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The experimental and theoretical studies of lepton deep-inelastic scattering on nuclear targets are
reviewed. The main problems which must be solved in analyzing the x and A dependences

of the deep-inelastic cross sections are outlined. Several of the models proposed for studying the
contribution of nuclear effects to the structure functions F,(x) are analyzed. A relativistic
field-theoretical approach to studying lepton deep-inelastic scattering on very light nuclei is
developed. The modifications of the nucleon structure in D, H, 3He, and *He are studied

for the first time within a unified approach. It is found that the modifications evolve in a manner
completely different from that observed earlier for heavy nuclei. In particular, it is found

that the pattern of F,(x) modifications represented in terms of the ratios F ’Z*/F b

ND) is determined

by the values (1—x;)=0.32 (D/N), 0.16 (*He/D), and 0.08 (*“He/D). These results allow

the definition of the class of modifications of the bound-nucleon structure and the introduction of
the unit of nucleon-structure modification. Theoretical justification of the concept of two-

stage evolution of the nucleon structure as a function of A, the first stage occurring for A<4 and
the second for A>4, is also obtained. The long-standing problem of the nature of the EMC
effect is explained as a modification of the nucleon structure in the field of the nuclear forces in a
three-nucleon bound system. © 1999 American Institute of Physics. [S1063-7796(99)00106-0]

1. INTRODUCTION

The proton and neutron differ most significantly from all
the other representatives of the large family of hadrons in
that their lifetimes in the free state are very long: ~890 sec
for the neutron and practically infinity for the proton. They
are therefore our principal source of experimental informa-
tion about the structure of strongly interacting particles. The
generic name for these two particles is the nucleon, and they
are viewed as the constituents of the smallest representative
of the macroscopic world, the atomic nucleus. Nucleons are
stable inside the nucleus, which explains the extensive use of
nuclear targets in high-energy physics experiments. The
deep-inelastic scattering (DES) of leptons on free protons
and on the nucleons of a nucleus A has led to the discovery
of the nucleon constituents, quarks, and has become a fun-
damental experimental tool for studying hadron structure.

In the scattering process

I+A—1"+X, )

a lepton / with momentum £ is scattered on a nucleus A with
initial four-momentum P and large four-momentum transfer
g=k—k'. Inclusive experiments on DES record only the
final lepton with momentum k', and X is used to denote the
unobserved final hadron state of the reaction. In the lowest
order in the electromagnetic coupling constant a= e2/41r this
process can be depicted schematically by a one-photon ex-
change graph, as in Fig. 1.

In this approximation, the cross section for the reaction
(1) can be written as a contraction of hadron and lepton
tensors:!

al
d&«q—4L’“’(k,k' YW ., (P,q). )
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The lepton tensor L*” describes lepton emission by a hard
photon. Since the lepton is assumed to be a point particle, the
expression for L#? takes the simple form

1 ' ’
Lufkk')=22 @ (k') y,ub (k)@ (k) y,u® (k). (3)
2%

All the information about the target and its nuclear prop-
erties is contained in the hadron tensor, which has the form

1
W P.a)= 5 2 (Pl In)(nlJ,|P)(2m)*

X 8 (P+q—p,). 4)

This definition allows the hadron tensor of the nucleus to be
related to the amplitude for forward Compton scattering by
means of the unitarity relation:

1
W;LV(P’q)=ﬁImT,u.v(Paq)' (5)

In the case of electron (muon) scattering on an unpolar-
ized target, the tensor W, can be written most generally as

Wy(v,q>
2v.q )P"P”

WEY(P,q)=W,(v,q})g""+
W4(V"12)
Ry i
Ws(v,9%) )
+ _MZ—(P”’q +q”’Pv), (6)

where v=g, is the photon energy and the W; are the target

structure functions. Owing to the condition for gauge invari-
ance
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FIG. 1. Graph schematically depicting deep-inelastic scattering in the one-
photon approximation.

q,W**(P,q)=0, ™
the hadron tensor depends only on two structure functions:
9.9
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In the Bjorken limit (— g2= Q?— o, v— ) the condition for
scale invariance is realized, and so it is possible to change
over to structure functions independent of g%

MW,(v,g*)—F(x),
vW,(v,q%)— Fy(x), (8)

where F; and F, are scale-invariant structure functions
(SFs), and x=—q?/(P-q) is a new scale-invariant variable,
sometimes called the Bjorken x variable. Using (8), W, can
be written as

9udv

1
W, (P,q)=| —8uvt —q'f_)Fl(x)+ Pa

P-q P-q
X P,u-?_q,u, P,— ?—qv F2(x)-

©)

The pioneering experiments in the late 1960s at SLAC,
in which the scale invariance of the nucleon structure func-
tions was discovered, led to the development of quark—
parton models of hadrons. Ten years later a new generation
of experiments confirmed the predicted logarithmic violation
of scale invariance, which proved fundamental for the devel-
opment of quantum chromodynamics (QCD) as the theory of
strong interactions. Further studies of the isospin asymmetry
in DES and experiments using polarized targets and incident
particles showed that the ideas about the spin and isospin
structure of the nucleon current at that time did not agree
with the experimental results.? A possible interpretation in-
volved the assumption that the isospin symmetry of the
quarks in the nucleon is violated. It became obvious that the
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real picture of the internal nucleon structure is much more
complicated than that assumed in the quark—parton model.
This stimulated interest in precision tests of the validity of
the Gottfried,? Ellis-Jaffe,* and Bjorken® sum rules (SRs).

The binding of the nucleon constituents (quarks and glu-
ons) possesses the unique feature that its structure is pre-
served at any of the energy transfers accessible at present. It
is not excluded that the nonemission of quarks from inside
the nucleon is a fundamental property of the nucleon which
is preserved at higher energies. This phenomenon, which is
known as confinement, makes it impossible to study nucleon
structure directly, independently of any model representa-
tions. The details of the structure hidden from the observer
can be compared to the contents of a black box, the standard
methods of studying which consist of studying the depen-
dence of the response of the object to various perturbations.
By making various assumptions about the internal structure
of the nucleon, it becomes possible to arrive at a model
which is consistent with the dependence obtained experimen-
tally. However, under the conditions of an actual experiment
it is impossible to test the initial (model) assumptions in the
entire range of kinematical variables. This statement is also
true of the most accessible nucleon target, a proton target,
and, to an even greater degree, a neutron target, for which
deuterium targets are used. In the latter case it is simply
impossible to obtain information about the neutron structure
from the experimental data without model assumptions about
the effects of the proton and neutron binding in the deuteron.
In other words, it turns out that the experimental study of the
nucleon structure requires as accurate as possible a priori
information about this structure.

These problems were manifested most acutely just when
it became possible to make a precision comparison of the
deuteron structure and the structure of a nucleon bound in a
heavy nucleus. It was traditionally assumed that not only
protons but also nuclei can be used as nucleon targets in
DES, as long as the latter are treated as a set of quasifree
nucleons. The neglect of nuclear effects was based on the
assumption that the binding energy in the nucleus can be
neglected in comparison with the energy transfer from the
lepton to the nucleus, so that the nucleon and the nucleus can
be viewed as systems isomorphic to each other. The incor-
rectness of this idea was demonstrated by the EMC (Euro-
pean Muon Collaboration) experiment, which measured the
ratio of the SF of iron F l;e(x) and that of the deuteron F ZD(x)
(Ref. 6). The EMC experiment showed that the structure of
nucleons bound in the nucleus is changed in a nontrivial
manner: at intermediate values of x, the SF of the free
nucleon (a deuteron in the EMC experiment) proved to be
considerably larger than F §e(x). First of all, this modifica-
tion of the SF contradicted traditional nuclear-structure mod-
els. Second, the nature of the variation of F' ge(x) as a func-
tion of x was only in qualitative agreement with the ideas
about nuclear binding effects. It proved impossible to obtain
quantitative agreement with the data, no matter what model
was used to describe the effect.”” The observed modifica-
tion of the SF of a free nucleon inside the nucleus was called
the EMC effect.

A large number of models and multiple variations of



Phys. Part. Nucl. 30 (6), November—December 1999

them have been devised in order to reconstruct the pattern of
modifications of the structure of a free nucleon by a nuclear
medium. They are discussed in several reviews (see, for ex-
ample, Refs. 8 and 9). These models fall into three basic
groups:

(a) explanation of the EMC effect by taking into account
the nucleon separation energy, the relativistic Fermi motion,
and nucleon—nucleon correlations;'%!!

(b) the hypothesis that the EMC effect is related to non-
nucleon degrees of freedom;'?~!7

(c) the suggestion that the quark confinement radius
changes.!8-2

In spite of the qualitative differences between these ap-
proaches to explaining the nature of the effect, many of them
reproduced the general pattern of the effect, and some even
satisfactorily described the experimental data in a limited
kinematical region (as a rule, for 0.3<x<0.7). Agreement
was obtained at the price of introducing fitted parameters.
Nevertheless, attempts to describe the experimental data si-
multaneously in a wider range of x and for various nuclei
proved unsuccessful. Naturally, given this situation, it was
impossible to reject categorically many of the models and
decide upon a unique mechanism for the EMC effect.

Improvement of the model description of the effect con-
tinues to this day. Of the recent publications, it is worth
mentioning an approach which proposes an additional QCD
evolution,”l a model of phenomenological double Q2
rescaling,?? and a model which deals with the EMC effect in
the range 1073<x<0.7 by parametrizing the nuclear bind-
ing and swelling of the nucleon.”® A parton model for de-
scribing the distribution of sea quarks and gluons in nuclei
was proposed in Ref. 24. In addition to studying the EMC
effect in heavy nuclei, that study considered the parton dis-
tributions in the deuteron, and a relation between the deu-
teron and neutron SFs was obtained.

A method which is largely an alternative to all the other
approaches was developed in Refs. 25 and 26. In order to
avoid the problems of theoretically describing the nuclear
structure for a finite value of the atomic number A, the au-
thors of Ref. 26 studied the modification of the nucleon
structure in infinite nuclear matter. The cross section for the
reaction (1) in nuclear matter can be estimated by extrapo-
lating the cross sections measured for a number of finite
values of A to the region A— o, assuming an A"IB
dependence.?

We think that these new studies can be viewed as a good
argument for the importance of solving the problem of find-
ing a model-free description of the modification of the struc-
ture of the bound nucleon in relation to that of the free
nucleon.

The wealth of experimental data which has by now been
obtained by the various nuclear collaborations SLAC,
BCDMS, NMC, and E665 allows the explanation of a num-
ber of fundamental regularities in the x and A dependences
of the ratios of the structure functions of heavy nuclei and
the deuteron. The most important result from our point of
view is the discovery of a universal x dependence (the same
for all nuclei with mass A=>4) of the ratio r%(x)
=F4(x)/F3(x), first in a limited range of the variable x,2’
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and later in the entire range accessible to current experi-
ments, 1073<x<0.95 (Refs. 28—30). The main feature of
the discovered regularities is the fact that the three points x;
(i=1,2,3) at which F’2‘(x,-)=F2D(x,-) are independent of A.
However, this result was used only as a technical method of
taking into account the A dependence, and not as the key to
understanding the nature of the EMC effect. It is therefore
natural that not only did the proposed models not reproduce
this regularity, but they even failed to describe the current
experimental data with a reasonable degree of reliability.
Meanwhile, the experimental information already accumu-
lated on lepton DES on nuclei for A=4 convincingly shows
that the binding of the nucleons in the nucleus, and also the
saturation of nuclear binding effects for A—4, are the main
mechanisms modifying the structure of the free nucleon.?=°
It should be noted that numerous theoretical studies empha-
size the importance of taking into account the nucleon bind-
ing mechanism in the nucleus.!'*'*2 However, they do not
attach enough importance to the effect of saturation of the
binding forces in few-nucleon systems.

It seems to us that the problem of describing the EMC
effect is most often reduced to a search for the necessary
conditions ensuring that the ratio F ’z*(x)/F g(x) is different
from unity. Here there is extensive use of both little-studied
subnucleon degrees of freedom!>!>18-20 and exotic nuclear
constituents,'**3~%® and of the nucleon—nucleon interaction
model (Refs. 11, 12, 31, 32, and 41).” As a result, the suc-
cess in describing the data and, consequently, understanding
the evolution of F5(x) in a nuclear medium have depended
to a large degree on the accuracy of describing the nucleon
structure and the nucleon—nucleon interaction.

In order to break this closed cycle, it is necessary to
reconstruct the pattern of relative changes in the structure of
the bound nucleon on the basis of the general properties of
the nucleon and the nucleon—nucleon interaction, which can
be obtained from the properties of symmetry and analyticity.
On the other hand, the fact that a nucleon located in a
nucleus is changed leads to additional possibilities for the
theoretical study of nucleon structure and the determination
of some of the nucleon properties on the basis of the most
general principles.

