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A review is given of the main aspects of the relativistic approach in the theory of nuclear interac-
tions and some of its applications. The approach is based on a scale-invariant relativization of the
nuclear wave functions, and this leads to a number of predictions for observable quantities that
are confirmed by analysis of the experimental data on the interaction of high-energy nuclei. The
kinematics of deep inelastic lepton-hadron coincidence processes is considered, and the scaling
properties of the structure functions (form factors) of such processes are predicted

I. INTRODUCTION

The experiments with beams of high-energy nuclei
made since the beginning of the seventies at Dubna Berkeley,
and a number of other laboratories have stimulated interest
in the study of nuclei as relativistic composite systems and
the processes of interaction between them (see, for example,
Refs. 1-15 and the bibliography given there). So far, beams
of nuclei with different atomic numbers (from the deuteron
to iron) have been obtained in the range of energies 0.4—10
GeV/nucleon. We note that energies above 2 GeV/nucleon
were achieved for the first time in the Dubna synchrophaso-
tron. Experiments with colliding beams of deuterons and
particles with energies up to 16 GeV/nucleon were also
made using the storage rings at CERN.'° This range of ener-
gies corresponds to relativistic physics, and for the descrip-
tion of the collisions of the nuclei the nonrelativistic theory
of nuclear reactions based on the Schridinger formalism of
quantum mechanics is no longer valid. At such energies, it is
necessary to take into account relativistic effects, and a rela-
tivistic formalism must be used to achieve an adequate de-
scription of the interaction of high-energy nuclei. Accord-
ingly, it is preferable to represent the experimental data in
terms of variables that have a relativistic origin. A stimulus
to the development of investigations in the field of relativis-
tic nuclear physics was Baldin’s prediction'” of cumulative
production of particles in nucleus-nucleus collisions.

In this review, we describe the main features of the rela-
tivistic approach in the theory of nuclear interactions at high
energies, give some of its applications, and compare some
theoretical calculations with experimental data. Aspects of
the nonrelativistic theory of nuclear reactions are described
in fair detail in, for example, Ref. 18.

In the majority of experiments with the participation of
relativistic nuclei,'®** the single-particle inclusive spectra
of secondary particles (pions, protons, light nuclei) were
measured in a wide range of the kinematic variables and for
different projectile nuclei and target nuclei. Originally, pion
production in collisions of relativistic deuterons with a cop-
per target in a kinematic region extending beyond the
boundary of nucleon-nucleon kinematics was investigat-
ed.”

In subsequent experiments,” cumulative production of
protons and light nuclei was studied. The energy of a secon-
dary particle can be related to the cumulation number N, ,
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the effective number of nucleons of the fragmenting nucleus
that participate in the process. This variable is a complicated
combination of the momentum and emission angle of the
created particle and at high energies of the colliding nuclei

has the form*7-82¢

min

(E — p,)/m— in the rest frame of the beam,
{(E -+ p,)/{E°+ p}) — in the rest frame of the target.

Here, E and p, are the energy and z component of the mo-
mentum of the cumulative particle, m is the proton mass,
and E ° and p? are the energy and momentum per nucleon of
the incident nucleus. The variable N_;, is analogous to the
“light-front” variables that will be discussed below. Light-
front variables for describing processes with the participa-
tion of high-energy nuclei were introduced for the first time
in Ref. 27 in connection with relativization of nuclear wave
functions.

A simple exponential dependence of the cross section
for production of cumulative particles on the variable N,,,,,

min )

7 20 o exp (—al
Edp Cexp (—al

(the parameters ¢ and C do not depend on the properties of
the target in the beam fragmentation region), describes satis-
factorily not only the momentum but also the angular distri-
butions. The region of cumulative production corresponds
to N, > 1. This means that the production occurs as a re-
sult of interaction with a group of nucleons of the fragment-
ing nucleus.

Since the production of cumulative particles must take
place at short internucleon distances, the quark degrees of
freedom in the nuclei must be taken into account. The need
to take into account the quark structure of nuclei is also
indicated by experiments on the elastic scattering of elec-
trons by light nuclei,”® which yielded indications of a change
from exponential decrease of the form factors at small g° toa
power-law decrease at large momentum transfers, in agree-
ment with the theoretical predictions of the quark counting
rules.*® The quark counting rules were introduced for the
first time by Matveev, Muradyan, and Tavkhelidze*® and
Brodsky and Farrar.?' They successfully explain the power-
law decrease of the cross sections of hadron scattering with
large momentum transfer. In Ref, 32, Matveev and Sorba
used the quark bag model to estimate the contribution of six-
quark states to the deuteron wave function, and the probabil-
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ity of a tunneling transition of the deuteron from the two-
nucleon to the six-quark state was found to be 7%. A number
of studies have been made of the contribution of quark de-
grees of freedom in nuclei (see, for example, Ref. 33 and the
bibliography given there).

To describe the experimental characteristics of pro-
cesses with the participation of relativistic nuclei, various
theoretical models have been developed, but as yet there
does not exist a theoretical scheme which satisfactorily de-
scribes all the experimental data. In experiments with beams
of high-energy nuclei, it is not uncommon to encounter sit-
uations in which short internucleon distances must be taken
into account, this corresponding to large relative momenta
of the constituent particles of the nucleus. The problem
arises of giving a satisfactory description of nuclei for arbi-
trary momenta of the nucleons in them. Since high-energy
nuclei are relativistic composite systems, to describe pro-
cesses in which they participate it is more convenient to use
wave functions that take into account the relativistic nature
of the motion of the nucleons within a nucleusin place of the
ordinary quantum-mechanical nuclear wave functions,
which correspond to motion of the nucleons with small in-
ternal momenta. It is necessary to use the formalism of quan-
tum field theory,>* in the framework of which a composite
system is described by means of a Fock column®?® defined at
a certain instant of time.

One of the methods of describing relativistic bound
states is to use various equations of quantum field theory
(Bethe-Salpeter equation,® quasipotential equations®) for
two- and many-particle relativistic composite systems. But
the construction of the kernel of the corresponding integral
equation for the relativistic wave function is a complicated
problem, and it is not realistic to hope for a solution of this
problem in the near future. Therefore, a heuristic way of
introducing relativistic nuclear wave functions appears to be
the way forward. One can construct relativistic wave func-
tions that reproduce the experimental behavior well and
have the correct nonrelativistic limit, i.e., that go over into
the well-known nuclear wave functions in that limit.

In analyzing the consequences of theoretical models
and comparing them with experiments, it is important to
identify a class of experimentally observable phenomena in
which various features characteristic of the relativistic treat-
ment of bound states are presumed to be manifested. Among
the relatively distinguished types of processes with relativis-
tic incident nuclei are the processes with spectator fragments
as the outcome. Processes of such kind were considered by
the present authors in the framework of a many-particle®’
relativistic formalism in light-front variables*®; when ap-
plied to processes with the participation of high-energy nu-
clei, this formalism gives a number of scale-invariant types
of behavior for observable quantities. We mention that the
possibility of constructing a relativistic dynamics with com-
mutation relations on a light-front hypersurface was already
pointed out by Dirac®® in 1949.

In this approach, a relativistic nucleus of A particle with
total 4-momentum P, can be described by means of a rela-
tivistic wave function @ & ([x{*/, p;, ]), in which the “longi-
tudinal motion” of the constituents within the relativistic

498 Sov. J. Part. Nucl. 15 (5), Sept.—Oct. 1984

nuclei is parametrized by means of scale-invariant variables:
2@ = (p;, o+ Ps, )P4, 0+ Pa. 2)s 1)

where p; , (# =0,1,2,3 is the Lorentz index) and P, , are
the individual 4-momentum of particle / within the compos-
ite system and the total 4-momentum of the system, respec-
tively. The quantities x'* are ratios of the light-front varia-
bles. In terms of these variables, the wave function of the
composite system reflects, in particular, the dependence of
the internal motion of the constituents on the total momen-
tum of the relativistic composite system. The “inequiva-
lence” of the longitudinal and transverse degrees of freedom
characteristic of high-energy physics*® finds here a natural
reflection.

