. It is this proper-
ty which has made it possible to conceal the short-range nu-
cleon correlations in the parameters of a universal effective
potential describing the interaction of quasiparticles. In oth-
er words, the information which poses the most serious diffi-
culties to calculations by the methods presently available
can be extracted from experimental data in a universal form.

In high-energy inelastic processes, one studies the
short-range correlations, primarily near the center of the nu-
cleus.341 It is thus possible to make a slightly more direct
comparison with the theory of infinite nuclear matter here
than in low-energy processes.
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5. CONCLUSION

1. The present QCD theory of strong interactions indi-
cates a need for a qualitatively new interpretation of the
short-range part of nuclear forces on the basis of the quark-
gluon structure of hadrons.

2. The derivation of a quantitative theory of nuclear
forces on the basis of QCD is a difficult problem, since we
lack suitable calculation methods for dealing with the inter-
action of particles at distances > 1 fin, which are usually im-
portant for most nuclear phenomena (the methods of QCD
perturbation theory cannot be used). The long-range part of
the nuclear forces, for r% \/m,, can be described by the
exchange of a IT meson and, perhaps, the exchange of two -IT
mesons. The existence of a nucleus as a relativistic system of
nucleons is a consequence of the presence of a spontaneously
broken chiral symmetry in QCD.

3. Recent studies of high-energy processes with a large
momentum transfer to the nucleons of a nucleus have proved
to be an effective tool for studying short-range nucleon cor-
relations in nuclei. As new numerical methods for solving
the many-particle Schrodinger equation are developed, and
as progress is made in the analysis of hard nuclear reactions,
a detailed test of the basic assumptions on which nonrelati-
vistic nuclear theory is based will become a practical possi-
bility.

4. The methods of conventional nuclear physics, which
make use of the concept of quasiparticles, are applicable to
phenomena in which the contribution of a high-momentum
component is not especially enhanced. In this approach, the
effects of small internucleon distances are "concealed" in
the parameters of the effective potential. In this sense, QCD
does not discredit the existing methods in nuclear theory.

5. The next steps in the research will be (a) to study the
quark-gluon wave functions of the nucleus over a broad
range of x in deep inelastic scattering of leptons by nuclei, (b)
to measure the A dependence for the probabilities of short-
range correlations in measurements in (e,e'j reactions at
large Q2, (c) to study the structure of correlations and to seek
exotic degrees of freedom in nuclei with the help of
(e,e'N(A,N*)) reactions and hadronic processes, and (d) to
study in detail two nucleon correlations in experiments with
polarized deuterons.

We wish to thank R. G. Arnold, A. M. Baldin, B. Willis,
V. B. Gavrilov, V. N. Gribov, A. V. Efremov, L. A. Kondra-
tyuk, G. A. Leksin, I. A. Savin, A. A. Sapershtein, Yu. A.
Simonov, V. A. Khodel', and C. Giofi degli Atti for useful
discussions.

APPENDIX

Geometry of high-energy processes and short-range
nucleon correlations

To a large extent, the study of short-range nucleon cor-
relations in nuclei by the methods of high-energy physics is
based on the use of a scattering geometry familiar from the
Glauber approach. However, the multiparticle nature of
high-energy processes and the resulting significant momen-
tum transfer to the nucleons of the nucleus in a typical in-
elastic process make the external manifestations of short-

range nucleon correlations qualitatively different from the
typical physics at energies of the order of hundreds of MeV.
Our purpose in this appendix is to explain the typical ideas
and discussions in the analysis of high-energy processes. A
more detailed discussion can be found in the review of Ref.
38.