It is our conviction that the key problem is the system-
atic relativistic description of nuclear binding effects. The
most suitable object for studying the basic effects is the sim-
plest nuclear system: the deuteron. As will be shown below
for the example of calculating F 2D(x), the relativistically co-
variant approach*? allows the nuclear effects observed in
DES to be explained within a unified physical picture admit-
ting a relatively simple interpretation. The relativistic expres-
sions for the n-nucleon Green function and for the vertex
function describing the nuclear state in terms of nucleon de-
grees of freedom determine a relation between the dynamical
structure of the nucleon and the time interval At separating.
the observed nucleon and the residual nucleus (a nucleon in
the case of a deuterium target)—the nonsimultaneity of the
nucleons in the nucleus. The explanation amounts to attrib-
uting the modification of the structure of a nucleon bound in
the deuterium nucleus [ F ZD (x)/F 12V (x)# 1] to the nonsimulta-
neity of the nucleons in the nucleus. This theoretical result
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makes it easy to demonstrate the relation to the nonrelativis-
tic approach, in particular, how the rescaling of the Bjorken
variable x follows from the dependence on the relative time
contained in the Compton amplitude of the off-shell nucleon.

Generalization of the result to light nuclei (A<4) allows
study of the evolution of F,(x) with varying A and estab-
lishment of the sufficient condition for modifications of the
effect of off-shell nucleon deformation, which for A>4 is
the EMC effect, to be manifested. Thanks to the calculations
performed for A<4 (Refs. 43 and 44), the principal differ-
ences in the evolution of the nucleon structure in the lightest
nuclei and in a nuclear medium with A>4 have been estab-
lished. The concept of two types of evolution allows the
results to be easily generalized to heavy nuclei and makes it
possible to describe practically all the existing experimental
data on DES on nuclei.’

Moreover, the studies which have been carried out make
it possible to obtain a number of general consequences for
the QCD sum rules which can be checked by using nuclear
data. Since most of the current and planned experiments at
SLAC, CERN, and HERA**™* to check the QCD sum rules
and study the neutron SF are based on the data on DES on
light nuclei, such studies are very important from the practi-
cal point of view.

The present review is devoted to the problem of devel-
oping a model-independent approach to studying the evolu-
tion of nucleon structure in nuclei. In Sec. 2 we study the
fundamental approximations used in analyzing DES on nu-
clei. Section 3 is devoted to the principal field-theoretical
methods of studying the properties of bound states for the
example of an n-nucleon system. In Sec. 4 these methods are
used to analyze DES on the deuteron, and the main effects of
nuclear binding are studied for the example of the deuteron.
In Sec. 5 this method is extended to light nuclei and used to
study the A dependence of the structure-function ratios
F4/FY and F4/F2. In the final section we summarize the
main conclusions and results of our study.

2. THE FUNDAMENTAL APPROXIMATIONS

Let us consider the standard assumptions used to analyze
DES on nuclei in field models:

« the one-boson approximation in the bound-state equa-
tion;

« treatment of the DES amplitude as an incoherent sum
of amplitudes on individual constituents;

o representation of the hadron tensor of the bound
nucleon in terms of scalar structure functions in the same
form as for the free nucleon.

The first assumption allows us to solve, for example, the
Bethe—Salpeter equation48 or the quasipotential bound-state
equation49 in the meson—nucleon theory. In this case the in-
teraction between nucleons can be represented as an infinite
ladder of one-meson exchanges. It has been shown*®**~>*
that in this approximation the Bethe—Salpeter equation gives
a good description of such fundamental properties of the
deuteron as its mass, binding energy, and magnetic and
quadrupole moments. It has also been somewhat successful
at describing the deuteron elastic form factors. >4
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The second assumption makes it possible to treat the
squared amplitude Wf“, of DES on the nucleus as the sum of
the squared amplitudes for scattering on the individual con-
stituents. As will be shown in Sec. 4.1, the justification for
this is the suppression of the interference terms in WZV pro-
portional to 1/(Q?)" with /=2 (Ref. 42). Therefore, the con-
tribution of interference terms is important at small 02,
where they can significantly affect the 0? dependence of
wa. The first and second approximations are not indepen-
dent because the interference terms are determined by the
nuclear wave function at large relative momenta. The nature
of the 0? dependence of W';,, at small Q2 can prove to be
important for analyzing DES on nuclei at small x. Therefore,
both the first and the second assumptions may prove to be
unjustified in this kinematical region.

The available experimental data for DES on nuclei per-
tain mainly to the region x> 10~3 and 0%*>1 GeV?. Since
experiments show®> that the ratio F ’2‘/ F 12) is independent of
02, in the calculations we shall restrict ouselves to the
Bjorken limit, where the first and second approximations are
well justified.

The third assumption allows the hadron tensor of a vir-
tual nucleon to be represented in the form (9). This represen-
tation is valid when the nontrivial differences between scat-
tering on free and bound nucleons are small. There are three
such differences, which we shall refer to as off-shell effects:

« the impossibility of using the condition of gauge in-
variance for the bound nucleon in the form (7);

« the contribution of antinucleon degrees of freedom;

* the nonsimultaneity of bound nucleons.

Since it is impossible to use the condition (7), which has
been formulated systematically only for physical particles,
the expression for WZ,, for a bound nucleon turns out to be
more complicated than (9). In general, as analysis in the
quark—parton model has shown,> the amplitude for DES on
a bound nucleon can be constructed by means of 14 structure
functions, of which only three are important for describing
the SF of the bound nucleon in the Bjorken limit. The choice
of the actual number of SFs entering into the expansion of
the hadron tensor depends strongly on the model assump-
tions.

A similar situation also occurs when studying the contri-
bution of antinucleon degrees of freedom, whose role is not
yet completely clear. The contribution of these degrees of
freedom to various observables is usually parametrized as
nuclear effects associated with the quark structure of nucle-
ons or the contributions of various non-nucleon degrees of
freedom. For example, the x dependence of the ratio F LY
in the region x=0.2—0.7 has been explained‘m by studying
antiquark degrees of freedom, the presence of which may be
related to the existence of antinucleons in the relativistic
nucleus. It is also known that antinucleon degrees of freedom
play an important role in analyzing the static characteristics
of nuclei. It has been shown>®*! that the problem of the
combined description of the deuteron quadrupole and mag-
netic moments can only be solved after including the contri-
bution of relativistic P waves in the wave-function normal-
ization. The presence of such waves is associated with
antinucleon degrees of freedom. It was subsequently shown
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that the P-wave contribution to various static and dynamical
characteristics of the deuteron corresponds to the contribu-
tion of paired meson currents in the nonrelativistic
approach.>>’ It is obvious that this off-shell effect cannot be
discarded on the basis of only the approximation of small
relative momenta of the nucleons in the nucleus, because it
affects the low-energy properties of the nucleus.

Thus, to analyze consistently off-shell effects in DES on
nuclei it is necessary to understand the role played by a pos-
sible change in the gauge-invariance condition and the pres-
ence of antinucleon degrees of freedom within the approach
used.

As will be shown in Sec. 3.1, the third off-shell effect
leads in momentum space to the appearance of a dependence
on the zeroth component of the nucleon relative momentum
(the relative energy). We note that the distribution function
f(y) in the linear convolution

F20)= [ avFi @iy ) (10

does not contain any dependence on the relative energy.
Moreover, the use of this expression can be justified only in
nonrelativistic models, where the nucleon binding is taken
into account as additional degrees of freedom> or is ex-
pressed in terms of the nucleon separation energy.!! The sim-
plest method of introducing a nontrivial dependence on the
relative energy is to derive the two-dimensional convolution
formula for the nuclear SF:

FA)= [ dydpiP ety ofr.03), (1)

where the distribution function reflects the dependence on
the squared nucleon four-momentum p12v¢ m?2. In this ap-
proach, to calculate F5(x/y,p%) it is necessary to make ad-
ditional model assumptions not only about the structure of
the off-shell nucleon, but also about the properties of the
distribution function f( y,plzv) in the nucleus.

This approach has been developed in several
studies. 66061 por example, in Ref. 60, Eq. (11) was de-
rived by using an effective diagrammatic technique in the
quark model of the nucleus. In a later study® it was shown
that the p%, dependence in the nucleon SF reduces to allow-
ance for the change of the boundary conditions for the kine-
matical characteristics of quarks in the bound nucleon. This
makes it possible to reduce the two-dimensional convolution
formula (11) to the one-dimensional one (10) with modified
argument of the distribution function f(y). The reduction of
the two-dimensional convolution formula to the one-
dimensional one was later realized in the general case within
a field-theoretical formalism independent of the quark model
of the nucleon.5? It was shown that this trivial kinematical
inclusion of the dependence on the relative energy in f(y)
leads to violation of the baryon sum rule:

dk Mp/2—ko+k
fO)= f Wf(k)ya(y—iM—D"J . (12)

J dyf(y)#1, (13)
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where k is the relative 4-momentum of the nucleons bound
in the deuteron at rest. An essentialiy analogous result was
obtained by using the quark model of the nucleon in Ref. 61,
where it was shown that only the kinematical inclusion of the
pn~ dependence leads to a change of the number of valence
quarks in the nucleon.

Thus, it becomes necessary to introduce a dynamical de-
pendence of the quark distribution in the nucleon on the
square of the total nucleon momentum p,zv. However, as was
shown in Ref. 61, the inclusion of the dynamics, while al-
lowing the number of valence quarks in the nucleon to be
preserved, also leads to a significant weakening of the p,zv
dependence of the ratio F’z‘(x)/F l2:'(x).

Since these approaches are based on the quark model for
the nucleon, they allow the inclusion of a possible off-shell
deformation of the nucleon structure in the nucleus on the
basis of information about the quark structure of the nucleus.
That is, for a consistent microscopic picture of nuclear ef-
fects in DES, it is necessary to construct a quark model of
the nucleus in which the nucleon degrees of freedom can be
isolated. Such a model has been developed in Ref. 63 for the
case of infinite nuclear matter. This model is based on the
model of a quark bag in which the quarks exchange scalar
and vector mesons. It can also be written formally as the
Walecka model,* but with the additional condition that the
average scalar field is changed to the result for the change of
the internal nucleon structure.®> The extension of this model
to finite A by means of the local-density approximation led
to overestimation of the nuclear binding effects by a factor of
two to three.®

An alternative approach free from the uncertainties asso-
ciated with quark models can be developed within the
Bethe—Salpeter formalism on the basis of the general prop-
erties of the nucleon Green functions. In this approach the
nucleon is treated as a four-dimensional black box with the
structure functions as the input dependences. The problem of
analyzing off-shell effects can be reduced to the study of the
deformation of the black box.** In this approach the nuclear
structure function is expressed in terms of the SFs of the
physical nucleons and their derivatives on the mass shell.

3. THE FORMALISM

In the present section we study the formalism for de-
scribing DES on a system of bound nucleons.

In analyzing processes involving bound states in local
field theory, it is necessary to consider particles which are
not asymptotically free. A consistent. procedure allowing all
the information about the physical states contained in the
matrix elements to be carried over to a product of field op-
erators is the reduction technique proposed in Ref. 67. This
technique is based on the assumption that the physical states
in the matrix elements can be treated as being asymptotically
free, and the interaction is switched on adiabatically. There-
fore, bound states, which do not satisfy this assumption, are
excluded from consideration. In order to include bound
states, the reduction technique must be supplemented by a
procedure allowing expectation values in such states to be
expressed in terms of the vacuum expectation values.
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This problem is solved in nonrelativistic field theory by
introducing an external classical field which allows the
bound-state dynamics to be described as particle motion in a
potential well. As a result, the calculation of the expectation
value in a bound state reduces to the calculation of the ex-
pectation value in a one-particle state, and binding effects are
taken into account by introducing the momentum distribution
of this particle. This simple approach can be used to obtain
the nuclear structure function in the form of a convolution.'!
The role played by relativistic corrections and off-shell ef-
fects remains unclear. In quasipotential approaches, the so-
lution of the nucleon bound-state problem reduces to deriv-
ing an analog of the Schrodinger equation with a covariant
three-dimensional potential.“9’68'75 Then the calculation of
expectation values in bound states is essentially the same as
in the nonrelativistic case. However, in contrast to nonrela-
tivistic approaches, the quasipotential method allows quali-
tative study of the role of relativistic and off-shell effects in
deep-inelastic scattering.**->5!

A method of calculating the expectation values of T
products of local operators in bound states was suggested in
Ref. 76. It is being actively used and developed at
present. 48527778 The essence of the method is that expec-
tation values in bound states are expressed in terms of the
vacuum expectation values of a T product of local operators
and the matrix elements for the transition between the
vacuum and the bound state. We shall consider the applica-
tion of this method to direct processes involving a bound
state of n nucleons.