Assuming that the nucleons are fairly good “quasiparti-
cles” for describing the properties of nuclei, we can ascribe
an index i to the individual nucleons in the nucleus. Here and
in what follows, upper-case letters will denote the character-
istics (momenta, masses, etc.) of the composite systems, and
lower-case letters the characteristics of individual nucleons.
Square brackets in the argument of the wave function @
identify the set of the corresponding variables x{*'and p;, ,
which satisfy the conditions

Y A
.Ei M =1; 0<< A< 1; _El Pi, 1=Pa, 1 )
= h=

The superscript of the variable x}*' means that this variable is
defined in a system of particles whose number is equal to this
index.

The formalism can be directly generalized to take into
account quark degrees of freedom in nuclei.

1. PROCESSES WITH THE PARTICIPATION OF HIGH-
ENERGY NUCLEI AND THE PROBLEM OF RELATIVIZATION
OF NUCLEAR WAVE FUNCTIONS

Scale-invariant parametrization of the relativistic wave
function of the deuteron

We begin by considering the simplest case of a two-
nucleon nucleus, i.e., the deuteron. To construct a relativis-
tic wave function of the deuteron, we use the fact that in the
framework of the relativistic formalism in light-front varia-
bles®® the Lorentz-invariant combination (p? 4 m?)/
x(1 — x) [where p, is the relative transverse momentum of
the constituents, x = 1/2 + (po + p. )/ (P + P.), p, and P,
are the relative 4-momentum of the internal motion of the
constituents and the total 4-momentum of the motion of the
composite system as a whole, respectively, and m is the mass
of a constituent] plays a part analogous to that of the rota-
tionally invariant (in three-dimensional space) square p* of
the three—dimensional relative momentum in nonrelativistic
theory. The relativistic wave functions can be obtained from
the corresponding nonrelativistic expressions by the substi-
tution
P -+ m?
gl =
accompanied by the natural replacement of the nonrelativis-
tic numerical parameters by the relativistic ones.

In this way one can obtain, for example, the relativistic
analog of the Hulthén wave function®’:
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r4 m_z - 2 mE _

O (7, Da)= Cn [ e — o | [ g ™, 3
which is written down in an arbitrary coordinate system for
arbitrary momenta of the deuteron as a whole and arbitrary
internal momenta of its constituent nucleons. The finding of
relativistic analogs of more accurate deuteron wave fune-
tions does not lead to fundamental difficulties. In particular,
in what follows we shall use the relativistic analog of the
Gartenhaus—Moravcsik function. We shall not describe here
other possible ways of relativizing the wave functions. Some
of them can be found in Refs. 41-47.

In the rest frame of the deuteron the wave function (3)
for momenta of the internal motion of the deuteron satisfy-
ing the condition |p|/m <1 goes over into Hulthén’s well-
known nonrelativistic wave function

Dye ) = Cxr (P + akr)™ (P° + Bir) (4)
In(4)and (3), ag , B g and ayg,F nr are variable parameters
of the relativistic and nonrelativistic wave functions, respec-
tively, and Cy and Cyp are normalization coefficients.

Going to the nonrelativistic limit in the expression (3)
and ignoring the deuteron binding energy in the numerator
of the expression for the variable x, we obtain the following

connection between the parameters of the wave functions
@D and @y

Ap= % (2m?—ofp), Pr= ‘%’i (2m2—Piyp)-

{Sa)
Here, m, is the deuteron mass.

If we completely ignore the binding energy in the
expression for x, then from the condition that the wave func-
tion @ go over into Py we obtain the following connec-
tion between the parameters:

r =4 (m* — Pla).

Normalizing the wave function (4) by the condition

{dp10ynm P =1, (6)

we obtain the following expression for the normalization co-
efficient:

Cyr= % (et Byr)®? a}\ﬁ;ﬁ}y%‘ (7)

For the normalization of the wave function (3), it is in
general necessary to know the form of all interactions within
the two-particle composite system. Assuming, however, that
the total quasipotential of the interaction does not depend on
the 4-momentum of the deuteron as a whole, we obtain the
normalization condition”

1
5 z{idiz) SdPMCDR (z, p.)|*=8mn. (8)
1]

Substituting here the wave function (3), we obtain for the
normalization coefficient C the expression”

Cr=2%(ag—fr)lf (@n Br) +7 Br ar)l5 9)

g =4 (m* — a?‘fﬂ)»

(3b)

YGeneral questions relating to the normalization of three-dimensional
relativistic wave functions were considered by Faustov and Khelash-
vili,*®

ATranslator's Note. The Russian notation for the trigonometric, inverse
trigonometric, hyperbolic trigonometric functions, etc., is retained here
and throughout the article in the displayed equations.
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where

__ 4m? (an—PBr)t+ar (4m? —ug)]
f(a}?: ﬁR) (GH_BR)OL:;"N (dm®—ag) /2
1

@R

arotg (L tm )"
i | ¢

We also give the connection in the nonrelativistic limit
between the wave functions @ and @ .y that is obtained
using (5a) and (5b):
(I}R (JC', pJ_) — 27/43-[‘1!2”?]/2(1)4\'1’{ (p)'
Dy (x, p1)— 2n'2m Dy g (p).

Here, the relativistic wave function @ 5 is normalized by the
condition (8), and the nonrelativistic wave function @ is
normalized by the condition (6).

Breakup of the relativistic deuteron

For the study of the dynamics of the relativistic deu-
teron, experiments with hydrogen targets are the most con-
venient, since in this case there are no effects associated with
disintegration of the target, and the selection of the spectator
nucleons makes it possible to obtain direct information
about the deuteron wave function.

In Ref. 49, Glagolev et al. noted the convenience of
studying the dp reaction in the kinematic scheme in which
the deuteron is incident and the proton is at rest, since in this
case the products of the deuteron fragmentation have veloc-
ities close to that of the incident nucleus and they can be
clearly seen in a bubble chamber.

We consider the process d + p—pgsp (ngp) +Xy in
which a relativistic deuteron interacts with a hydrogen tar-
get and a spectator nucleon and the system X of hadrons
are produced. One of the simplest processes of this type is
direct deuteron disintegration, dp—ppn.

Assuming that the spectator nucleon does not interact
with the target, we can obtain for it the invariant distribu-

ti0n27,50
do AYE (spenvy m2, m2) by (z, p_L) 2
SP Ipap " T AP (s, mE, md) Oin (Sw) 1—% (10)

Here, 5 is the ordinary Mandelstam variable for the deu-
teron—proton system, and sy, is the analogous variable for
the subsystem consisting of the interacting nucleon of the
deuteron and the target proton. Energy—momentum conser-
vation leads to the following relation between these varia-
bles:

P;‘ép, 1 +m?

Svy=8(1—Xgp)+ m2— %
Xsp

2

where o, (s ) is the integrated inelastic cross section of the
nucleon-nucleon interaction in the given channel NN—.X,,
m, is the deuteron mass, and m is the nucleon mass. The flux
factor is defined as 4 (x, y,z) = (x —y — z)* — 4pz. The vari-
able X g is defined as follows:

(Esp—+psp. )

Xsv = TP T Byt 7n) -

(11)

Here,Esp, E;, E,,and psp., P, ., p,.. are the energies and z
components of the momenta of the spectator nucleon and
the colliding deuteron and proton, respectively. Note that
the variable X ¢ isscale-invariant and Lorentz-invariant un-
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der transformations of the frame of reference along the colli-
sion axis (the z axis).