The simplest example, and the one most important for
relativistic nuclear physics, is the deep inelastic scattering of
leptons by nuclei:

+ X. (A. I)

All the notation corresponds to Fig. 2. To describe process
(A. I) at large Q 2, and at values of x which are not too small,
we can use the impulse approximation in a model in which
the nucleus is described as a system consisting exclusively of
nucleons. The form of the equations, however, is slightly
different than in nonrelativistic nuclear physics because of
the need to consider recoil. In our case there is no nonrelati-
vistic Schrodinger equation to describe the scattering pro-
cess, so that equations must be extracted directly from the
diagrams of the time-dependent noncovariant perturbation
theory. An attempt to calculate F2A by the method custom-
ary in the nonrelativistic theory, in terms of the Schrodinger
wave functions of the nucleus, leads to a paradox. To illus-
trate the situation, we consider scattering by a deuteron.
Formally, the impulse approximation corresponds to the
diagram in Fig. 20. The amplitude of the elementary process
enters off the mass shell in this case. It is useful to calculate
the nonconservation of the invariant energy in the upper
block between the final state and the intermediate state, A:

A = [«,= (? + PD-PSP)2] - {st = (P -r Pj2]; (A.2)

herepsp is the 4-momentum of the spectator nucleon, given

= (VWN +k2, - k );/>lnt = (V^N +£2£)is themo-
mentum of the nucleon with which the interaction occurs; sf

is the invariant energy calculated from the final state; and st

is that calculated from the intermediate state. Simple calcu-
lations yield

A = 2?0 > - 2M

(A.3)

Since the amplitude for the elementary process—the wave
function—falls off with increasing A, we conclude that this
contribution is zero (even in the limit k—»0). Despite the
paradoxical nature of this result, it is correct, and it reflects a
specific feature of relativistic effects and multiple produc-
tion. A detailed discussion of these problems goes beyond
the scope of the present paper; the reader is referred to Ref.
38. The formal reason for the paradox is that we have not

FIG. 20.
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considered all the diagrams but only those which are cus-
tomary in the nonrelativistic theory, where energy is not
conserved in the intermediate state. On the other hand, to
bring out the important diagrams it is useful to study the
equivalent system of diagrams in which 2/>,~ but not

2/>/+ (P* = VWN +pj ±Ptz} is conserved in the intermedi-
ate state. We direct the z axis along the momentum of the
photon. It is convenient to introduce the light-cone variables
a,- = Ap,~ /p^ and kit. The condition for the conservation of
2iPi~ is then equivalent to 2a,- = A. Here the sum is over all
the particles in the intermediate state into which the nucleus
A goes. An analogous calculation of the difference
sf — s{ = A yields the following result in this case in the limit
g0—>oo:

We see that A^o^^ is finite. Furthermore, in the energy de-
nominators which characterize the time evolution of the sys-
tem we can ignore A in comparison with W2 (Bjorken and
Feynman scaling).35' We thus find, from simply an analysis
of the simplest physical phenomenon, that the wave func-
tions of the nucleus on the light cone must be used in order to
describe high-energy scattering. Here we will not discuss the
more general arguments for this assertion, which are based
on the Gribov-Feynman space-time picture of the strong in-
teraction.38 Our reward for the correct description of the
scattering is a simple relation between the hadronic and
quark-gluon degrees of freedom in the nuclear wave func-
tion.361 This circumstance is familiar in the theoretical work,
from the saturation of the sum rules in current algebra and
from the success of the dispersion sum rules. The use of nu-
clear wave functions on the light cone makes it possible to
derive directly from Feynman diagrams an impulse-approx-
imation expression for the nuclear structure function .F2A in
terms of the nucleon structure function F2ti(x>Q2) and
p^(a,kt), the density matrix of the nucleons in the nu-
cleus.132 It is simple to show that at small values of 11 — a\
and kt the diagrams which are of importance for p^(a,k,)
are the same as the diagrams of nonrelativistic nuclear the-
ory.38 In this kinematic region, p™ (a,k,) can thus be calcu-
lated by the standard nonrelativistic nuclear theory.

The correspondence between the dynamics on the light
cone and the nonrelativistic nuclear theory can be explained
in the example of the interaction of two spinless nucleons.
The restiction to nucleon degrees of freedom leads to a Wein-
berg equation for the amplitude for NN scattering off the
mass shell:

4 ' "»•» a5(2-a5) 4 '"*• " ~ a3(2-a3)

are the invariant masses of the systems of nucleons 5,6 and
3,4. The potential Kis the sum of the diagrams which do not
have a two-nucleon intermediate state.