3.1. The Bethe—-Salpeter amplitude

Since the calculation of the DES cross section reduces to
analysis of the forward Compton scattering amplitude (5),
we shall restrict ourselves to considering the procedure for
calculating the matrix element of the 7 product of local op-
erators 7(y;) ... 7(yx) in bound states A:

(AIT(71(y1)-.. m(y)|A), (14)

where 7;(y;) is the set of current operators determining the
nucleon interaction with the external fields. In general, some
of the operators from the set 7;(y;) may coincide. We shall
use the fact that in a definite kinematical region the joint
propagation of n interacting nucleons occurs via the forma-
tion of a bound state. In this case the first term of the series
expansion of the n-nucleon Green function in intermediate
states has the form

OIT(¥ (x1). ¥ (x) F(x)) .. ()0
d’P
= [ S OITCr (e, FCx Dl )

X(A(a.P)|T(¥(x}))|0) 6(min{xo } ~ max{xj}) +....
(15)

Here o denotes the set of discrete quantum numbers of the
state A, and P denotes the total momentum of the state
which, owing to energy conservation, coincides with the to-
tal momentum of the system of fields ¥. The 6 function
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arising in the expansion of the T product in the matrix ele-
ment (15) ensures that the causality condition is satisfied:

min{xo }>max{xg }. (16)

The maximum and minimum coordinates can be determined
by introducing the average coordinate of n fields conjugate
to the total momentum P,

n
2%

n

, (17)

and the nucleon coordinates relative to this point,
X, i=X - X;. (18)

As a result, the maximum and minimum coordinates can be
defined as

max{xo }=Xo+ | max{foi}| ,
min{x } =Xo+ |max{f0‘_}. (19)

Using the integral representation for the  function,

+o @iP0¥0

0("0)‘2 jwp0+15 bo- (20)

we obtain the necessary expression relating the vacuum ex-
pectation value of the nucleon operators and the matrix ele-
ments for the transition from the vacuum to the bound state:

OIT(¥ (x))... ¥ (x,) ¥ (x})... ¥ (x,)|0)

3
2 f(d P dPO £(Po—E)Xo=Xg)

‘IT) 27 €
X ¢ ~#Po=E)|max{%y }| +|max{%g })

(OIT(‘I’(XI) ‘P(xn))lA(a INT(¥(xy)... ¥ (x, ))|0)
—E+id

@n

This expression is inconvenient in that it involves two sets of
coordinates simultaneously, {x;} and {X.%;}. To eliminate
this we shall change over to using the second set of coordi-
nates everywhere in the calculations. Owing to translational
invariance, the following relation holds for the fields ¥

W (x+5)=e"Pr¥(%)eiPx. (22)

Replacing x; by X—X; in the operators ¥ and ¥, and shift-
ing by X, using the transformation (22), we introduce the
matrix elements for the transition from the vacuum to the
bound state in the space of relative nucleon locations:

e"'ﬁX\I'(x,,)e”;X)lA)

i(EXg—P-X)
:

(0|T(e™PXW (x,)eiPX...

=X2,P(fl saxsXp)E
(A] T(eiﬁX‘F(x{)e_iﬁX...eiﬁX‘F(x,',)e_"’;X)|0)
=X p(F] . E) e HEX0mR D) (23)

Although the functions )(‘: formally depend on n variables,
only n—1 of them are independent, owing to the equation
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n

> %=

i

As a result of these transformations, Eq. (21) takes the form

(OIT(¥(5)... W (Z) T (x))... P(%,)])
A (= = \ = =/ =t
i —x! Xa,P(xl'--xn)Xﬁr,P(xl’“'xn)
E J(zw)‘em ) Po—E+id

(24)

Since the integral with respect to P, is determined by the
behavior of the integrand near the pole at Po=E, we have
omitted the exponential factor exp{—i(Py—E)(|max{%y;}
|+Imax{zo})}-

The unknown functions )(“; pand X/: p introduced above
and entering into the matrix elements for the transition from
the vacuum to the bound state in (23) describe the nuclear
state in terms of the degrees of freedom of the virtual nucle-
ons and are called Bethe—Salpeter amplitudes. These ampli-
tudes allow the solution of a fundamental problem, namely,
the expression of the expectation values in bound states in
terms of the vacuum expectation values.

3.2. Analysis of the matrix elements in the
Bethe—Salpeter formalism

In order to explain how the matrix element (14) can be
related to the nucleon Green functions and the Bethe—
Salpeter amplitudes, we consider the matrix element

(O|T(¥ (xy)... ¥ (x,) m(y1)- . ﬂ(yk)‘F(xi)---‘P(x,',)|?2)5)

near the singularity of the n-nucleon bound state at
P’=M>
We expand the time-ordered product in the matrix ele-

ment (14) in a product of matrix elements of ¥, 7, and .
For this we choose the maximum and minimum zeroth com-
ponents from the set {x;} in accordance with (19) and write
the T product as two terms:

T(¥(xy)...¥(x,)) 7(y1)--- 7(y) ¥ (x1)... ¥ (x,)
=T(¥(xy)... ¥ x)NT(7(y1)---7(¥e))
- XT(F(x1)...¥(x,)) 6(Xo— Yo— |max{%o }|

<0|T(‘I’(X1)---‘I’(xn) 77()’1)--- 7(ye) ¥ (x)... ¥ (x,)]0)

S Ol (e W (x A PYAPIT (3,

dP, dP| £i(Po=E)Y(Xo—Y0) gi(Py—E")(Y=X) oi(Pg— E)(max{Zg } =3/2) ,i(Py— E")(max{xq } - y/2)
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—|max{¥o }|) 6(Y o~ Xo— | max{%;;}| — max{§, }|)
+T(T(x])... P NT(p(y ) T(Y (x1)... 7(¥s))
X T(‘If(xl)\P(x,,))G(X(')— Yo"' |max{f61}|

— |max{§0,}1) 6(Yo—Xo— |max{%o }| - |max{5o }).

Inserting a complete set between T products, we rewrite (14)
as a sum over states from the complete set:

(OIT(Y (x1)-. ¥ (x) 9(31)- (ye) P(x1)... ¥ (x,)[0)
=2 (OIT(¥(x1)... ¥ () R)RIT(n(31)-- 1(3s)
+RYX(RIT(P (x])... ¥ (x,))]) 6(Xo— Yo~ [max{Zo }
— |max{5 }) 6(¥o— X — | max{x) }|
~[max{7o})+ 2 (OIT(F(x))... ¥(x,))]R)

X(R|T(n(y,)...7(y))|R)
X(R|T(¥(xy)...¥(x,))|0) 6(Xo— ¥o— |max{Zg }|
— |max{yo;}|) 0(Yo—Xo—

— |max{5o }), (26)

|max{%o }|

where 3y denotes a summation over discrete quantum num-
bers and an integration over continuous variables.

Since we are interested in the behavior of the matrix
element (14) near the pole at P2=M?, it is sufficient to study
the contribution to (26) from the lowest bound state corre-
sponding to this pole. The bound state in question corre-
sponds to the first term of the series (26) with R=A. Using
the integral representation (20) for the 6 function, we obtain
the following expression for the matrix element (25):

-n(y)IA.P' YA, P'|T¥ (x])... ¥ (x,)|0)

(2m) (27m)

(Po—E+id)(Py—

E'+id) @7
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Using (23) to go over to relative variables, we rewrite
this expression as

(OO (E)... (%) 51) .- T ). . B0}
4 4pr
_2 f(;i;; ((;:)4 £i(Po=E)(max{% } - y/2)

X gi(Po—E")(max{%g }=y/2)

X p(Z1 oo T AIT(N(F)... T)NAV s p(F1 .. %)
% (Po—E+i8)(P,—E'+id)

XeiPxe—iP'x'ei(P—P')Y_ (28)

On the other hand, owing to the unitarity of the
n-nucleon Green function, related to the amplitude (15) as

Gop(X1 .o Xy sZ15e-220)

=i(0|T(W¥(xy)...¥(x,) T (x])...¥(x,))|0), (29)
the matrix element (25) can be rewritten identically as
O|T(¥ (x1)... ¥ (x,) 9(y1)--. n(Y) T (x1)... ¥ (x,)]|0)

=fd421---d4znd4 ’ d4zld4 ” 4 Ild4 " . 4

'Zn)G2_n1(zl «eelp sZ]Z 9---2,',)
X(O|T(¥(zy)... ¥ (z,) N(¥1)--- (Vi)
XT(z2])... O (z)|0)X G5, (215025521 5-0-2)

X Gon(2Y seeeZiy XpseaX,)- (30)

XzZ'Gz,,(xl veeXp sl ses

Taking into account the behavior of the n-nucleon Green
function (24) near the pole at P>=M?, we compare this
expression with (28):

2 d4P d4P, d dz.d ’ d 1 iPX
271’) (21,_) Zy...42,4Z, ...4Z,€

Xe__il,lxl X‘:,P(x—’l s-"fn)A_/ﬁ_P(zl 7-'-Zn)
X Capesl21 2oy oo Tus2} -2

A —A - )
XXa"P,(Z; "“Z:I)Xa',}"(x{ ,...x"l)
P,—E'+ié

d*P d*P’
i(Py—E)(max{%p } —y/2)
2 J(Zﬂ')" 2w °
X ei(Po)(max{f(',i}—yIZ)ei(P—P')Y

X‘;,P(fl yeee
X

ENAIT((F).. UTNA) X (F1 - %)
(Py—E+ié)(Py—E'+ié)

xeiPXe—il"X'

) @1

where G, is used to denote the truncated Green function,
defined as
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7~ ! f
Gonii X1 X0 Y1 Vi Xp 50 X,)

. -1
=zf d*zy...d*z,d%, ... d* )Gl (xy .. X0 200 2,)

X(O0|T(¥(zy)... ¥ (z,) n(y1)... 7(y) ¥ (zy)...
XU (z)|0)G5 (2} ... 20 %) ... x)). (32)

Multiplying both sides of the integrand in (31) by (P,
—E)(Py—E') and letting P, tend to E and Py to E', we
obtain an expression for calculating the expectation value in
the bound state of the T product of a set of local operators:

(AIT(n(31)... n(F))|a)e P~ P
=f dZ1...dZ,,dZi ...dZ;ig'P(Zl,...Zn)

= ~ ~ A
XGon+i(21++-ZnsF1++-Tn 21 - Zn) Xt pr(2]5--2p)-

(33)

This expression relates the amplitude for scattering on a
bound state of n nucleons with irreducible Green function
Gy,+x» describing scattering on n virtual nucleons, to the
unknown functions X'i p and X’i p describing the nuclear
state in terms of the nucleon degrees of freedom, the equa-
tion for which must be found.

3.3. The Bethe—-Salpeter equation

Equation (24) establishes a relation between the func-
tions x, p and the n-nucleon Green function G,,. Thus,
having the equation for G,,, we can obtain an equation sat-
isfied by the amplitude X'; p- Here it is insufficient to know
G, only perturbatively, since the analysis of the behavior of
the Green function near the bound-state pole requires sum-
mation of the entire perturbation series. Let us therefore see
what general equations for the Green functions G,, can be
obtained without invoking perturbation theory.

The propagation of a free nucleon from the point x; to
the point x, is described by the free Green function S?l)
satisfying an equation of the form

(i35, = m)Sq)(x1,%2) = 8(x1,%2), (34)

where m is the nucleon mass. In the case of a nucleon inter-
acting with its own field, a term taking into account this
self-interaction appears on the right-hand side of the equa-
tion for the exact Green function S, :

(id;,—m)S(1y(x1,%2) = 8(x — X))

_j dx1Gy(x1,x1)S1)(x],X2).