The arguments of the wave function @ (x,p, ) are relat-
ed to the arguments X g, and pgp, by

= (14 FIpRE ) Xoni

p. = — Psp,, inthe framein which P, = 0. It follows from
these expressions that by observing experimentally the dis-
tributions of the spectator nucleon we can obtain informa-
tion about the internal motion of the nucleons within the
relativistic deuteron.

In the high-energy limit, the distribution of the specta-
tor, summed over all possible hadron systems X, takes the
form

[Pk (Xgp, Pgp, )I?
1—Xgp

1 _de
Otot (00) dpsp/Esp s+

Note the analogy between this expression and the predic-
tions for the inclusive distributions obtained in the frame-
work of the hypothesis of limiting fragmentation,> the par-
ton model,** and the self-similarity principle for strong
interactions.>® Deviations from self-similar behavior may
occur because of a possible weak dependence of the wave-
function parameters on the energy. In this connection, there
is undoubted interest in the experimental study of processes
with beams of deuterons of different energies. We shall re-
turn once more to the discussion of this question when com-
paring our calculations with experimental data.

A characteristic feature of the distribution (10) for the
spectator nucleons in the frame in which the target proton is
at rest is the prediction of a maximum at the point.

1

Xse = T TmiEs T Pa ] *

(12)

this approaching its limiting value X ¢p = 1 as the energy in-
creases. It will be seen from what follows that the positions of
the maxima of the experimental X gp distributions agree with
the values X sp predicted by Eq. (12).

To compare the relativistic parametrization (3) with the
nonrelativistic Hulthén wave function (4), we consider the
momentum distributions of the spectator nucleons in the
deuteron rest frame.** The momentum distribution of the
spectators is related to the invariant differential cross section
(10) as follows:

— P, =33GeV/c

100

Number of events/0.01 GeV/c

1 1 1
0 0,05 0.1 015 020
Pep, GeV/e

FIG. 1. Distribution with respect to the momentum of the spectator neu-
tron in the deuteron rest frame in the reaction dp—-ppngp . The continuous
and broken curves are the results of calculation with the relativistic and
the nonrelativistic wave function, respectively.
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FIG. 2. Distribution with respect to the momentum of the spectator pro-
ton in the deuteron rest frame in the reaction dp—p(pm ™ )psp .
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1
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In Fig. 1, the theoretical calculations with the relativistic
wave function (3) and with the nonrelativistic Hulthén wave
function (4) are compared with the experimental distribution
of spectator neutrons in the deuteron rest frame in the direct
deuteron-disintegration process d 4+ p—p + p + ngp. The
experimental data were obtained in the 1-m hydrogen bubble
chamber of the Laboratory of High Energies at the JINR,
Dubna, bombarded by 3.3-GeV/c deuterons,”™ and they
have been converted to the antilaboratory frame, in which
the momentum of the incident proton is 1.65 GeV/c. Experi-
mentally, the spectator was chosen as the particle having the
least momentum in the deuteron rest frame. The small ad-
mixture of other nucleons selected with the spectators evi-
dently cannot significantly influence our considerations (for
more detail, see Ref. 55). The parameters ¢y and S of the
relativistic deuteron wave function were calculated in accor-
dance with (5a) using the values ayr = 0.0456 GeV/c and
Bur = 0.26 GeV/c (Ref. 56) of the parameters of the nonrel-
ativistic Hulthén wave function. The expressions (5b) give
very similar values for the parameters @y and Sy . The cross
section of elastic proton—proton scattering at these energies
is constant and equal to 24 mb.”” The continuous curve in
Fig. 1 corresponds to the theoretical calculation with the
relativistic wave function (3) and the parameters ¢y = 3.521

+
<
<

Number of events/0.04 GeV/c
oo :
oS
=1

[} I 1 | 7
w12 13 MPSP,GCV/C

FIG. 3. Distribution with respect to the momentum of the spectator pro-
ton in the system of the colliding beams in the reaction dp—plpm ™ )pgp -
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TABLE 1. Parameters of the relativistic Hulthén wave function.

Reaction g, (GeV/cf Br. (GeV/c) | x:Ng
Cglculation in accordance 3.591 3.300 _
with (5)
d+p—p-+(pn)+ psp 3.5224-0.006 3,3834-0.033 11/32
Vs =52 GeV
Deuteron rest frame
d—',:p—»P—l—(pﬂ‘)—l—psp 3.5134:0,003 3,476+0.019 28/14
V=52 GeV
Colliding-beam system
d+Al > ngp+ X
Py=23,46 GeV/c 3.5156, fixed 3.56240£0,0004| 1.9
Pi;=4,46 GeV/c 3.5156, fixed 3.52224-0.0006 1.2
Pg=1,66 GeV/c 3.5156, fixed 3,5203--0,0040( 2,9
P3=10,2 GeV/c 3.5156, fixed 3,5170+0.0021 | 1,1
d+p—+pi-ptnsp
Pg=3.3 GeV/c 3.5156, fixed 3,45724-0.0005| 232/150
dD’de,gp
In three intervals of pgp;
d+-p—pip--ngp
P3=3,3 GeV/c 3.51586, fixed 3.457940,0005 | 311/150
da/dpgp, |
In three intervals of X gp

(GeV/c) and B = 3.390 (GeV/c) (y /N, = 27/20). The
broken curve corresponds to the calculation with the non-
relativistic wave function (4) and the parameters
ang = 0.0456GeV/candf yy = 0.26GeV/c(y Z/Np =65/
20). It can be seen that at momenta Pg, <0.2 GeV/c the
relativistic wave function gives a somewhat better descrip-
tion of the data than the nonrelativistic one.

To avoid cluttering the figures, in the remaining graphs
we give only the curves obtained by means of the relativistic
wave functions.

Figure 2 shows the momentum distribution of the spec-
tator protons in the deuteron rest frame in the reaction
d + p—p + (p77) + pep at energy s = 52 GeV. The data
were obtained in an experiment at the CERN ISR with col-

xEN=1.1

o
<
T

il

a’e/axspa‘ﬂsp\p” — g+ mb/sr
)
[N
I

0 !
0413 0435 0465 06.473 XSP

FIG. 4. The distribution of do/dXgpdfQgp|,, -o at momentum
P, = 3.46 GeV/c of the incident deuteron.
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liding deuteron-proton beams.'® Figure 3 shows the mo-
mentum distribution of the spectator nucleons in the frame
of the colliding beams in the same reaction at the same ener-
gy. The curves in Figs. 2 and 3 correspond to the calculation
with the wave function (3). The cross section oy, (syx ) of neu-
tron diffraction dissociation n + p—p + (p7~) + p at the
considered energies was taken to be constant and equal to
185 12b.'® The values of the parameters @y and By obtained
by fitting the experimental data and the corresponding val-
ues of y ?/N, are given in Table I. The agreement between
the theoretical calculations and the experimental data con-
firms the validity of using the relativistic parametrization (3)
of the wave function to deseribe the deuteron both at rest and
when moving.

XYN=1.8

=g mb/st
2

S
<
T

a5/dXep02sp | 5,

a | 1
0,405 0425 0.44%5 0.465 Xgp

FIG. 5. The distribution of de/dX spd2sp o, =0 8t momentum

P, = 4.46 GeV/c of the incident deuteron.
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0427 0447 0467 0,487 0.507 Xsp

FIG. 6. The distribution of do/dXepdf2gp|,, o al momentum
P, = 7.66 GeV/c of the incident deuteron.