The Lorentz invariance of T and V on the mass shell
dictates the form of V off the mass shell: V =
V(k2,k "2,(k - k ")2.Here/fc(/t") is the momentum of the nu-
cleon at the center of mass of the initial (intermediate) state,
and

«,= I.*
— Kt

(To find this restriction it is convenient to transform to the
center-of-mass frame of the colliding nucleons, in which T
and V are rotationally invariant on the mass shell. Conse-
quently, the terms of the perturbation-theory series for the
amplitude for NN scattering in the potential Fmust be rota-
tionally invariant. From this condition it is a simple matter
to derive the general form of the potential V which is given
above.) As a result of incorporating the restrictions on the
shape of the potential V, we find that the Weinberg equation
takes the form similar to that of the nonrelativistic Schro-
dinger equation:

(A.5)

This equation was discussed in Refs. 38 and 166 in connec-
tion with the light dynamics of the deuteron. The restriction
derived above on the shape of the potential is a nontrivial (for
quantum mechanics on the light cone) manifestation of the
rotational invariance of the theory. The simple form of the
angular-momentum operator arises as a consequence of the
restriction to nucleon degrees of freedom. (The same form
was proposed for the angular momentum by Terent'ev167 in
the context of quark models.) In quantum field theory in
perturbation theory, because of the nonconservation of the
number of particles in the intermediate state, the angular-
momentum operator is much more complicated. The reader
is directed to Ref. 38 for a discussion of the various questions
associated with the many-particle Weinberg equation and its
relationship with nonrelativistic nuclear theory.

4- J F(«4,

X a5(2-a5

fcjj, oc3, K^3)

\(Ml,*-Ml

K5> "-151 a3i

here [da/a(2 — a)]d2kt/(2ir)3 is the phase volume for the
two-nucleon system, a, and kt are the light momenta of the
nucleons in the initial and final states, \/(M\<6 — M\A) is
the energy denominator for the two-nucleons state, and

"All the notation corresponds to Fig. 2; x = — 02/2mN qa is the standard
Bjorken variable, q2 is the square of the 4-momentum, and qa is the
energy transferred to hadrons.

2)A similar change in the characteristics of excitons is expected in a noni-
deal exciton gas of sufficiently high density.21 The analogy between a
superdense nuclear medium and the physics of the phase transition of a
gas of excitons into electron-hole droplets21'22 may thus prove valuable.

3)This value of the momentum component of the wave function of the
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nucleus is consistent with the calculations which have been carried out
in the Brueckner model,8 where its value is 75-85%.

41 As Baldin has pointed out,86 a qualitatively similar behavior is observed
in high-energy hadronic processes for the cross section for fragmenta-
tion of pions from nuclei. The dependence on the atomic number for the
EMC effect, however, is considerably weaker than that in the case of
fragmentation of pions from nuclei, where the cross section at
0.6 < x < 1 can be parametrized as A 2/3 + "3 (Ref. 86; cf. Fig. 4 of the
present paper). We do not rule out the possibility that this difference
stems from the absorption of pions in the nucleus (Ref. 87, for example).
Furthermore, the fragmentation "He—>ir has so far revealed an increase
in the yield of pions, rather than a decrease, as in Ref. 14.

''Calculations using realistic nuclear wave functions show that (2.7) is a
reasonable approximation of (2.5) at x<0.6. We emphasize that the
uncertainties in the magnitude of the correction for Fermi motion at
x < 0.6 are small, since (k \ > is known from experiments on the scatter-
ing of electrons by nuclei in the quasielastic region.

''Figure 1 incorporates a small correction for the nonidentical p and n
numbers in Fe.

"Analysis of experimental data on hydrogen indicates888 that at x > 0.65
a high-twist contribution will be important in the Q 2 region studied in
Ref. 14. At x>0.65, the measurement of F2A(x,Q2) in Ref. 14 is not
expressed directly in terms of the quark distribution in the nucleus, and
the Fermi-motion effects according to the estimate of Ref. 88b are sub-
stantially weaker than at Q 2 ~ 100 GeV2.

81 An admixture of A isobars in the nuclear function, at the level ordinarily
considered in nuclear physics, does not explain the effect: When charge
independence is taken into account, we find that we need a ~30% ad-
mixture of A isobars.89

"This limitation can be relaxed by introducing not only a multiquark
component but also a pion component in the nuclear wave function
(Refs. 25 and 27, for example).