(35)

Comparing (34) and (35), we see that the function
G,(x,,x]) satisfies the Dyson equation

= -1 _
Gz(xl ,X2)=S?l) (-xl ’x2)—s(1§(xlax2)5 (36)
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i.e., it coincides with the one-nucleon irreducible self-energy
part. The Green function S(,, describing the joint propaga-
tion of two physical nucleons which do not interact with
each other satisfies an equation of the form

(i0,,-m*)® (i, —m*) S0y (x,,%2,y1,2)
=68(x;—x5)8(y1—y2)» 37

where m*=m— G,(x,,x;). Inclusion of the interaction be-
tween the nucleons leads to the appearance of an additional
term on the right-hand side:

(iéxl_m*)®(i9yl_m*)G4(xl 2 X2,Y15Y2)

=8(x1—x2)8(y1—y2)

+f dxydy G4(x1,x1,Y1Y1)Ga(X],%2,Y1,Y2). (38)

Comparing (37) and (38), we obtain the two-particle analog
of the Dyson equation, namely, the inhomogeneous Bethe—
Salpeter equation:

Ga(x1,x2,)1 ,y2)=S(_2§(x1 X2,Y1>Y2)
— Gy (x1.%2,Y1,2)- (39)

By analogy with the one-nucleon case, the function describ-
ing the interaction between the nucleons coincides with the
irreducible self-energy part of the two-nucleon system. Gen-
eralizing to the case of n nucleons, we obtain the equation

Gon(Xy .. X, X] X)) =80 (XXX X))
-G (xy...xyx) .. xL),  (40)

where the function §,, is a direct product of r-nucleon
propagators:

X,)=(0|T(¥(x,)¥(x,))|0)
®...(0|T(¥(x,) ¥ (x,))[0).
(41)

S (X1 ey X -

Using (40) for G,,,, we obtain an integral equation with G,,,
as the kernel:

Gou(xy...Xp,x1...X,)
= e (B ey o) ) f dz,...dz,dz, ...dz,S

X(xy.. Zn)Gon(21 - 20521 --20)

ZhX] X)), (42)

Thus, the exact n-nucleon Green function is the solution of
the integral equation which relates the two unknown Green

Xpsl] e

X G2n(zi .

functions G,, and G,, to each other.

There are several ways of solving this problem. In par-
ticular, by analogy with the Dyson equation, the Bethe—
Salpeter equation can be studied by using the technique of
dispersion relations. For this we introduce a generalization of
the spectral representation for the exact one-particle Green
function for the case of n particles—the Nakanishi integral
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representation of perturbation theory.go This approach has
been used successfully for solving the Bethe—Salpeter equa-
tion in the case of two scalar particles.81 On the other hand,
(42) offers an excellent possibility for modeling the two-
nucleon Green function if G,, is introduced explicitly.

The separable form of the kernel of this equation is the
most convenient:

Gon(21--2n»21 7)) = 2 ¢ii8i(z1---2,)8(21 .--2,).
ij

In this case the problem of solving the integral equation is
replaced by the problem of solving a linear system of equa-
tions. This approach has been used successfully to describe
the two-nucleon system.®? We note that a certain combina-
tion of the approaches based on use of a separable potential
and the spectral representation taking into account the ana-
lytic properties of the two-nucleon Green function can serve
as the foundation for constructing a relativistic separable an-
satz for the function G,, (Ref. 83).

The second, most commonly encountered form of G,
can be obtained by perturbative methods. Let us consider the
iterative solution of (42). We take the zeroth iteration to be

GoR (X1 e X ] ) = Sy (X1 X K] - Xy).

Substituting this expression into (42), we obtain the first it-
eration:

GM(x;...xp.x)...x])
=8 (n)(X1..%, ,x{...x,’,)+fdz1...dz,,dz1' edZ,S ()

X(xg.. 20)Gan(21...2052] ---27))

X85(2y s oy s s (43)

XpsZye.

In the course of successive iterations we obtain the ex-
pansion of the exact n-nucleon Green function in an infinite

series in powers of G, :

Gop(xy...x, X1 ...x,)

=S () (X1 Xp X[ .0 X,)
+> | dey..dz,dz)...dz,...dz{"™ ...dz"S
m
KXy oo X521 s 585) O 2l 1 o T 2] s 20 )04
X (21 weZpy sy wrsdig )i
XGZH(Z(M_I)---ng_l),z(lm)-..Zf,m))S(n)
X (Z(l’n) (m) ’xl X,,,) . (44)

On the other hand, the function G,,, can be expanded in
a perturbation series in a specific nucleon—nucleon interac-
tion model (for example, the meson—nucleon model):

Gop(xy .o Xy x) ..xp)= 2 Gi(xy...xp,x] ...xL),
1]
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GO(xy...x,,x) ... x]) =8 (m)(X1 . Xy, X ... X)), 45)

Comparing the series (44) and (45) term by term, we obtain

an expression relating G,, to the terms of the perturbation
series for G, :

1

GZn(xl-nxn,x{..x,:)=z 2 —_—

m mytmy=m M+ 1

1
dezl...dzn,dzl dz,GIV

X(X] e Xy sZ1--Zp)

XGMtD (21 2002} .. 20)

(mz)—l ’ ' ’ ’
KRG, " (2] cnlyrX o) (46)
In the meson model of the nucleon—nucleon interaction, the
first term of this series (m=1) corresponds to the one-boson
exchange approximation in the kernel of (42) (the ladder
approximation). The solution of (42) in the ladder approxi-
mation allows a part of the perturbation series for G,, to be
summed, and the low-energy properties of nucleon—nucleon
scattering to be described quite accurately.*® Thus, Eq. (40)
specifying the nucleon—nucleon forces allows, in principle,
the determination of the exact n-nucleon Green function. As-
suming the presence of a bound-state pole in G,,, an analo-
gous equation can be obtained for the Bethe—Salpeter ampli-
tude (23).

We substitute (24) into (42), multiply both sides of the
resulting expression by (Py—E), and take P—E. As a re-
sult, we obtain

Xo p(Xy e x,)= f dz,...dz,dz] ...dz,S

'Zn)GZn

2 X p(2]see2))-
47)

X(X1.--Xp,27 -

X(Zl...zn,zi i

Thus, the matrix element for the transition between the
vacuum and the n-nucleon bound state satisfies a homoge-
neous integral equation with kernel G5, , which is related to
the exact n-nucleon and one-nucleon Green functions by Eq.
(40).

We shall need Eq. (47) in momentum space for the rest
of the calculations. By means of a Fourier transform, the
Bethe—Salpeter amplitude x can be rewritten in momentum
space as

Xa(P,kl...k,,_l)=fd4x1...d4x,,
Xe~ tEkx,X P(xl n)9 (48)

where k,=P—3""'k;. Then the Bethe—Salpeter equation

takes the form
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Xo(P.ky,...

Kp—1)=8 (PR yockp—1)

dknl d*,_ _
@2m)* 7 2m)?

X(Poky.oky 15k o kp_ )X

X (K], k). (49)

Since (49) and (47) are homogeneous integral equations,
the Bethe—Salpeter amplitude is defined up to some constant.
It is therefore necessary to introduce a normalization condi-
tion. Since the solutions of these equations do not possess
any direct physical meaning and cannot be normalized on the
basis of probability arguments, it is necessary to use a nor-
malization in terms of known expectation values. For the
latter we can take, for example, the expectation value of the
baryon current at zero momentum transfer:

(Al ,(0)|A)=iP,. (50)

Using (33) to express this matrix element in terms of the
Bethe—Salpeter amplitude, we obtain the following normal-
ization condition for x4 :

d*k, d*k,_, d*k; d*._,
... XA(P.ky,.. ky_y)
@2m)* 2wt 2m)t (2mt tet Tl

X Gy 1,(4=0PKy ..k K] .. kl_1)

XXo(P.k{,..ky_)=iP,. (51)

Using the fact that at zero momentum transfer the exact trun-
cated photon—n-nucleon vertex G, u 18 related to the de-
rivative of the n-nucleon Green function with respect to the
total momentum,84

(_;2"+1,‘_(q=0,P,kl "‘kn—l’k{ ...k,’,_l)

a == ’ ’
e Fc;z,,‘(P,k1 ko k) kL), (52)
73

and expressing G,,! using (40), we obtain the normalization
condition for the functions XA :

d*k,  d*, d*, d%, " APk

@y @y @) @y Xty

-1
X| Sy (Pskys...ky— 1)[(;19 S(n)
X(P,kl,...k,,_l)}S(_ni(P,kl,...k,,_l)

3P =5 Gon(Pky .. cky—1,k7 .. ;’:—1)}

X Xa(Pk},..k,_)=iPg. (53)

As will be shown in Sec. 4, this condition allows us to con-
struct a theory of DES on the nucleus such that the baryon
and momentum sum rules can be satisfied simultaneously.

Let us conclude this section by noting several important
features of the Bethe—Salpeter amplitude which we shall use
below.
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First, the Bethe—Salpeter amplitude depends on the ze-
roth component of the relative coordinate (the relative time)
of the nucleons, which, according to (33), is reflected in the
dynamical observables of the n-nucleon bound state. In mo-
mentum space this dependence leads to a dependence on the
zeroth component of the nucleon relative momentum (the
relative energy), which, as will be shown below, is the main
reason for the observed nuclear effects in DES.

Second, Eq. (24) gives some information about the ana-
lytic structure of Xﬁ The Green function G,,, in momentum
space contains a series of singularities, some of which, ac-
cording to (24), are also present in the Bethe—Salpeter am-
plitude. These are poles associated with the external nucleon
propagators, cuts in the relative momenta, and poles associ-
ated with the various bound states formed either by some or
by all of the nucleons. The latter are isolated explicitly in
(24) and therefore do not contribute to x“ . The first type of
singularity can also be explicitly isolated by introducing, in-
stead of the Bethe—Salpeter amplitude, a quantity referred to
as the Bethe—Salpeter vertex function:

Sny(Poky...ky— DTA(Pky . ko))
=xXAP.ky,...kL_y). (54)

Thus, we have at our disposal an object which is free of the
two strongest singularities: the poles of the n-nucleon bound
state, and the poles and cuts present in the one-nucleon
propagator. In Sec. 5.1 we shall study a method of isolating
the singularities of the vertex function which arise owing to
the presence of m-nucleon (m<n) bound states in the
nucleus, corresponding to the notion of nuclear clustering.

4. DEEP INELASTIC SCATTERING ON THE
DEUTERON

The simplest stable bound state of nucleons observed in
nature is the deuteron. This state has the lowest binding en-
ergy of all the nuclei (e=2.224 MeV). The deuteron binding
energy is so small that by very simple arguments based on
nonrelativistic quantum mechanics it can be concluded that
the nucleons in this system do not interact during a large
fraction of the time. Therefore, in most theoretical and ex-
perimental studies of the structure of matter, the deuteron is
identified as an isoscalar nucleon.®* In particular, the ob-
served differences between the structure functions of heavy
nuclei and the deuteron are usually regarded as evidence for
distortion of the structure function of the free nucleon. De-
spite the fact that this approach appears qualitatively reason-
able, many of the results based on measurements of the deu-
teron structure function turn out to be inconsistent. The
clearest example of a difficulty which may be encountered in
analyzing experiments using deuteron targets occurs when
attempting to extract information about the neutron SF from
the data on DES on the deuteron and the proton.®>-% On the
one hand, the experimental test of the QCD sum rules®#’
using F 12) leads to a quite unexpected result contradicting the
traditional ideas about the parton structure of the nucleon:
violation of the Gottfried sum rule. On the other hand, in
several theoretical studies it has been shown that F; cannot
be uniquely extracted from the deuteron data.®®%° The theo-
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retical uncertainties can be so large that they are quantita-
tively comparable to the violation of the Gottfried sum rule.

Thus, despite the small binding energy, nuclear effects in
the deuteron require detailed study. Since the deuteron is the
simplest nuclear system, all the main binding effects can be
studied for it in the greatest detail, and all the analytic cal-
culations can be performed consistently and exactly.

We shall use the approach developed in Refs. 42, 76,
and 79 and described in Sec. 3 to calculate F2 and FO/FY .

4.1. The amplitude of Compton scattering on the
deuteron

Owing to the unitarity relation (5), the calculation of the
hadronic part of the amplitude for deep-inelastic scattering,
W ,.(P,q), reduces to the calculation of the amplitude for
forward Compton scattering, T,,(P,q). According to the
definition, the amplitude for Compton scattering on the deu-
teron, TE,,(P,q), can be represented as the expectation value
of the T product of nucleon electromagnetic currents J, in
deuteron states |D):

ToP.q)=i f d*xe'*(D|T(J ,(x)J,(0))|D). (55)

Using (33), this definition of TE,,(P,q) can be rewritten
in terms of the solutions of the Bethe—Salpeter equation for
the deuteron, I'°(P,k), and the two-nucleon Green functions

66;1,1/:
d*k, d*k,
o (P.q)= —T—ﬂ'r (P.k1)S(2)

X(P.k))s, (4.P.k1.k1:k2)S )
X(P,ko)T5(P.ky). (56)

According to (32), the function Gg,, is related to the
exact two-nucleon Green function with an insertion describ-
ing the Compton scattering of virtual photons on a system of
two interacting nucleons:

d*k, d*k, .
G6 (quk) ijG4 (P.,k.ky)

XGs, (4,P.k1.k2)Gy (P ks k'),
(57)
where
Gew(q,P,k',k)=if d*xd*yd*y' d*Ydty’ e~y HiK'y!
Xe—iqxe—iP(Y—Y’)(OIT

Y+§)¢(r——) oY

x(y'+%)¢(y'——))|0) (58)

If a specific form for G, is assumed, the function G¢ uv €aN
be obtained explicitly. To find the amplitude for Compton

P
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scattering on the deuteron, in general it is sufficient to deter-
mine the relation between Gy, and the expansion of Gg o

in terms of the functions G, .
Expressing the function G4 using (39), we obtain the
following expansion of G, in powers of G, :

G4(P;k,k’)=S(2,(P,k)((21r)45(k—k')

d*k,
(2m)*

1 [ d%,

P T —(27,_)4...