To verify the scaling properties inherent in the relativis-
tic wave functions, a comparison was made of theoretical
calculations with the experimental distributions of the spec-
tator nucleons at other momenta of the incident deuteron as
well.*® The distribution of the spectator neutrons calculated
using the wave function (3) was compared with the experi-
mental distribution of neutrons from deuteron stripping.>”

Figures 47 give the theoretical {(continuous curves) and
experimental distributions (do/dXspdf2sp)|p,, _o for four
energies of the incident deuteron; the distributions are nor-
malized to unity at the points of the corresponding maxima,
The relationship between the distribution given in the graph
and the invariant distribution (10) at zero values of the trans-
verse momentum of the spectator has the form®®

da _ lm+ Py Eg) Xgp]® —m?
dXgpdisp lpgp, | —0  AlmtPaEg)? Xip
ad, dU
(Ewi)|
{ 5P dpgp SP, 1=0

Analysis shows that in the considered region of mo-
menta of the incident deuteron the parameters @y and Sy
depend weakly on the energy of the incident beam (Table I).
This can be regarded as an indication that in a fairly wide
range of energies the deuteron wave function @ , contains no
other dependence on the energy apart from the dependence
on the variable x, and it can be assumed that the relativistic
deuteron is fairly well described by the wave function with

0 mb/sr
-
=1

Psp=

S
n

GE/ UK ep AR |

g ! | |
0.434 0454 0474 0.45% X SP

FIG. 7. The distribution of do/dXspd2ge |, o at momentum
P, = 10.2 GeV/c of the incident deuteron.
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150 +

Number of events/0.005
3
3
T

50+

o
-

0.3 04 0.5 Xsp

FIG. 8. The do/dX sp distribution of spectator neutrons in the reaction
dp—ppnsp in the interval 0.01 < pgp, «0.04 GeV/e.

the scale-invariant parametrization of the “longitudinal mo-
tion” in the light-front variables.

To study the distributions of the spectators with respect
to the transverse momentum, data on the interaction of 3.3-
GeV/c deuterons with a hydrogen chamber were used.®
From the experimental point of view, there are fairly com-
plete data for the direct disintegration channel dp—ppn. In
this case, oy, (Syy) in Eq. (10) must be replaced by the total
elastic cross section o (§y ) of the nucleon—nucleon interac-
tion. We restricted ourselves to the case of a neutron specta-
tor, since there are for the cross section o 5 far fewer experi-
mental data than for o5 (see, for example, Ref. 57). In our
case, 5,, varies in an interval in which o is effectively con-
stant at 24 mb.

The experimental distributions do/dX ¢p anddo/dpgp |
in the rest frame of the target proton were analyzed. They are
related to the invariant differential cross section as follows:

200 |

150 -

100 -

Number of events/0.005

o 1 I
a3 0.4 65 X

an_o

FIG. 9. The do/dX g, distribution of spectator neutrons in the reaction
dp—ppng, in the interval 0.04 <pgp, <0.07 GeV/e.
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Number of events/0.005
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Xsp

FIG. 10. The do/dX 5 distribution of spectator neutrons in the reaction
dp—ppngp in the interval 0.07 <pgp, <0.1 GeV/e.

PSP, | max p
do g
2 —_—  .d L 13a
S g S dXsp dvgp, 1 Psp, L ( )
D8P, L min
J sp, max p
o o
£t —  dXgp; 13b
'ipSP‘ R B dXSP dpSP, 7 8pr ( }
5P, min
dc Pgp, 1 do
=2n L (E ) 13¢
dXgpdpgp o Xsp 5P dpsp (13¢)

The experimental distributions do/dX sp (do/dpsp, ), inte-
grated in three different intervals of pgp (X gp ), Were com-
pared with the results of the foregoing theoretical scheme.

The results of the analysis are given in Figs. 8—13. The
theoretical curves in these figures correspond to the values of
the parameters of the relativistic wave function (3) given in
Table I. The values of y ?/N, (where N, is the number of
experimental points} indicate that the model agrees satisfac-
torily with the experimental data. In accordance with the
prediction (12), the maximum in the X gp distribution is at
X sp =0.44.

More complicated nuclei

It is of undoubted interest to attempt to relativize the
wave functions of more complicated nuclei, to compare the
corresponding results with experimental data, and thus to
verify the universality of the scale-invariant properties of the
relativistic wave functions in the developed formalism.

In the framework of the impulse approximation we con-
sider the process of knockout of a nucleon from a relativistic
nucleus A4 in a collision with a hydrogen target. Assuming
that the target interacts only with the nucleon that is
knocked out and that the remaining 4-1 nucleons of the ini-

oo

50

Number of events/0.005 GeV/c

(e
&2 Fep i

a 0.7

FIG. 11. The do/dpgp, distribution of spectator neutrons in the reaction
dp—ppngp in the interval 0.40 <X <0.43.
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FIG. 12. The do/dpgp,, distribution of spectator neutrons in the reaction
dp—sppngp in the interval 0.43 <X <0.46.

tial nucleus continue to exist in the form of a fragment nu-
cleus (we shall call it the spectator fragment}, we can calcu-
late the distributions of these fragments.

We shall describe the incident nucleus and the spectator
nucleus by means of the wave functions of the many-particle
relativistic formalism in light-front variables. We shall de-
scribe the nucleus of 4 nucleons with total 4-momentum P,
by means of a wave function @ ¢ )([x{*), p,, ]), in which the
“longitudinal motion” of the constituents is parametrized by
means of scale-invariant variables x!*!, which are defined as
the ratio of the 4+ components of the 4-momenta of nucleon
i and the nucleus 4 [see Eq. (1)]. The arguments of the wave
function @ ) satisfy the conditions (2).

The distribution of the spectator fragments in the pro-
cess of nucleon knockout from the nucleus in the laboratory
frame (nucleus A is incident along the z axis and the target
proton is at rest) has the form®'-%2

do A2 sy, m?, mY)

E I(XSP. PSP' J_) 2
5P IPap ALE (s, mE, M%) *

1—!1X3p

chviN (Sww)
(14)
Here, s is the usual Mandelstam variable for the system con-
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FIG. 13. The do/dpsp,, distribution of spectator neutrons in the reaction
dp—ppngp in the interval 0.46 <X <0.49.
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sisting of the incident nucleus A and the target nucleon, s,
is the analogous variable for the subsystem consisting of the
nucleon that interacts and the target nucleon,

. P, LM
syy=s(1—Xgp) + Mip— &;——ﬂ ;
Sp

o (syy) 1s the total elastic cross section for interaction of
the knocked-out nucleon with the target, 2 (x, y,z) is, as be-
fore, the flux factor, m is the nucleon mass, M, is the mass of
the incident nucleus, M g is the mass of the spectator frag-
ment, e is given by

a=1-+mlE, +
the variable X qp by

P.‘!\. .2)’

_ EBspi+Psp s

mtEat+ Pa.z’
and P, ., E, and P, Egp are the z components of the
momentum and the energy of the incident nucleus 4 and the
spectator fragment (4 — 1), respectively.