""Other experimental indications of compressed configurations in had-
rons have been discussed in the literature. It has also been suggested that
experiments be carried out to search directly for compressed configura-
tions.98-102' 19'20'38

"'This result agrees with the hypothesis of vector dominance, which is
ordinarily applied to the yNN vertex, in the sense that as a nucleon is
compressed the relative weight of compressed configurations in the
photon will increase. We recall that compressed configurations have
been observed in the photon in the process yy—»hadrons (Ref. 103, for
example).

121 As J. de Kam and H. J. Pirner have pointed out (1982), effects of this
type are important for stabilizing a bag with a pion field.

13)This is the range of A£ values which is required for explaining diffrac-
tion processes at nucleons and nuclei.99'100

""The swelling of quasiparticle nucleons in nuclei has been under discus-
sion for a long time in nuclear physics; see, for example, the papers by
Noble'07 and Kopeliovich and Niedermayer (1981). The characteristics
r* and m* of this entity107 are qualitatively different (r*/r!m = mN /
m*~l.3, mN =0.25 GeV, from those for a bound nucleon in a nucleus
(2.18). We wish to stress that the cross section for deep inelastic scatter-
ing of leptons by nuclei cannot be expressed in any simple way in terms
of the cross section for scattering by quasiparticles. If we ignore the
qualitative difference between a quasiparticle and a bound nucleon in a
nucleus, if we use Noble's assumption r*~\/m*, and if we use (2.18)
without the factor of 2/3 and (2.8), then we can fit the EMC data.108 The
cost of ignoring the dependence of the interaction on the radius of the
quark-gluon configuration is the value found in Ref. 108 for the nuclear
binding energy (per nucleon): E = mN — m* — (k A

2)/2mN

= - UA - 3/t2/10mN =30 meV.
15)The correction to the magnetic moments of the nucleons bound in a

nucleus for swelling of a nucleon leads, in the MIT bag model for the
nucleon, to an increase in /*theo by a factor of r^ana /rtm (Ref. 20) and
significantly improves the agreement between the theoretical calcula-
tions of /id and/*!„,. +/i>H with experiment.

161 As readers from the field of particle physics are well aware, the renor-
malizability of the interaction of massive vector mesons requires trilin-
ear and quarternary interactions of vector mesons, the introduction of a
scalar particle, and the introduction of a spontaneous-breaking mecha-
nism, which gives vector mesons a mass.

171 Although calculations of the absolute values of the hadron form factors
in QCD perturbation theory have been unsuccessful, dimensionality
estimates of the Q 2(x) dependence of the elastic (inelastic) form factors of
hadrons agree fairly well with experiment.

18)We wish to thank Yu. M. Makeenko for a discussion of this question.
""Because of the zero isospin of D, it has no AN component.

20)Here a/A is the fraction of the momentum of the nucleus which is
carried offby the A isobar in the frame of reference in which the nucleus
is fast [see Eq. (4.9)].

21)The successful description of the many characteristics of heavy nuclei
by the conventional nuclear approaches is difficult to use to find limita-
tions on PCI, since this description is based on an effective NN interac-
tion in whose parameters a large nonnucleon component might in prin-
ciple be "hidden."

22lThis result follows from the requirement that the two-nucleon approxi-
mation for the wave function of the NN system on the light cone hold
for an arbitrary direction of the quantization axis. If the potential in the
Weinberg equation violates this condition, then it is not possible to
achieve Lorentz invariance for the amplitude for NN—>NN scattering
on the mass shell.

23>The calculations of Ref. 132 with the same wave functions are also
successful in describing the elastic form factors of the deuteron37 up to
Q2~4 GeV2. In this case, however, the cross section depends strongly
on the electric form factor of the neutron, about which little is known
experimentally.38'132-135

24'Bosted et al.136 report that a fit of experimental data on the (e,e'| reac-
tion at the deuteron requires a high-momentum component of the deu-
teron wave function larger by a factor of two or three than in the stan-
dard deuteron wave functions. Giofi degli Atti has shown that this
conclusion is basically a result of some incorrect approximations used in
the data analysis in Ref. 136.