X G4(P;k,kl)S(2)(P,kl)...
XG4(P;k,,,k’)S(2)(P,k’)). (59)

Also expanding Gg,, and substituting this expression into
(57), we obtain a series whose nth term has the form

d*k, d*k, (,,l)

GoplaPhk)= % | oS 7w O

ny+ny+tn3=n
X(P,k kl)G("Z)(q,P ky k)G
X(P,ky k). (60)

Choosing the term of zeroth order in G,, we immediately
obtain the corresponding contribution to G, :

GO (g, P k") =55 (PI)[GLq, P.k)(2m)* 8 (k

—k")+GON(q.P.k)(2m)* 8 (k—k’
— )18y (P.k'). (61)

Thus, in the zeroth order in G, the function Gg,, contains
both the one-nucleon contribution (a)

GO P P
GEa.PK)=GCy, | q.5 +k|®S| T~k

k|®S P +k

®3\2
and the contribution corresponding to scattering on various
nucleons (b):

p

+G4M(‘I’ 7 (62)

GO%g.P.k)=G L klec -
6p,v(q’ ) 3, q’z ®G3, q’z

P P
v [o.2tfocuater).
(63)

The Green functions Gg4,, and Gj, respectively describe
Compton scattering on a virtual nucleon and the interaction
of a virtual photon with a nucleon.

The first-order contribution to Gg,, depends on Gggv

and G§,),, and this leads to the expression
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G (q.P.kk" ) =S5y (P.K)GE) (q.P.k.k")SGL(PK')

6uv

- f W{S(_ﬁ(l’,k)Gﬁl)

X(P,k,k")G{) (q.P.k" k")

+G)(q. Pk k"G

X(P.K"k")S5)(P.k")}, (64)

where the function Gglﬂ),, is expressed in terms of the Green

function Gs uv and the zeroth-order term of the function
Gﬁl“’:
d4kn d4 k"

G
6,uv(q P k k' ) ,”(Z’F)4 _2,'2’”_) S(z)

X(P,k)Gs,(gk.k"+q)G4(P,K"
+q,k"+4)Gs,(q.k.k"+q)G4(PK"

+4.k" +9)Gs,(q.k" +q,k")S ()

4 "
X(P,k' )+f(ﬁ{c<”

X(P,k, k"G (g.P.k",k")S ()

6uv
X(P,k")+S)(P,k)G),
X(q,P.k,k"YG(P.k" k")}.  (65)

According to (32), the function Gs, is determined by the
Green function Gs, describing the absorption of a virtual
photon by a system of two virtual nucleons.

Following this procedure, we can obtain wa in any
order in G4. However, the general structure of Eq. (56) is
such that all the higher contributions reduce to the leading
terms already studied. This is easily checked by using (49) to
go to higher order in G, in (56).

Substituting the expressions obtained for G, into (56)
and taking into account the definition (57), we obtain the
amplitude for Compton scattering on the deuteron in general
form:

d'k
12.P.9)= [ Goma T (PRIGELAa, PRI (P

d*k  d*' d*k’ d*k™

@m) @n) @a) @m L

X (P,k)SP(P,k)Gs,(q,P.k.k")

X G4(P.k',k")Gs,(q,P.k" k")
XSA(Pk"T(P.k™).

In Fig. 2 we show schematically the various contributions to
the amplitude of forward Compton scattering on the deu-
teron. Graphs (a) and (b) correspond to the relativistic im-
pulse approximation. The explicit form of the expressions
represented by these graphs is given by the terms (a) and (b)
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in (61). The graph (b) represents the two-nucleon corrections

of zeroth order in G4 to the Compton amplitude, the imagi-
nary part of which corresponds to the interference term in the
impulse approximation for the hadron tensor. Owing to the
large momentum transferred by the photon to the nucleon,
the probability that the final state will interfere with the ini-
tial state of the residual nucleon is very small. This probabil-
ity is determined quantitatively by the behavior of the vertex
function at large relative momenta, which will lead to sup-
pression of interference terms like 1/( 0°)! with 1=2. Thus,
the contributions to the Compton amplitude represented by
graph (b) are sensitive to the deuteron structure at small in-
ternucleon separations, which must be manifested in the Q2
dependence of the ratio of the deuteron and nucleon structure
functions. The graphs (c), (d), (), and (f) represent sche-
matically the various contributions to the Compton ampli-
tude leading to corrections for the final-state interaction in
the DES amplitude. The explicit form of these corrections is
given by the first term in (65). The contribution of these
corrections is significantly suppressed, owing to the nucleon
propagators depending on g. On the whole, all these correc-
tions decrease with increasing 0? no more slowly than 1/0%.

Thus, in the Bjorken limit it is necessary to include only
the one-nucleon contribution from the relativistic impulse
approximation. The use of the Bjorken limit is justified, since
in this kinematical region the ratio of the nuclear and deu-
teron SFs is independent of Q? (Ref. 55).

4.2. The hadron tensor of the deuteron

Let us consider the hadron tensor of the deuteron in the
impulse approximation. Substituting (61) into (56) and dis-
carding the 1/Q? terms, we can write the amplitude for un-
polarized Compton scattering on the deuteron as

d*k P P
TH(P.q)= f WFD(P,k)S(E—k) (S(E”‘)

I'2(P,k). (66)

~ p P
XG4,“, q,-2—'+k S 5+k
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FIG. 2. Graphs schematically depicting the amplitude of for-
ward Compton scattering.

D

The following representation in terms of Dirac spinors will
be valid for the nucleon propagator in general:

S w'(p)E () _m v'(P)7°(p)

E (pp—E+i8) E (po+E-id)

(67)

Here E= \/p2+m2+(ﬁ+m)C-}2(p) is the nucleon energy,
which becomes the nucleon energy on the mass shell
(E=\p*+m?) for p?=m>. In our basic approximation of
small relative energy of the nucleons in the deuteron, the

contribution of G,(p) can be neglected.

The Green function G, uv is directly related to the am-
plitude for Compton scattering on the nucleon:

s [P P
Tﬁv(5+k,q)=2m§ E‘(E+k)
= P s P
XGypy q,5+k u E+k 5
= (p P
Tzv(i+k,q)=2m§ ITS(E'Fk)
— P P
XGyyy q,5+k u -2-'+k 5 (68)

where N (N) denotes a bound nucleon (antinucleon). Using
the representation (67) and Eq. (68), and taking into account
the azimuthal symmetry of the Bethe—Salpeter vertex func-
tion, we rewrite the Compton scattering amplitude in terms
of the nucleon and antinucleon amplitudes:

1 = [P

- FNs,s'| __ 5,838
_ (P
_T/l.ll E+k’q f(P’k)v

1
f(P.k)= gg F5S(PK). (69)
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This leads to the analog of the convolution formula for the
Compton amplitude:

b (p "f d*k A
T;Lv( ,Q)_ W uy

d*k =[P =
o T'ZV(-2—+k,q)fN(P,k).

F(P.k)

E+ksq

+

The total averaged nucleon Compton scattering amplitude
(_;4M(q,P/2+ k) has singularities associated with the con-
tinuum in the intermediate state. Therefore, at large Q2 the

amplitude of the bound nucleon (antinucleon), Tﬁ(,,N (P2
+k,q), can be related to the hadron tensor of the nucleon in
accordance with the unitarity relation (5). As a result, we
obtain the convolution formula for the hadron tensor:

d‘k P -
WEV(P,q)=fWwﬁv(j'*‘k#)f}v(ﬂk)
'k = (P ) 5
+.[(2_7TFW”V —2-+k,q fY(P,.k), (70)

where the distribution functions have the form

3. D 2
= _im 1 @ (P.k)
f (P’k)_ﬁ MD ' 2 MD ]
= +2ko—E+i8| | —ko—|E- 5~ +ié
D3 _(P.k)
MD 2
2
% b= im? 1 D2 _(P.k)
P, )—ﬁ; My 3 My
— ko +tE—i8| | —kot|E+—]—ié
2 )
&2 (P,k)
+ MD
—ko— E—T +ié

The functions @ are related to the Bethe—Salpeter vertex
functions as follows:

© (M, k) =2 [op(Mp,0) 2 uy(RTHK)

X 2 up(~ )@= K)3(Mp,k),

®%_(Mp k)= =2 T3(Mp.K) 2 uy(R)TK)
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O, (Mp, k)= =2 Top(Mp.k) 2 v~ k)7~ k)
X2 uy(~ T~ k)T (Mp,k),
@E_(MD,k)=§ Fiﬁ(MD,k)g v (- k)T —k)

x}sj va(K)T(KIS,(Mp k). (71)

Thus, we have obtained an expression relating the hadron
tensor of the relativistic deuteron to the hadron tensor of the
off-shell nucleon and antinucleon in the nucleus. The
nucleon and antinucleon contributions are additive.

4.2.1. The deuteron structure function F3

In order to calculate the deuteron structure function
F l2)(x), it is necessary to express the corresponding hadron
tensors in terms of the scalar structure functions F' Q’ (x). This
procedure is performed by using the representation (9),
which is valid only for free particles. This makes it inappli-
cable for a nucleon bound in the deuteron. Even if the ap-
proximation of small deuteron binding energy is used and
possible additional structure functions are neglected, Eq. (9)
contains (via the structure functions of the constituents) a
dependence on the relative energy of the nucleons in the
deuteron, which must be taken into account consistently.

The problem can be overcome by integrating (70) with
respect to kg, taking into account the analytic properties of
the integrand. This expression is an analytic function con-
taining singularities of the following types: poles and cuts in
the nucleon propagators, and poles and cuts in the Bethe—
Salpeter vertex function. The singularities of the nucleon
propagator (67) are the pole at p2=m,2v and the cuts corre-
sponding to the contribution of N, 2@N, ... states in the
physical nucleon. Since the states wN, 27N, ... lie rela-
tively far in energy from the pole at p%= m,zv, the cuts in the
nucleon propagators can be neglected if the relative energy
of the nucleons in the deuteron is assumed to be small.

The singularities of the Bethe—Salpeter vertex function
can be fixed by means of the relation between these vertices
and the two-nucleon Green function:

To4(P.)T3(P.k")= lim (P*-M})

pP-Mp
X Gags,(Pokok").

Thus, the Bethe—Salpeter vertex function for the deuteron
has the same singularities in the relative momentum as the
two-nucleon Green function. Since the singularity in this
function closest in energy is determined by the cut beginning
at k2=m3,, the singularities in I'(P,k) can be neglected in
integrating (70) with respect to kq, following our original
assumptions. This makes it possible to approximate the inte-
gral with respect to kg in (70) by the residues at the nucleon
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and antinucleon poles of the corresponding propagators. As a
result, we obtain the following expression for the hadron
tensor:

. [ 4k m? .
W/LV(MD’q)_f (2,”)3 (MD_ZE)Z (D++(MD,k)

(W Sk.q)

way(k,q)+(MD—2E)

2 ( D_2E‘)2
X D% (Mp k)=t + g

X| ®% _(Mp,k)Wh (k.q)+ @2,

X(MD,k>W’,ZV<k,q)+MDak (Wi (k. q)
X% _(Mp,k))y,= k~+MD3k (W, (k.q)
2
X D2 | (Mp,k))g ¥+ oo
— DR k=k T (Mp+2E)-

X2 (WY () D2 (Mo k) i
ako nv »q —-— D k0=k0

2
+ Gt O - (Mo k)W (k,q)”
)

This has the same form as the expansion in powers of the
mass defect (Mp—2E)/Myp, of the nucleon in the deuteron.
The first result following from this is that all the contribu-
tions associated with antinucleons are proportional to the
square of the mass defect. Since this quantity is very small
for the deuteron [(Mp—2E)/Mp~0.01], we can conclude
that the contribution of antinucleons to the hadron tensor of
the deuteron is significantly suppressed.

The main result of these calculations is the expression
relating the hadron tensor of the deuteron to the hadron ten-
sors of the on-shell nucleons and their derivatives near the
mass shell. Now we can use Eq. (9) and obtain F5 by means
of a projection operator:

Wi(q.k)=P¥*Wi (k;-q.q%k}).