The overlap integral I (X sp, Py, ) of the relativistic

wave functions of the incident nucleus and the spectator
fragment is given by

Hir (15)

}A—idy(Agi} A-1
I(Xgp, Psp, 1)= 3 II o (1— 3 y‘{’"“)
; LE i—
0 i=1 =1
A-1 A1

p \1]] da;, ia{”)(PSP.J.ﬁE lli,_L)

i=1 d==1

XOF A ([P0, Gy, 1 — YA~ D Pep, 1) DL (22, i, 1 1),

(16)

The variables x!*! and y'* — ! are defined as follows:
A

(4) o PiaPig (4) ' ) — {:
:Ei P’A‘D+PA.Z7 O<xi <1‘ lexi 1’
i
A-1
(A-1)— _ 9i. 0 432 (A—1) (A-1)— 4.
i Psp, o+ Psp,z’ Ossi <1, 2 Hi !

i=1
The wave-function overlap integral has a direct analog in the
nonrelativistic theory of nuclear reactions (see, for example,
Ref. 18 and the bibliography given there).
The arguments of the wave function @ ! of the incident
nucleus are related to the variables of integration and the
observable quantities X'gp and Pgp; as follows:

) = aXgpyld-Y, ps, L =qs, 1, i=1, 2, ..., A—1,
P =1 —aXgp, pa, 1=—Psp, 1.
(17)

Thus, observation of the spectator fragment makes it
possible to obtain information about the nature of the “lon-
gitudinal” and transverse momentum distributions of the
nucleons in the incident nucleus. 4. Equation (16) contains
the relativistic wave functions @ "' and @ ¥ 7 of the initial
and final nuclei in frames in which their total transverse mo-
menta are zero. They are related to the wave functions with
arbitrary total 4-momentum P by*’

o (Y, ps, L —2tVP ) = OFY (1242, py, D). (18)

As an example, we consider the following very simple
parametrization of the relativistic wave functions of the ini-
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tial nucleus and the target nucleus:
A ” o

G ([, pi, 1) = Cexp (—at 3 B ) (19)

i=1 t
and similarly for @ ~ ! with the substitution A—(4 — 1).

Such a parameterization appears reasonable for light
nuclei (4<4). In Eq. (19), C, is a normalization coefficient,
and aj is a numerical parameter that can be varied. If the
scale-invariant parametrization put into the wave function
@) js valid, then when theory is compared with experiment
the parameter ay must be found to be about the same when
data at different energies of the incident nucleus are approxi-
mated.

Since in our treatment we do not distinguish protons
from neutrons, the wave function @“' ([ x{*,p, ])is a sym-
metric function of its arguments x}*' and p,, . Solving the
problem of a conditional extremum under the conditions (2),
we find that the wave function (19) has a maximum at zero
values of the transverse momenta of the constituent nu-
cleons and at values of the variables x!*’ equal to

A) .. M ___1_
e
S e

=1
Taking into account the connection between the varia-
bles x{") and X qp [see Eqs. (17)], we find that the distribution
of the spectator fragments with respect to X ¢p must have a
maximum at

. e (20)

Xsp— =
4 (i+ Ea+Pa,; )

We note that properties such as the scale invariance of
the wave functions and the position of the maximum in the
X gp distribution of the spectator fragments remain valid for
an arbitrary parametrization of the relativistic wave func-
tions.

‘We normalize the relativistic wave functions as in the
two-particle case under the assumption that the total quasi-
potential of the interaction does not depend on the total 4-
momentum of the bound system. In this case,

LA A A
(T8 (1= 3 00 TT a0 (P .= T )
0 i=1 "1t i=1 i=1 i=1
X | @ (2, py, 1)2=2(dm)4-1,
(21)
Substituting in the normalization condition (21) the
wave function @' ([x{*),p,, ])in the form (19), we obtain an
approximate expression for the normalization coefficient
G
_ AL 4 1

A-1, A A-1)
s — A
C,m~212(4n) 2 (2 mi)
=1

% 2af Z
(L) ™ (%)
zI—Il o "

A

ol (3]

i=—1

(22)

One of the arguments used in choosing the relativistic
wave functions is that in the nonrelativistic limit they should
go over into the well-known nonrelativistic nuclear wave
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functions. The nonrelativistic wave function @ g} ([p;]),
whose relativistic analog is the function (19) has Gaussian
form:

4o 3(;1-1) A
WD =("2-) * exp(—ayrNpt) (23
i=1
and is normalized by the condition
A A
VT dp: 89 3% o ) IDKR (mi) 12 = 1. (24)

i=1 i=1
From the condition of agreement in the nonrelativistic
limit between the wave function (19) and the nonrelativistic
wave function (23) we obtain the connection between the
parameters of the relativistic and nonrelativistic functions:

1 A
—— afff=—al. (25)

For the normalized wave functions, the nonrelativistic
limit is

A
O ([, py, 1) — 22 (2m2m2) | Au@(“({pil)-

Substituting now the relativistic wave functions @“!
and @~V in the expression (16) for the overlap integral,
taking into account (18), and integrating over the transverse
momenta, we obtain

I l.»l‘ aAm,
I (Xgp, Psp, 1) = CACA—s(——“—R‘) e\p( T— )
l
@

aXgp

aflpy ’
cexn| — o aen | (Xen)
(26)
where
14-1 A-1
J(XSP)=S H dz{a-1§ (1f b g({hi)) \
i i—=t i=1
l aR A-1 m2 i}
cexp[ —(af 4+ =) (% #j“)J. (27)

The integral over the variable x!* ~ ! can be calculated
approximately by means of the multidimensional method of
steepest descent® in the form of an asymptotic expansion in
inverse powers of the large parameter (a5 _ , + a5 X gp). The
leading term of the expansion has the form

s At -+
) (3 n)

=1
== R A-1
=1

(28)

Substituting in (26) the expressions for the normaliza-
tion coefficients C, and C, _, from (22) and the expression
for the integral Ji,(X p ), we obtain finally for the overlap inte-
gral
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Lttt ) (3 m)]

9 3(4A-1) 3A-2)
24-3 o ot B
. 2a 9 o
I(Xgp,Pgp, 1)=2(4m) 2 ( A) 4 ( aA—i) 7
i 7
A 3A- 01 a4y B(A-2)41
A ; —_
\(E m‘) (2 mt}
i=1 joi|
A _% A1 ,L
o« (1L m) (1T m)
1= i=1
3(A—9)
Ba-9y I
= : a,Pgp
X(————— ex [___,____J
(gR | -‘Ii ) u & a'XSP(i‘"aXSP)
A-1T

oXgp

A A-1
(2, m)a¥se— (3] ma]
=
X T—a¥en) : (29)

It can be seen from the expression (29) that the distribu-
tion with respect to the transverse momentum Py, of the
spectator fragment must have a Gaussian form, and the X o,
distribution will have a maximum at the point predicted by
Eg. (20).

The expression (14) for the differential cross section
with the overlap integral (29) can now be used for a compari-
son with experimental data.

To verify the scaling properties of the relativistic wave
functions and extract information about the values of their
parameters, we used experimental data on “Hep interactions
with an incident “He nucleus having momenta 8.56 GeV/c
and 13.5 GeV/c and *Hep interactions at momentum 13.5
GeV/c of the *He nucleus; these data were obtained using
the 1-m hydrogen bubble chamber of the Laboratory of High
Energies at Dubna.®*% We also used data on the momentum
distribution of the *He nuclei emitted at angle 0.65° in the
*Hep—"HeX reaction with an incident “He nucleus having
momentum 6.85 GeV/c.*

The experimental do/dXsp and do/dPgp, distribu-
tions of the *H and *He spectator fragments in the
*Hep—"Hpp and Hep—’Hepn reactions were analyzed in
the rest frame of the target proton. (The spectators were as-
sumed to be the fragments having the smallest momentum
among the reaction products in the *He rest frame.)

These distributions are related to the invariant differen-
tial cross section by equations of the type (13), in which
E spdo/d Py is given by the expression (14) with the overlap
integral (29) with 4 = 4.