25)Since W2 is bounded in this reaction, a final state interaction can be
significant. The impulse approximation using plane waves to describe
the final state, as a consequence of the attraction between nucleons,
underestimates the cross section. This question requires further study.

26)It was assumed in Ref. 140 that the process results from the scattering
by 6q and 9q configurations. Since the kinematics of the process is near
the threshold, the use of the scaling formulas in Ref. 140 and thus the
approximation of completeness are unjustified. It is necessary to take
into account the suppression of the cross section which results from the
small value of the overlap integral with the two-nucleon, three-nucleon,
etc., systems.

"'Corrections for the finite separation energy of the nucleons show that
relation (4.6) should begin to hold at large values of v for heavy nuclei.

28)R. G. Arnold has informed us that data on electron scattering by alumi-
num at x > 1 are presently being subjected to a special analysis.

29)The behavior of F2^(x,Q2) at *>1 had been analyzed previously596 in
the fluctuon model. The expression derived for.F2A (x,Q 2) at* ~ 1 in Ref.
59b leads to a=0.4. The cumulative number79 used in the analysis27'146

of the production of cumulative TT mesons depends on E^ and thus
leads to a violation of limiting fragmentation.

3°'By virtue of the kinematics of vN scattering, the relative contribution to
the scattering by the nucleon moving opposite to v, accompanied by the
production of a cumulative nucleon, is less than 1% (Ref. 147). This
result poses a serious difficulty for mean field models,60"63 where only
this mechanism for the production of cumulative nucleons is consid-
ered. The production of cumulative nucleons from correlations not vio-
lated by v is sharply suppressed by the final state interaction (see, for
example, Ref. 10).

3 "With decreasing initial energy, the final state interaction becomes in-
creasingly important, in particular because of two-step processes in-
volving the production of a A isobar in an intermediate state.I50'151 This
contribution to the cross section is also determined by the probability
for binary nucleon correlations, since it is proportional to ji/>D(fc~0.3
Gev/c|2. A possible role of this process is indicated by data on pD scat-
tering at£p = 1 GeV (Refs. 152and 153), where the contribution of the
spectator mechanism is a small fraction of the cross section (see Ref. 54,
for example). At a higher energy it is possible to avoid the corrections
due to these processes by selecting events with the average multiplicity.

32)In the case of heavy nuclei, a substantial contribution to the production
of cumulative nucleons (but not of pions!) comes from the disruption of
short-range correlations by secondary particles.38 This effect gives rise
to an additional factor y\A ) on the right side of (4.13). Although the
absolute yield of cumulative p and tr from heavy nuclei can be described
when these phenomena are taken into account, the extent to which the
analysis is ambiguous is not clear. With decreasing initial energy,
expression (4.13) becomes qualitatively incorrect, since in this case the
hadron can produce cumulative nucleons only from the region near the
surface of the nucleus. See Refs. 38,94, and 155 for attempts to estimate
the contribution of few-nucleon correlations to the production of cumu-
lative nucleons in pA scattering at Ep < 1 GeV.

33)On occasion it is assumed in the fluctuon model45'51-57-58 and also in the
coherent-tube model159 that partons of the fast nucleus which belong to
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nucleons at the same impact parameter are coherent. So far, no dynamic
mechanism has been proposed for the establishment of such a coher-
ence. In QCD perturbation theory, there is no such effect (see the discus-
sion in Ref. 69), since the Lorentz compression of the fast nucleus in the
fragmentation region of the nucleus is cancelled exactly by Lorentz time
dilation. We recall that the coherent-tube model runs into qualitative
difficulties in a description of hadron-nucleus scattering (Ref. 160, for
example).

34)In low-energy processes, the distribution of the nucleons near the Fermi
surface is studied, while at high energies in elastic hA scattering the
distribution of nucleons near the surface of the nucleus is studied.

35)The logarithmic violation of scaling which occurs in QCD is inconse-
quential here. _

36lThe recipe for incorporating NN pairs in nuclear wave functions by
means of Bethe-Salpeter wave functions—a polular recipe in theoretical
nuclear physics—violates the exact sum rules which follow from QCD
and makes the Glauber approximation unsuitable for describing high-
energy processes.38
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