In the Bjorken limit we can use the metric tensor g, as this
operator:

1
lim q’”’WN(A)(P q)=-— —FN(A)(x)

Q2—»oo

This operator is independent of the relative momentum, and
so the derivative of the hadron tensor has the following form:
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v (k q)
v N (1 = N 2
kg Wouki.q) TN )W (ki-q.q% k}) —— ko

d -
+ 2ki0m WN(k;-q,9% k),
X WV (k;- g,g%k?)

=gH*Wh (k;.q). 73)

The first term in the derivative of the hadron tensor reflects
the modification of the structural properties of the bound
nucleon determined by the x dependence of its structure
functions. The second term reflects the changes in the hadron
tensor of the nucleon associated with the change of the
nucleon energy. Since the second term is proportional to k;,
whose expectation value is small ({ko)=(Mp—2E)), it can
be discarded as a correction of second order in (Mp

—2E)/Mp. This allows us to neglect the dependence of
WZ,, on k2:
dk lim g“VW;LV(P q)lko—kN

Qz—mc

|1 1d (dx)
=z Fa(0) - £ = Fa(x) dkg k0=kN‘ (74)
0

Neglecting terms of order (M p—2E)?, we can write the
deuteron structure function in the following form:

D _f d’k m? v, [E-
F2(xD)_ (2,”)3 4E3(MD_2E)2 FZ(xN) _1”_
MD_ZE

2
+ M, )(I’ (Mp.k)

_ Mp—2E dFY(xy)
Mp N dxy

2(IMD’k)

F—k;
F)(xy) —M]—)—(M D

3
—-2E) 6—kOCI>Z(MD,k)] . (75)
kog=E-Mp/2

According to (72), there is no need to neglect the additional

structure functions in the representation for Wﬁ,,. The only
assumption which must be made in using (9) for the nucleon
amplitudes is that the derivatives of the off-shell structure
functions are small near the mass shell.

Owing to the normalization condition for the Bethe—
Salpeter vertex function, the distribution function in this ex-
pression for the deuteron SF satisfies the momentum sum
rule
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&’k m*E ( E
(27)3 4E3(Mp—2E)* | \Mp
Mp—-2E)
+—WI;—)(I) (Mp,k)
Mp—2E 9 ®? ] Mp
— Mp.k =— (76)
Mp ko ©*(Mp.k) ookl 2
and the baryon sum rule
dk m? UM, )
@y A MpMp—2E) | Mo
My—2E § _,
+— <I> (Mp,k) =1.
Mp ko=kY

A physical interpretation for the various contributions in
(75) can be proposed. For example, the first term corre-
sponds to the contribution of scattering by the nucleon on the
mass shell (the analog of the nonrelativistic impulse approxi-
mation). The second term is proportional to the mass defect
and, since it can be reduced to one-nucleon contributions
(on-shell), it is appropriate to interpret this term as the con-
tribution of nuclear binding effects. The last term cannot be
related to one-nucleon contributions, since it depends on the
dynamics of the nucleon relative motion. For this reason it
should be interpreted as a relativistic two-nucleon effect. A
more transparent physical interpretation is possible if we
take the nonrelativistic limit. Then we can compare it to the
analytic expressions obtained in other nonrelativistic field-
theoretical approaches.

4.2.2. The nonrelativistic limit

Let us expand the energy of the bound nucleon in (75) in
powers of p*/m? and discard the relativistic two-nucleon
corrections. This leads to the following expression for the
deuteron structure function:

dk k
F)= | (—2;);( F’2V<xN>( 1= f)\lﬂ(k)

~T+e dFY(xy)
wm N dxy

where T=2E—2m is the nucleon kinetic energy and e=M
—2m is the binding energy.

In this expression we have introduced the analog of the
nonrelativistic wave function ¥2(k), related to ®*(Mp k)
as

\If"‘(k)] ; (77)

2
Vi(k)=

m
4EM(Mp—2E)? {@*(Mp. k)b, r-mp2-

The normalization condition for ¥2(k) has the form
[

Let us compare (77) with the results of the calculations in the
quasipotential approach:go
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d*k k
F3(xp)= f WF’!(xN)( 1= ﬁ)«w(m

_ —(D+e  dFi(xp)

2m D dxp )

Here V¥ (k) is the solution of the quasipotential equation with
simultaneous nucleons.

Equations (77) and (78) obviously have practically the
same structure. In the quasipotential calculation the term
containing the derivative of the structure function arose as a
result of including the meson corrections associated with the
nucleon potential. It is this contribution which ensures that
the ratio of the deuteron and nucleon structure functions dif-
fers from unity in the range 0.3<x<0.6.

This result shows that the above interpretation of the first
two contributions in (75) is in reasonable agreement with the
ideas of the nonrelativistic theory.

In Fig. 3 we compare the results of the calculation using
the quasipotential approach [Eq. (78), dashed line] and the
approach studied above [Eq. (77), solid line]. The result of
including only the first term in these expressions (the nonrel-
ativistic impulse approximation) is shown by the dot—dash
line. Comparing the behavior of these curves, we see that the
balance between the first and second terms in (77) leads to a
small decrease of the ratio F5/F5 % from unity in the same
range of x as that where the EMC effect for heavy nuclei was
observed. The difference of the ratio F; /F N from unity is
somewhat smaller in the relativistic case, owing to the more
complete inclusion of the Fermi motion. The parametrization
of the nucleon SFs from Ref. 89 was used for the numerical
calculations. The calculation with a more recent parametri-
zation of the proton SF,% shown in Fig. 4, gives an addi-
tional suppression at small x, which is related to the rapid
growth of the nucleon SF in this region.

Thus, the Bethe—Salpeter formalism allows the deuteron
structure function to be expressed in terms of the SFs of the
constituent proton and neutron. Here the antinucleon contri-
bution is suppressed as the square of the mass defect. The
inclusion of the dependence on the relative time in the am-
plitudes for DES on bound nucleons leads to a modification
of the nucleon structure reminiscent of the EMC effect in
heavy nuclei. This allows us to conjecture that the nature of
the EMC effect can be attributed to the evolution of the
off-shell deformation of the bound nucleon from A =2 to the
values of A at which saturation of binding effects in the
nucleon structure sets in.?

Comparison of these expressions and the quasipotential
results shows that the binding effects associated with meson
corrections in these approaches can be reproduced in the
Bethe—Salpeter formalism in the relativistic impulse ap-
proximation. Thus, the meson corrections of quasipotential
approaches can be viewed as a parametrization of off-shell
effects, the most important of which is the nonsimultaneity
of the nucleons in the nucleus.



Phys. Part. Nucl. 30 (6), November—December 1999 Burov et al. 595

110 ¢ _
- ! '
~ J !
1.08 [ 7 H
: .' '
- 4 :
1.06 [ J ]
- -I ]
- s !
2 /]
1.04 - v " FIG. 3. The ratio of structure functions,
- ," ] F2IF)(x). The parametrization of F Y(x) is
1.02 I '.l' '.' taken from Ref. 89. The solid line is the relativ-
. — . ,.4' /] istic calculation,®? the dashed line is the calcu-
= - ) lation in the quasipotential approach,”! and the
- pm ©
B meosmemmemom=® dot—dash line is the nonrelativistic impulse ap-
1.00 E\ ‘/ proximation [the first term in (77) and (78)].
- .~..~ ’,'
— ~E§_ -
0.98 |- e
0 96 C 1 1 1 1
0.00 0.20 0.40 0.60 0.80
X
5. THE STRUCTURE FUNCTIONS OF LIGHT NUCLEI the nucleon structure in nuclei with mass A=4 was estab-

lished in Refs. 28 and 29, where the world data on the DES
of electrons and muons on nuclei were analyzed. This result
obviously indicates that saturation of the modification of the
structure function F,(x) already occurs in the helium
nucleus and is manifested as an oscillation of 74(x) relative
to the axis r4(x)= 1. The evolution of the modifications from

by most authors as a decrease of the value of the SF of the
free nucleon in the iron nucleus in the range 0.3<x<0.7, ~A=4 to A~200 is manifested as an increase of the oscilla-
A

most likely reflects the differences in the structure of the  tion amplitude agmc=1— "y by a factor of ~3 and is well
deuterium and helium nuclei. In fact, if we restrict ourselves  described as the effect of evolution of the nuclear density.

to the range 1073<x<0.7, it is easily checked that the form The stopping of the modification of F»(x) for A>4 is
of the ratio r(x)=F42H°/ F 12) is mimicked in heavier nuclei. demonstrated most clearly by the unchanging form of rA(x),
The universality of the x dependence of the modification of ~ fixed by the location of the three points x;=0.0615, x,

It is reasonable to use the approach developed above to
study the evolution of the nucleon structure as a function of
the atomic number A for the lightest nuclei D, 3H, 3He, and

4
He.
Strictly speaking, the EMC effect, which is interpreted
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=0.287, and x3=0.84 at which r(x)=1 is independent of
A (Ref. 30). The data used in the analysis of Ref. 30 pertain
to the last generation of experimental studies to measure
rA(x) and also the effect of modification of the structure
functions F4 2(x) relative to the structure function FS 7(x) mea-
sured on a carbon target ! The measurement results are char-
acterized by high statistical accuracy and high reliability, so
that much more definite conclusions can be reached regard-
ing the degree to which they disagree with models of the
EMC effect. The key to understanding the reasons for this
poor description is the presence of two effects instead of one,
as has usually been assumed. The first is the rearrangement
of the nucleon parton distributions in the field of the nuclear
forces due to the two-, three-, or four-nucleon bound system.
The second is the preservation of the form of the modifica-
tion of the parton distributions in heavy nuclei. From our
point of view, both effects are of fundamental importance for
nucleon structure, and they cannot be understood without
theoretical and experimental studies of the chain of modifi-
cations r2(x)— rt=3(x)— rA=4(x).

A special feature of very light nuclei is that the accuracy
of the measurements for A=4 is low at x>0.7, while for
A<4 there are no data at all on the modification of the
nucleon structure. However, the preservation of the form of
the ratios r*(x) for A>4 leaves us only two possibilities for
explaining this phenomenon: the modification of the parton
distributions in heavy nuclei is identical to either the modi-
fication for A=3 or to that for A=4. As was shown in Ref.
30, the uncertainty in the location of the point x; found from
the data for A>4 is 0.01, so that it can be used to choose one
or the other version of the evolution. There are already
grounds for assuming that the parton distributions for A =4
have an x dependence considerably different from the depen-
dence characteristic of heavy nuclei. This statement follows
from the obvious discrepancy between the coordinates x5
obtained by approximating the data for “He and Fe, shown in
Fig. 5.

Here we shall study the derivation of the relative
changes of the SF F%(x) in relation to the SF of the isoscalar
nucleon, F (x)=3[F5(x)+ F5(x)], where p and n denote
the free proton and free neutron. On the other hand, compari-
son with the experimental data can be made only for ratios of
the structure functions of a nucleus A and the deuteron. This
is why it is necessary to represent the results of the calcula-
tions both as the ratios A/N and as A/D. Since for the stud-
ied range of x (0.3<x<0.9) the experiments (see Ref. 55
and the reviews of Refs. 8 and 9) indicate that r*(x) is in-
dependent of the 4-momentum transfer QZ, the calculations
will be performed in the Bjorken limit.

5.1. Generalization of the formalism for light nuclei

Let us consider the generalization of the approach devel-
oped in the preceding section for analyzing DES on light
nuclei with A=3,4.

The amplitude T, for forward Compton scattering is
defined as the expectatlon value in nuclear states |A) of the T
product of electromagnetic currents:
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FIG. 5. Ratio of the nuclear structure function F’;(x) and the deuteron
structure function F D(x) The data for iron are taken from Ref. 55 (black
circles) and from Ref. 92 (light circles). The approximation of these data is
also shown as the solid line. The measurement results for *‘He/D, obtamed in
Ref. 55, are shown as a parametrization (dotted line).

T4 (P.q)=i f d*xe"*(A|T(J (x)] (0))]A). (79)

m

According to Eq. (33), T‘;,,(P,q) can be rewritten in terms of

the solutions of the Bethe—Salpeter equation for the nucleus,
['4(P,k), and the n-nucleon Green functions C—;2(,,+1)M

d4k,,_1 d*k;  d*_,
T emt er)t 2m)*

d*k
TA (P.g)= f o

XFA(P,kl ---kn—l)s(n)(P,kl ko)
X GZ(n+l)#V(q;P’k1 "'kn—l ,k; ...k,,,_l)S(,,)
X(P.ky...ky_TA(Pk}...kL_}),  (80)

where k; are the relative momenta of the nucleons in the
nucleus and P is the total momentum of the nucleus. The
function G,, is the truncated irreducible n-nucleon Green
function, defined by (40).