Thelimits of integration X gp min and X gp max Weretaken
from the corresponding experimental distributions of the
spectator fragments with respect to the variable X gp. The
limit Pgp )., 18 the kinematic limit determined by the condi-
tion of positivity of the factor 4 (syy, m”, m®) in Eq. (14). It
has the form

(Ps P, iMaH(‘)2 = (SXSP - ﬂ]?SP) (] T XSP) = 4m2XSP-

(30)
The total elastic NN cross section in Eq. (14) can be assumed
to be effectively constant in the considered range of energies
and approximately equal to 24 mb.>’

The overlap integral (29) depends weakly on the values

of the parameter of the spectator nucleus. Therefore, when
the parameters of the relativistic wave functions of the final

X exp
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FIG. 14. The Pgp | and X gp distributions for the spectator fragment *Hin
the reaction *“Hep—>Hpp at *He momentum 8.56 GeV/e.

nuclei *H and *He are determined by fitting the data, there
are very large errors. For this reason, the fitting was done for
a fixed value of the parameter of the wave function of the
three-nucleon nucleus. The value a¥ =8 (GeV/c)™* ob-
tained by means of Eq. (25) from the value a}y~ =24 (GeV/
¢)~? of the parameter of the nonrelativistic wave function
(23) was chosen. It should be mentioned that the parameters
of even the nonrelativistic Gaussian wave functions of the
nuclei *He, *He, and *H are determined insufficiently well,
and we do not have reliable information about them. The
values of the parameters a}™ and a3~ given in the literature
vary in a fairly wide range (see, for example, Ref. 67). The
greatest number of data are available for the parameters of
the nonrelativistic “He wave function, but the values of the
parameter a; © of the Gaussian parametrization (23) vary in
the range @} = 20-28 (GeV/c)™ %

Figure 14 shows the experimental and theoretical Pgp
and X distributions of the spectator nucleus *H in the
‘Hep—>*Hpp reaction at momentum 8.56 GeV/c of the inci-
dent 4He nucleus. Figure 15 shows the same distributions
for the spectator fragment *He in the *Hep—>Hepn reaction
at the same momentum. The theoretical curves in Figs. 14
and 15 correspond to the parameter values of the relativistic
nuclear wave functions given in Table II.

The position of the maximum in the X ¢, distributions of
the spectator fragments, X p = 0.715, agrees well with the

L]
P “He4p—=FHesp+n _,
v S
G} =3
w75 S
= Ero0l-

L
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FIG. 15. The Py, , and X g, distributions for the spectator fragment *He in
the reaction *Hep—*Hepn at “He momentum 8.56 GeV /c.
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value of X, predicted by Eq. (20).

Figure 16 gives the spectrum of the *He nuclei emitted
at angle 0.65° in the laboratory system in the *“Hep—*HeX
reaction at momentum 6.85 GeV/c of the incident “He nu-
cleus, and Fig. 17 shows the Pgp, and X'gp distributions of
the spectator *H fragment in the *Hep—3Hpp reaction at
momentum 13.5 GeV/¢ of the incident nucleus. The curves
in Figs. 16 and 17 correspond to the parameter values ob-
tained by fitting and given in Table II.

It can be seen from Table II that the values of the pa-
rameter of the relativistic “He wave function obtained by
fitting the experimental data at different momenta of the
incident nucleus are close to each other and agree satisfacto-
rily with the values a§~5-7 (GeV/c)~? predicted by Eq.
(25). The approximate energy-independence of the values of
the parameters of the relativistic wave function in the con-
sidered region of energies of the incident “He nucleus sug-
gests that in the wave function (19) there is no other energy
dependence apart from the dependence on the scale-invar-
iant variables x!*.

To determine from experiments the parameter a of the
relativistic wave function of the three-nucleon nucleus, we
consider the *Hep—dpp reaction. In this case, the overlap
integral has the form®®
ag Pap | :|

1(Xgp, Psp, 1) =4nC3"bm (af)3frexp | — o—ml Wb,

, r ™ (30Xsp—2)"
X exp [ % X ap (1-—0th1=)_]
3 5 1 a? -3/2
X 2 A7 exp (—4mPay) (Q:IS + C&Xsp) : 1)

=1

Here, C, is a normalization coeflicient, and 4 ¥ and aF are
the parameters of the relativistic deuteron wave function
which we chose as the relativistic analog of the Gartenhaus—
Moravesik wave function:

@y (2, py) = CaD) Al exp [ —ap LT (32)
i=1

Prz(l—a) 1"
This wave function is normalized by the condition (8), and
the normalization coefficient is

5

Ca— 25/2g—11km1/2 { 2 2

i=1 j=1

5

RaR
Ay AG
(g +af)ere

1/2

X exp[—4m? (af+af)}”

The parameters 4 F and a® of the relativistic wave func-
tion (32) are related to the parameters of the nonrelativistic
wave function
(33)

i=

D (p) = Ca" T AT exp (—aip?)
i=1
by
Af = AR exp (m2al'®), of =71 ae, (34)
In the comparison of the theoretical calculations with
the experimental data on the distributions of the spectator
deuterons in the *Hep—dpp reaction, the parameters of the

deuteron wave function (32) were fixed by the values ob-
tained in accordance with the expressions (34} from the val-
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TABLE II. Parameters of relativistic wave functions of three- and four-nucleon nuclei.

R R
Re: t, rfn S [ Z %2/ N,
e (GeV/e ™ | (GeV/e i

“He p—°H pp 8, fixed 7.39+0.26 | do/dXsp |do/dPgp |
Pyy.=8,36 GeV/e 31.12/18 97.65/99
s1le p— #lle pn B, fixed 5.86-0,21 | do/dXsp |do/dPgp |
Pige=8,56 GeV/e 54,8318 | 43.45/33
iHe p—3He X 8, fixed 7.2140,34 do/dPgpd®
Pyy.=6,85 GeV/e 34.93/20
"He p— 3H pp 8, fixed 6,23:00.25 | do/dXgp |do/dPgp |
Pyy.=13,5 GeV/e 29.01/14 37.41/17

ues of the nonrelativistic wave function (33) given in Ref. 69.

In Fig. 18, the theoretical curve corresponds to calcula-
tion with the overlap integral (31) with the parameter value
af =8.28 + 0.71 (GeV/c)~? obtained by fitting the experi-
mental data (y ?°/N, = 13.6/11). This value of the parameter
af agrees well with the value ¥ = 8 (GeV/c)~? predicted by
(25) and used by us in the earlier calculations.

The position of the maximum in the X gp distribution of
the spectator deuterons also agrees well with the prediction
X ¢p = 0.644 of Eq. (20).

It is of interest to compare the theoretical calculations
on the distributions of the spectator deuterons with experi-
mental data at other energies of the incident *He nucleus.