As in the two-nucleon case, it can be shown that the
contribution of all the irreducible corrections to the interac-
tion is suppressed as an additional power 1/(Q?)! with [=2
(Ref. 42). This allows us to neglect all but the term of zeroth

order in Gy, 1y J
"
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d*, d*,_
_ A
Tl:.v(qu) I(Zﬂ')“ (2 ) F (P kl n l)
XSZn(kal---kn—l)XWZ(n+l)lw
X(q;P.ky...kp—1)S2u(Pky...kpy—1)
XTAP.ky...k,_1), (81)

where the Green function G(ﬁ)z(,,ﬂ)lw is defined in terms of
the truncated amplitude for Compton scattering on the
nucleon, G,,,(q.k;):

G<°>2(,,+1>w<q,P,k1...kn_1)=§ Gapg:k)

(n 1)(k1’ kn—l)- (82)

kioy.kivys...
Substituting this expression into (81), we obtain the ampli-

tude for Compton scattering on the nucleus in terms of the
nucleon amplitudes:

d*k d‘*k,,
“(Pq)= f( 1

XZ (S(P,k;)G4,,(q;P.k)S(P,k;))

T — TA(Pky . Ky y)

®Son-1(Pky, ki ki yseekn—y)
XTA(P,ky...k,_1). (83)

In principle, we could carry out the rest of the calculations in
complete analogy with the procedure developed for the deu-
teron, namely, we could isolate the amplitude for Compton
scattering on the nucleon and perform an integration over the
zeroth component of the relative momentum of the corre-
sponding nucleon. However, in contrast to the two-nucleon
case, the vertex function in (83) contains poles correspond-
ing to nucleon—nucleon bound states lying at small relative
momenta. If we had the exact solution of (49), we could take
these singularities into account and express the Compton am-
plitude for the nucleus in terms of the nucleon one. However,
it is impossible to do this at present, since the solution of
(49) for n=3 has not been found.

We shall use another method to isolate these singulari-
ties, namely, we shall introduce the ‘‘bare’’ Bethe—Salpeter
vertex G4, which is regular in the relative momentum:

| d*k, d%_,
r (P,k],...k,,_l)=—f W...wgzn

X(P,kl v--kn—l ,k{ ""kl,l—l)

XGA Pk} ,...k)_y).

All  the singularities present in the  vertex
r'4(P,ky,...,k,_;) are now determined by the analytic
properties of the part of the n-nucleon Green function which
is regular in the total momentum at P2=M,21 ;
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gan(P oy, ey 3k k)
_mz GZm(P kl? m l’kl’ —1)®S(n—m)
X(P kl’ m n— I’kl’ m n-— 1)

For example, in the case of He we have a pole in G,
associated with the deuteron and the nucleon—nucleon con-
tinuum g4:

2P _[2p ,
FD(T+k,k1 ) FD(T +k,k1)

2P \*
—3—'+k _MD

2P
G4( +k,ky k; )—

2P
+g4( +k,kp k] ) (84)

For “He there are additional poles associated with the >He
and *H poles. For example, for the neutron—proton—proton
Green function there is a *He pole and a three-nucleon con-
tinuum gg¢:

3P
GG( +hky k] ,kz,kz)

3P 3P
F3HC(T +k.k, ,k2) F3He(7 +k,k] ,kg)

3P\,
T+k _M3He

3P , ,
+g6 T+k’kl’kl ,kz,kz .

Substltutmg (84) into (83), we find, for example, for

3He d'k d'v' d'K
2500 | Gy Gy ey

GHe(P,K k)

d*k, 2P
fWG4 — + K,k k,;

XS

P K — P K
§+5+k1 G4II4V q;§+7+kl

XS

PKk SP Kk
3T a®F T

P P
Kk k| |®S|=—K

XGa 3 3

X GP(P,K k') +CHe(P K, k)

d*k, (
fw(;‘; + K.k, k;

XS +K+k S P+K+k
R A R R
P K 2P ,
®S §+'2——k1 G, T+K,k1,k
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P — P P
®S g—K G4I“’ q;‘3—_K S g
—K)g’“e(P,K,k'),

and, taking into account the analytic properties of the three-
nucleon Green function (84), we obtain

g, d*k d'k' d'K
T,,(P,q)= (

20 2n) 2 GH(P.K k)

o[ 2P .1 3
d*k r —3—'+K,k r T+K,k1
1
f 2a)* 2P “
(27) (T+K) -M3

XS

- k|G, P+K+k
3T k|G| 3T 5

XS

P+K+k P+K k
3tgthes|zt;

2P 2P
ELIU LI

2z

2P
—M2D

—+
3K

®S(§‘K) GHe(p,K k') +THe(P,K k)

fd4le < Y K.kky B
Qm*t 3721

P K 2P ,
®S §+5—k1 Gy —3‘+K,k1,k

7 GHe(p.Kk').  (85)
e

Returning to the expression (80) for the amplitude of
Compton scattering on the deuteron, we note that the struc-
ture

d“kl SP K+k = P
(7')7 +K,k1 3T 5tk Gawl 453
P K+k S P+ +k
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contained in the first term of (85), exactly coincides with this
amplitude, but contains an off-shell argument. In the second

term of (85) we can isolate the amplitude for Compton scat-
tering on the nucleon:

TNI Kq u K G4(] q. K u K
3 i 3 ’ 3 3 :

Thus, the amplitude for Compton scattering on *He can be
expressed in terms of the amplitude for scattering on the
off-shell deuteron and nucleon. Using the unitarity relation
(5), we obtain the corresponding expression for the hadron
tensor:

She, p _f d*k d'k’ d“KW (2P X )
(P.O)= | B @n) o) 3 K4

P P
FD( 3 Kk)FD(T-i'Kk )

(5 o] o]

p
®s(§— K) GHe(P,K k') + G Pe(P,K k)

X GHe( P, K k)

d“kI P K

P K 2P
@S| 3+5k )G4( +K.k k' )
WN(E—K)
®s(3 )_cf“(PKk)—z—
)

Assuming that the relative energy of the fragments is small,
we can integrate over the zeroth component of the relative
momentum of the fragments and obtain the hadron tensor for
3He expressed in terms of the hadron tensors of these frag-
ments on the mass shell. The amplitudes for scattering on >H
and “He can be obtained in a similar manner.

5.2. The nuclear structure functions for A=3,4

Now let us use the result obtained in the preceding sub-
section to calculate the SFs of the *H, 3He, and “He nuclei.
Acting on the hadron tensor with the projection operator
8 v and introducing the variables
Q2
SeTow
Q2
XN= 5 PN‘ q )

we isolate the nuclear SF in the Bjorken limit:

lim g’“’WN(A)(P q)=-— —FN(A)(x)
Q-

Thus, we obtain F% for *He and *H in the form
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d’k |E,—k; - +E FD
F2 “(X3) = f( ‘Tp— (xp) Ep (xp)
AYe  dFh(x,)
el i
Ep p dx,
A gFP(xp)
p 2\*D 2
L — k).
+ ED Xp de CI)3HC ( ) (88)
&’k |E,—ks
F, (X3H)=f( E 2(xn)
3,
—k AH dFi(x,)
D 3 AD n 2\4n
+ FP(xp)+ —x,————
Ep 2(*p E, dx,,
3
AR dFS(xp)
E—DxDszDD— D3y?(K), (89)
and for “He in the form
&k |E,—k
4 3
FZHe(x“He):j o’ —pEp—F’z’(xp)
Exy—k; e A“e dF5(x,)

+

By 2 WY 5T

4 3,
Ay dFy(xsy) LBk

+
En H dpog E, 2(%n)
Esy.—k A He  gE(x,)
e 3He(X3He) t X —
Esy. E, dx,,
N o

Duy 2(k),  (90)

+ X3
Eue” B dxay,

where A‘,‘;,= —M +EyN+E,_, is the binding energy of the
corresponding nuclear fragment.

The three-dimensional momentum distribution q)i(k) is
defined in terms of the bare Bethe—Salpeter vertex. For ex-
ample, for >He we can write

mMD
4E ,EpMsy(Mp—E,— Ep)*

®3He2( k) =

d*k, d*k;
em* 2m)?

L TPk k,)sz(zp

2P P
+k,k1)FD(-§—+k,k )FD( +k,k! )

2P
X 8, —

5 thki ) (2 uf.(k)ﬁis(k))

xg’“e(P,k,k;)} , (91)

ko=kq,

where ko, =Msy/3—E, .
Since at present there are no realistic solutions of the
Bethe—Salpeter equation for a bound system of three or more
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nucleons, it is necessary to use the phenomenological mo-
mentum distribution. It is reasonable to assume that the mo-
mentum distributions in (88), (89), and (90) can be related to
the distributions extracted from the experimental data. For
the numerical calculations we shall use the distributions ob-
tained in Refs. 93 and 94.

The result obtained for the structure functions of the
lightest nuclei can be related to the result obtained in the
x-rescaling model.!®!! As an example, let us consider the
structure function of *He. If we regard the integrand in (88)
as the first terms of the expansion in the binding energy and
take into account the fact that terms above the first order in
this quantity are negligible, we can add higher-order terms in
such a way that the resulting series can be convolved. As a
result, we find the following expression for the *He structure
function:

FZ“E(ste>=f dyde| F3 o4y, €)
y - M 3He

3
+Fp ey |, (92)

M3He

where €= A € can be interpreted as the separation energy of

the correspondmg nuclear fragment, and fP® He(y ) as the
spectral function for the bound proton (deuteron):

frOPHe(y o) = f (———sq’sue (k) g— y5(

- —’Lm— 8(e—(E,+Ep—Msy)).

It should be stressed that both the modification of F' 2’
and its evolution from A=1 to 4 found in the approach de-
veloped in Refs. 42-44 are consequences of the relativistic
description of the nuclear structure. In the analytic calcula-
tions essential use was made of the fact that the nucleons in
the nucleus behave like nonsimultaneous (asynchronous) ob-
jects. It is this feature which is the cause of the nuclear-
binding effect in F’;(x), which appears as a result of the
dependence of the hadron tensor of the bound nucleon on 7;.
The approach that we have developed possesses two advan-
tages. First, it allows the results of nonrelativistic models (for
example, Ref. 11), in which relativistic effects are introduced
by means of parametrizations, to be reproduced in a natural
way. Second, the results* can be clearly understood by com-
parison with the results of the x-rescaling model.!! In fact,
by comparing (74) and (88) with (92), it can be shown that
rescaling of the Bjorken variable x follows from the depen-
dence of the relative time 7; contained in the Compton am-
plitude of the off-shell nucleon. We note that the relation
between the nucleon mass and its four-dimensional localiza-
tion region r2~ 1/m? suggests that the dependence on the
relative time 7; should tend to increase the nucleon localiza-
tion region. This conclusion is in some sense reminiscent of
the model treatment of the increase of the deconfinement
radius or nucleon swelling.8
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FIG. 6. (a) The ratio of structure functions F3(x)/F5(x). (b) The ratio of the structure functions F4(x) (A=4) and [F3(x)+ F3"(x)]/2 to the deuteron
structure function F ?(x) The dashed line in Fig. 6a shows the result of the calculations for the deuteron, A=2. The results for A= 3,4 are shown by the solid

lines.

Nuclear-binding effects are represented in (88) and (90)
as the first derivatives of the structure functions of nuclear
fragments. Consequently, the structure functions F g‘P )(x)
entering into the expressions determine not only the internal
nucleon structure, but also the two-nucleon interaction dy-
namics. Similarly, F lz)(x) is responsible for the structure of
the two-nucleon bound state and for the dynamics of three-
nucleon interactions. According to (75), the derivative of
F ZD(x) can be expressed in terms of the first and second
derivatives of F g’ with the corresponding coefficients. Since
the off-shell deformation of the structure of the bound deu-
teron is determined by the second derivative of F ZN , it is this
term which is responsible for the three-nucleon dynamics.
However, the second derivative of F 12v enters into F ;He with a

very small coefficient, A EAD »» Which allows the three-
nucleon dynamics to be neglected when studying nuclear-
binding effects in DES.

The nucleon structure function needed for the calcula-
tions is introduced by parametrizing the data obtained in ex-
periments on lepton DES on protons and deuterons. We have
used the parametrization of F ’z’(x,Qz) obtained recently in
Ref. 86. We have found the structure function F73(x) from
the measurements of F5(x) and the ratio F(x)/F5(x) ob-
tained in Ref. 85. Additional calculations in which we used
different parametrizations showed that the uncertainties in
the measurements of the absolute values of F' ’2’(")():) are sup-
pressed in the calculation of the ratio 74(x).

The results of the numerical calculations, which show
how the SF of the free nucleon, F' 12v (x) (A=1), is related to
those of the deuteron (A =2) and helium (A=3 and 4), are
given in Fig. 6a. The same modifications calculated with
respect to F ZD(x) are shown in Fig. 6b. In contrast to the
modifications observed for heavy nuclei with masses A >4,
the form of the oscillations of the ratio 7*(x) changes for

A=4, causing the coordinate of the intersection point x5 to
move toward larger values of x.

The modifications calculated using the ratio with F(x)
(Fig. 6a) are not only of academic interest. We can use them
to show that the distortions of the structure of a nucleon in
the deuterium nucleus cannot be viewed as negligible, and
the relation F4 (x)/Fl(x) ~F4 (x)/F2 (x) cannot be consid-
ered justified. In fact, it follows from the results of the cal-
culatlons for A=3 that the location of x3 is shifted by 0.08 if
FY »(x) is replaced by F Z(x) (Fig. 6b). This shift is eight
times larger than the experimental error in the coordinate x;
found from a recent analysis of the measurements of
F4(x)/F2(x) (Ref. 30). According to Ref. 30, x,=0.84
*0.01, independently of A if A>4. This accuracy allows the
modification of the deuteron structure to be reliably distin-
guished from that of the structure of the free nucleon.

It is mterestmg that the value of (1—x3), which is
~0.32 for F2 (x)/F2 (x), decreases to ~0.16 and ~0.08 for

the ratios FA 3(x)/F (x) and F (x)/F2 (x), respectively.
Further evolution of the modlﬁcatlons of F Ql(x) in nuclei
heavier than “He is forbidden by the Pauli principle. It fol-
lows from the shape of the curves shown in Fig. 6a and also
from the relations between the coordinates of the intersection
points x3 that the modification of the nucleon structure
evolves as a saturated process, which is completely consis-
tent with the idea of the rapid saturation of the nuclear bind-
ing forces. This phenomenon allows the introduction of a
class of x-dependent modifications due to nuclear-binding
effects. Within this class there are no mechanisms which
could lead to further changes of the form of r4(x) occurring
during the first stage of the evolution, for A<4. The evolu-
tion of the modifications to heavier nuclei, where the EMC
effect was discovered, must occur independently of x and
should be viewed as the second stage.?’ The concept of the
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FIG. 7. Degree of distortion of the nucleon structure M as a function of the mass number A.

evolution of the structure of a nucleon located in a nuclear
medium as a two-stage process is crucial for understanding
the long-standing problem of the EMC effect.

The results that we have obtained, in particular, the val-
ues of (1—x3), can be used to introduce a quantitative char-
acteristic corresponding to the modification of the nucleon
structure as a function of the mass number A. For example,
taking as the unit of modification the quantity M=1/(1
—x3) corresponding to the case of D/N, we find that the
modifications of the nucleon structure in nuclei with A =2, 3,
and 4 occur in the ratio 1:2:4. On the other hand, analysis of
the data on nuclei for A=9-197 shows that x3 is indepen-
dent of A and has average value x;=0.84+0.01 (Ref. 30). In
terms of M, the value of the modification in this case is
M=2. 1t is easily shown that when the nucleon SF is de-
scribed by the very simple dependence F,~(1 —x)3, the
characteristic that we have introduced is related to the de-
rivative of F, and the actual value of F, at the intersection
point: M~ F;/F,|,_,.. The dependence of M on the mass
number A, shown in Fig. 7, is a convenient illustration of the
concept of the two-stage evolution of the nucleon modifica-
tions. Nuclei for which M is reliably determined from the
experimental data are located in the region A=9 and are
shown by the shaded cells in Fig. 7.

Since there are no experimental data for nuclei with
A=2,3, the predictions of Refs. 43 and 44 can be checked
only by comparison with the results for the ratio
F42Hc(x)/F zD(x), given in Refs. 55 and 95 and shown in Fig.
8. The location of the point where the calculated curve inter-
sects the line r(x) =1 corresponds to x3=0.913, which is in
good agreement with the data. The small systematic devia-
tion of the curve for x<<0.2 can be attributed to the param-
etrization of the nucleon data used to calculate the derivative
of F 12\’ . Insignificant changes of the parametrization allowing
the points x; and x, to be reproduced lead to a significant
improvement of the agreement between theory and experi-
ment for x<0.2 (see Fig. 9).

The result of the calculation for A=3 is in good agree-
ment with the form of the modification found in experiments
on much heavier nuclei, such as iron, silver, and gold nuclei.
The agreement is due to the fact that the value x;=0.845
obtained from the theory agrees with experiment within the
error. As a result, the modification of the SF ratio in the
region A >4 occurs simply as an increase of the amplitude of
the deviations from the line r*(x)=1 without any change of
the x dependence. As was shown in Ref. 30, the results of all
experiments on nuclei (except for “He) are in excellent

agreement with the calculation for A=3 with the introduc-
tion of a scale parameter. The A dependence of the scale
parameter is related to the change of the average nuclear
density and can be calculated by using the Woods—Saxon
potential. In Fig. 10 we give the results of calculating the
modification of the nucleon structure in a three-nucleon sys-
tem (the light shaded region) and show how the nucleon
structure evolves in the '2C, *°Fe, and 197 Au nuclei (different
degrees of shading).

The analysis performed in Refs. 28—30 shows that the
second stage (A>4) of the evolution of the nucleon struc-
ture in nuclei occurs without distortion of the parton distri-
butions of the nuclear medium. This fact allows the EMC
effect to be viewed as a special case of the modifications
studied for A <4. The recurrence of the effect obtained in the
calculations for the three-nucleon system in heavy nuclei
may indicate that the nuclear forces have the same topology
for A=3 and A=4.

5.3. The Gottfried sum rule

Strictly speaking, the experimental verification of the
QCD sum rules requires determination of the neutron struc-
ture function F73(x) in the entire range of the variable x. It is
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FIG. 8. Results of the calculations of F31%(x)/F3(x) performed in Refs. 43
and 44 (solid line). The experimental results are shown by the dark® and
light® circles.
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FIG. 9. Results of calculations of F‘z‘"e(x)/F ID(x) with a modified parametrization of F '2V (solid line). The experimental results are shown by the dark® and

light®s circles.

therefore natural to expect that the effects studied above will
prove important in analyzing the experimental data.
Equation (77) shows that the integral

1d
Ip= fOTx(ng(x)—zFE(x)),

which is usually used to test the Gottfried sum rule
experimentally,®” coincides with the Gottfried integral, apart
from a correction proportional to F 12v (x=0):

A = 3: Burov, Molochkov, Smirnov

[~ Evolution to A = 197: Woods-Saxon

0.8 :

_ ldx 7 .
Ip= fOT(Fz(x)_Fz(x))
_2<MD_2ED>D

- Flzv(x=0).

Since the value of the nucleon SF at the origin is unknown
and, judging from the recent experimental data,®’ grows rap-
idly for x—0, the value extracted in this way gives a greater

FIG. 10. Evolution of the nucleon structure in nuclei from A=3 to

A A=197, obtained by multiplying F ~>(x)/F2(x) by a scale pa-
rameter. The A dependence of the parameter is determined by the
3 Woods—Saxon potential and is shown by the different degrees of

shading. The results of measurements on a gold target were ob-
tained in Ref. 55.

12

197
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overestimate of the true value of the Gottfried integral, the
closer to the origin is the lower limit of integration in an
actual experiment.

In recent experiments, the NMC collaboration has found
that 7p(0.004) =0.2281+0.0065 (Ref. 87). It is easily shown
that by going to smaller and smaller x in this experiment, at
some xo=2x, it is possible to obtain a value of / satisfying
the Gottfried sum rule, Ip(x;)=73, and then to overestimate
it.

Experiments on DES on the deuteron and proton there-
fore suggest that the Gottfried sum rule is violated. Mean-
while, there is no reason to assume that the Gottfried integral
can be estimated from the available data with any a priori
specified accuracy.

A quite different situation can arise in analyzing the ex-
perimental data on DES on 3He and 3H. Let us calculate the
Gottfried integral by replacing the proton and neutron SFs by
the SFs of *He and >H obtained above [Eqs. (88) and (89)].
As a result, we obtain the expression

by= fo = (FHe(x) - FH(x))

0dx
=J'l—(F2(X) F3(x))

A 3
< 3He> (Fg(x=0)—F§(x=0))

Assuming isospin symmetry of the quark sea for x—0, we
can conclude that the last term vanishes and I3y coincides
with the Gottfried integral. Therefore, an experiment using
3He and *H targets would allow verification of the Gottfried
sum rule independently of model uncertainties and without
the need to include nuclear-binding effects.

Let us summarize the results of this section.

The model-independent method developed on the basis
of the approach described in Sec. 3 has allowed the SFs of
light nuclei to be calculated in terms of the SFs of nuclear
fragments and the three-dimensional momentum distribution.
As a result, the SF F (x) was calculated without resorting to
numerical solution of Eqgs. (49) and (84).

The behavior found for the ratios of SFs of the light
nuclei D, *He, and “He to the SF of the free nucleon indi-
cates that the modification of the nucleon structure in very
light nuclei is a manifestation of the space-like deformation
of the parton distribution in the bound nucleon.

The results of the calculations of the ratios of the SFs for
3He_ and “He to the SF of the deuteron, which will be
checked at TINAF and HERA, can be regarded as predicting
that the EMC effect on heavier nuclei can be understood as a
modification of the structure of a nucleon bound in *He
which is enhanced by nuclear-density effects.

These results show that in the region of the EMC effect
(0.3<x<0.9) two-nucleon interactions can be viewed as the
dominant mechanism in describing nuclear binding forces.
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6. CONCLUSION

We have proposed a field-theoretical approach in which
nucleon binding effects in the lightest nuclei can be studied
relativistically. We have shown that nonsimultaneity of the
nucleons in the nucleus is the necessary condition for modi-
fication of the nucleon structure.

We have developed a model-independent method allow-
ing the SFs of the 3H, *He, and “He nuclei to be calculated in
terms of the SFs of the nuclear fragments. For the first time,
using a unified approach, we have calculated the modifica-
tions of the structure of the free nucleon for the lightest nu-
clei, A<4. The results of the calculations for A=2,3 are the
theoretical predictions for the evolution of the nucleon struc-
ture in few-nucleon systems.

It has been shown that the structure functions F? 2(P)(x)
entering into the expressions for the hadron tensor determme
not only the ‘nternal structure of the nucleon, but also the
dynamics of two-nucleon interactions. The better agreement
of the results of the calculations with the available experi-
mental data indicates that nucleon pair interactions give the
dominant contribution in the description of nuclear binding
forces, at least in the well studied range 0.3<x<0.9. This
also suggests that the inclusion of the nonsimultaneity of the
nucleons in the nucleus is the sufficient condition for cor-
rectly describing the modification of the nucleon structure.

Both the modification of F) and its evolution from A
=1 to 4 obtained in our approach are the result of the rela-
tivistic treatment of the nuclear structure. Starting from the
mutual consistency of the results of theoretical calculations
based on understanding of the deuteron structure and the
experimental results for A=4, we arrive at the conclusion
that the theoretical uncertainties for the ratio F Z(x)/F 12v (x)
are small. This, in turn, allows us to reliably distinguish the
modification of the deuteron structure from the modification
of the structure of the free nucleon on the basis of the avail-
able experimental data.

We have found that the most typical, distinguishing fea-
ture of the modification of the nucleon structure in nuclei is
the location of the coordinate x5 at which F’ A(x) F (x). It
follows from the calculations that the value of (1-—x3),
which is ~0.32 for FJ/F} , decreases to ~0.16 and ~0.08

: A=3, D *He, -D : .
for the ratios F, “/F; and F, /F;, respectively. Choosing
the value of M=1/(1—x3) as a quantitative measure of the
modification and taking it to be unity for the deuteron, we
find that the degree of modification increases to M=2 for
3He and 3H, and to M=4 for “He. On the basis of these
results, we have introduced a class of x-dependent modifica-
tions due to nuclear-binding effects. Within this class there
are no mechanisms which could increase the degree of modi-
fication of the nucleon structure.

Our results also allow us to justify theoretically the idea
of a two-stage evolution of the structure of a nucleon located
in a nuclear medium, where the first stage occurs for A<4
and the second for A>4. The second stage of the evolution
occurs independently of x and corresponds to degree of
modification M=2. The A dependence of the magnitude of
the effect is described within the traditional ideas about
nuclear structure.
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Study of the class of modifications and introduction of
the concept of two-stage evolution of the nucleon structure
have proved decisive for understanding both the nature of the
EMC effect and the reasons for the unsuccessful description
of the effect obtained using the various models which have
been proposed since the effect was first discovered. The
EMC effect is a special case of the modifications studied for
A=<4. The recurrence of the pattern of the effect obtained in
the calculations for the three-nucleon system in heavy nuclei
may suggest that the nuclear forces for A=3 and A>4 have
the same topology.
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