Ttisalso of interest to consider wave functions of a more
complicated form. However, our simplest parametrizations
of the relativistic nuclear wave functions make it possible to
establish a number of features that do not depend on their
specific parametrization (in particular, the scaling proper-
ties with respect to x%*! and the nonrelativistic limit of the
wave functions).
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FIG. 16. Momentum spectrum of *He fragments emitted at angle 0.65° in
the reaction *Hep—>HeX at *He momentum 6.85 GeV/e.
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2. DEEP INELASTIC LEPTON-NUCLEUS COINCIDENCE
PROCESSES

The study of deep inelastic processes with the participa-
tion of leptons plays an important part in our understanding
of the nature of elementary particles and the forces that act
between them. If the leptons (electron, muon, neutrino) are
regarded as point particles and the interactions between
them as known, they can be used as good test bodies to study
strongly interacting hadrons, whose internal structure is de-
scribed by the introduction of structure functions (form fac-
tors). A scaling property of these structure functions was
discovered in experiments’® on deep inelastic lepton—hadron
interactions. This stimulated a large number of theoretical
studies aimed at describing the experimentally observed be-
havior. However, later experiments with high-energy beams
of electrons, mucns,”’~"® and neutrinos™ revealed deviations
from scaling behavior with respect to the Bjorken variable
X'

Among the attempts to explain the deviation from scal-
ing in deep inelastic processes we mention the search for new
scaling variables in the framework of the parton model (see,
for example, the review of Ref. 75 and the bibliography given
there) and the calculation of deep inelastic processes in the
framework of quantum chromodynamics.”® Without going
into the successes and shortcomings of the various ap-

\U\. ‘*HE"'P—*}H*‘P*,D
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o} 2
2t?’.ﬁ = Q
3 L1100
[} a
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g -
5] g 50
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* 4 X e

0 0.1 02 Pspy,GeVie 0.5 0,7 0.8 Xsp

FIG. 17. Distributions with respectto Pgp , and X, of the spectator frag-
ment *H in the reaction *Hep—>Hpp at “He momentum 13.5 GeV/c.
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FIG. 18. Distribution with respect to X g, of the spectator deuterons in the
reaction *Hep—dpp at *He momentum 13.5 GeV/c.

proaches, we mention that deep inelastic lepton—nucleus
processes can help to clarify some of the problems that arise.
Besides the independent interest associated with the possi-
bility of studying the structure of the nuclei themselves, lep-
ton—nucleus interactions can in a certain sense simulate lep-
ton—hadron interaction processes (see, for example, Refs. 4
and 77). Nuclei, treated relativistically, can serve as models
for the study of hadrons. In both cases we are dealing with
composite systems, though with a different nature of the
constituents. This circumstance gives rise to interest in the
theoretical study of deep inelastic lepton-nucleus processes.
The analogies in the hadronic and nuclear interactions be-
come particularly clear in the framework of many-particle
relativistic dynamics in light-front variables.?”

We present some results of study of lepton—nucleus in-
teractions obtained using the self-similarity principle and
the many-particle relativistic formalism in light-front varia-
bles.”®" We shall investigate deep inelastic lepton-nucleus
processes with the participation of a spectator fragment nu-
cleus in the final state.

Deep inelastic scattering of charged leptons by nuclei. The
process /A—/(A — 1)X

We consider the deep inelastic scattering of an electron
(or muon) with 4-momentum k by a nucleus 4 with 4-mo-
mentum P, when a lepton with 4-momentum % ’ and a spec-
tator (4 — 1) fragment nucleus with 4-momentum P5"_ | are
detected in coincidence in the final state. All the arguments
remain valid when the fragment of the nucleus consists of an
arbitrary number 4 ' of nucleons. We define the kinematic
invariants of the studied [4—!'(4 — 1)X process as follows:

) S
@?=(k—k")2, vy=Puq, vep= PAE:M, }
k=P, P, s,,={k+ P,

Note that unless otherwise stated we use the frame in

which the virtual photon and the initial nucleus 4 move
along the z axis:

(35)

;(QGﬂ O 0 qz) PAZ (EA-: 01 Ov PA,Z);
PA 1—(E & PA 1, 1 COS QPgp, Pilii_isintpsp, Pi{i.z)'
The differential cross section of this process in the sin-
gle-photon approximation is
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T 8@ A (514, m3, MT)

do(lA=1" (A—1) X)
dq® dv.s dvgp dx dgp

(v Magt)-v2 (2521, Wi

1

(36)
The tensor /,,, which describes the lepton part of the
process, has the form

Liv= E Jujv = 2 [k 5+ k), —

spin

v (&' —mi)]. (37)

All the information about the strong]y interacting part of the
process is contained in the tensor W“

Wifi‘ = 2 (2m)+ 89 (P, +q— PF 1 — px)

spin
(P | Ty (O)| PRy, Xy (P4, XIT, (0) P o). (38)

In this expression there is a summation over all the final
states with a distinguished spectator fragment, and for each
such state there is a summation over the spins and an integra-
tion over the momenta (over the phase spaces) of the unde-
tected hadrons.

Using the momenta P, , g, and P§¥_, ,, we can con-
struct a tensor W’A satisfying the conditions of gauge invar-
iance and symmetry as follows:

I%’V:ﬁ:: ( g"w+ ‘Tuff'u )ﬁ:”lA

L

:22 qu) (Pip_i' = ‘:tp qv)];iz-';_a
+_;[(pA u“"%%?u)(stf-i,v "QP q'\;)
+{Pav—an) (PE1 u— 22 qu)JWif‘-
(39)

It follows from the Herniticity of the hadronic electro-
magnetic current J,, that the structure functions W"“ are
real; the latter are fi unctlons of the invariant kinematic varia-
bles g%, vy, Vop, %t

S04 rild
WS =Wi"(g? va, Vgp, %).

When the cross section (36) is integrated over the azi-
muthal angle ggp of the spectator fragment, the integration
affects only the tensor W::i. This integration over the angle
@sp makes it possible to define new structure functions W
as follows:

2
:5 d@sp Wif\t
0
jd(pgpdvspdxﬁ(vsp-Pi 19) 8 (x— P PEF )WL
( — gt B Quly )Wi“l

qz

G_:q“') (prv

- - £ -
Using the new structure functions W, we write the
cross section in the form

+(Pa,u_ _—_QV)WIA (40)
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do(A— ' (A—1) X} 1 4ac ):
A2 dva dvspdi | B@AA (54, m], M5) (v5 — MLq ( ]

2 { —2(qg2+ 2m3) I’l‘/"l-“l (g% va, vgp, )+ [(31..1— vy — Mh—mi)?

+ sr(Mr—w—)J Wit (gh, vay v, %)} (41)

A similar treatment can be given for deep inelastic lep-
ton—hadron scattering /N—I 'hX with one detected hadronin
the final state. This process was studied in the framework of
the parton model in Ref. 80. It was studied in the framework
of quantum field theory in Ref. 81.

Deep inelastic scattering of neutrinos (or antineutrinos) by
nuclei. The process v4—/ (A — 1) X

We consider the deep inelastic scattering of neutrinos
(antineutrinos) by nuclei due to charged currents in the
framework of the V-4 theory of weak interactions. We define
the kinematic invariants of this process in the same way as in
the case of deep inelastic electroproduction [see Eq. (35)],
except that now & and k' are the 4-momenta of the initial
neutrino (or antineutrino) and the final lepton, respectively.,

H pwx — ( _guv+ ‘u.lq'v ) Wv v (P,q.u_

q‘-’

The differential cross section of the deep inelastic inter-
action of a neutrino (or antineutrino) with nucleus 4 when a
lepton and (4 — 1) spectator nucleus are detected in the final
state has the form
G2m™: Vs v, v

u.‘\ uv
B @n)° (sya — %)

do (vA— 1 (A—1) X)

dg® dv 5 dvgpdu dggp

) (VE — MA@ (42)
The tensor m;, describes the leptonic part of the pro-
cess and has the form
muy = 2_, (LN T = 8 [huky + ke fe), — Gy (FE) = 12,0 phendep] .
spin
(43)
The strong- -interaction part of the process is described
by the tensor W,‘j“’

Wﬁv“’— 2 L(z'f 8@ (P, +g—PF | —px)

spin X
APATE O PE L, X Py, XITE (0)1PL).  (44)

In contrast to the case of deep inelastic electroproduc-
tion on nuclei, the requirements of symmetry and gauge in-
variance are not imposed on the tensor Ly

The most general form of a second-rank tensor com-

posed of the 4-momenta P, , g, and P, , is

) (Pav— S0

*%Euvmplx. xqua’ + Uuq\aﬁ/4' + (P, uv+ P, vqu) stv v

TP a o= Pavg) W+ (PR u— 2 q,) (PRL o — 252g,)
2vov 1
(el (Fuite)
"{_(PA"’*% ) (‘DA 1, 8" u )J W™ — sepPaiy Wi + PF. o stvt P, o) W7

+ (PR, nav— PSRy, ug) W" ¥l

It follows from the condition of Hermiticity of the weak
hadronic currents and the invariance with respect to time
reversal that certain structure functions vanish. In particu-
lar,

Wi =W =Wi"=0.

When the cross section (42) is integrated over the azi-
muthal angle @gp of the spectator fragment, the integration
affects only the tensor W . This integration over the angle
@sp makes it possible to deﬁne new structure functions W
as follows:

2n

Bt 5 dogplVY = j dgsp dvsp dxd (vep— P52 1g) 6
0

 (r = PAPEE) Wik ¥ = (= g+ 222 ) 770
)(pAv ;; QV)I':'V"
v+ (Pa Gy PA,'\?QH,) I’f:'v

(46)

Using the new structure functions, we obtain the fol-

+(P"’"“_ e

- % Eu.v?.pPA, 2o u}:‘|v -+ unvH?r,
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5 BuvioPa, P4, WY ¥, AP i BE 5P Pt ) W:é;- (45)

L : :
lowing expression for the cross section of the process:

do (vA = 1(A—1)X) G
dq* dva dvgp dx 4(2n) {sya —MY)2 (v

x{—
+[(5vA'—'\JA—ﬂffa_-—-m%lq—"—)E_i,(qzﬁm%) (-Mi——%%—)]
AW:I; H)i[( -

e ﬁ}\’,; 2 . i s
A a (Q‘ v Va. Vgpa %)

— Mgz tfE

1 . VN
- (2¢* +mi) (¢* —mj) WD ¥ (g2, var Veer %)

Va— ML) 2+ v, My

(qzv Var Vsp,

mj (g* — mi) [1‘: ¥ (4% vas Vsp, )

—2m} (sy0— ME) WY V(g2 va, Ve, x)} ;

(47)

The + sign in front of the third term corresponds to neu-
trino scattering; the — sign, to antineutrino scattering.

It can be seen from (47) that when the lepton mass m;, is
ignored the structure functions W} and W " do not contri-
bute to the cross section of the process.

If we assume that the interaction between the neutrino
(or antineutrino) and the nucleus takes place through the
exchange of a virtual W boson, then in this case the cross
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section of the process will differ from (47) when the lepton
mass is ignored by the factor (1 — g*/m%,) ™2, which tends to
unity when m2,>¢” (my is the mass of the intermediate W
boson).

Production of lepton pairs in hadron—-nucleus interactions.
The process aA—/t/~(A - 1) X

We consider the process of hadron—nucleus interaction
when a lepton pair and a spectator fragment are detected in
the final state. The kinematics of this process generalizes
naturally the kinematics of the well-studied process of pro-
duction of a lepton pair in pion-nucleon interactions when a
nucleon is also detected in the final state together with the
lepton pair. A detailed analysis of such a process was made in
Ref. 82.

Letp, and P, bethe 4-momenta of the colliding hadron
and nucleus, respectively, k and k' be the 4-momenta of the
created leptons, and P5_, be the 4-momentum of the
(4 — 1) spectator fragment. We define the kinematic invar-
iants of the studied process ad—{ *1 ~(4 — 1) X as follows:

Paq: Ysp= P\ 197} (48)
SuA:‘_(pa"f'PAJH'

The cross section of the process, summed over the spin
polarizations of the lepton pair, can be written in the form

1
Hr(A—1X) = P
do (ad —I*1- ( ) X) LN (50n, md, M)

= (k4 kP2,

sp
g =PaPa 1,

- PAQ! Ng—
paPA 1y

 4mo A2 N ) N4 d4 dPiIil
v ( = ) n(q“)(fé’m(]“—l-qu%)?w _(EE}T Efl}-:i ’
(49)

where the leptonic part of the process is described by the
expression

( dk dk’
7 (g?) ( 2 ) e

spin

- guqu + un'\:J = (23‘[)4

S0 (g—k—E") e,
(k)
(50)

Here, m, is the lepton mass, and df2 is the element of solid
angle associated with the direction of the momentum of one
of the leptons in the center-of-mass system of the lepton pair
(g =k + k' =0} with

k= —k' = | k| (siu 0 cos ¢, sin 8 sin ¢, cos 6);
E,=Ep=VE+m} :% V.
Calculating the integral over the angles in this system,

we obtain
2m} g2 —4m} 1,'2.‘ Kl
| G g

In Eq. (49), the tensor % describes the strong-interac-
tion part of the process and is defined by

puh= D 3 (@m#8%4 (P, + py—e— P2l 1—Px)

spin +

q#’lm 1/2 dgz ; 1
i) 5 5 [huky + Eykn — Buv g

=

1
L (q2} = 6n

1+

XAP 4, Poi in |, (0)] PRZ,, X; out)
x{P4, X; out | J,(0) | x Py, pa; in).(51)
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The general form of the tensor p%,, constructed from

the 4-vectors p,, ., P5_, ., will be
038 = (— v + 2 ) 1A+ P, P a, w014 + P, w04

+(Pa, 1 Pa, vt Pa, P, ) P24
T Fu, 0Po, v—Fa, vFo u) pe-t
+#5 . ufﬁ]iﬁi.vé‘c’AJn‘(g"A.u Aq.w'rﬁ"’,a‘vﬂ“ip—i,u] EA"”‘
(P4, wPiot, v —Pa, vFA01, ) P04
(P w1 v Pa, vFELL, ) 004

P p -
+1(Po, y Pils, v — Pa, v PA 1, 0) P12

(52)
Here
Fu, w=Pa, p— 2 Qs gga.u=Pa|Il‘_‘%“Qu:
ﬁa.&—i,usz'ni.M*TQu'

Because of the symmetry of the lepton part [see Eq. (50)]
only the symmetric part of the tensor p%, will contribute to
the cross section of the process ad—! “1 ~(4 — 1) X.

The structure functions p¢* are real scalar functions of
the kinematic invariants formed from the vectors g,,, P, .,

SP .
Pa,p’PAfl,ﬂ'

A a
p?A:p?A (SaAf qzr Vas Vay Vsp: %as %a)-

Rewriting the cross section of the process ad
—] 717 (4 — 1) X by means of the variables (48), we obtain

do (ad - P (A—1) X) 1

dy* dv 4 dve dPq dXa drq 8Psp 2 @m)TAS2 (44, mi, MY)

(52)" 7 (0% (— guvg® + 2,84} 65 -
(33)
The arguments of the structure functions 5¢* depend on
the azimuthal angles of the virtual photon and the spectator
fragment. Therefore, in the general case it is impossible to
integrate the cross section (53) over the azimuthal angles,
since the explicit form of the structure functions is not
known. To perform such an integration, we consider the spe-
cial case in which the colliding particles, hadron a and nu-
*cleus 4, move along the z axis and the total transverse mo-
mentum of the lepton pair is zero, i.e., the transverse
momentum of the virtual photon is zero, ¢, = 0. Then the
dependence of the arguments of the structure functions §{*
on the azimuthal angles is eliminated, and the entire depen-
dence on the azimuthal angle @gp will be contained in the
coefficients of the expansion (52). As in the case of deep in-
elastic scattering of leptons by nuclei, integration of the ten-
sor ps, over the azimuthal angle of the spectator fragment
makes it possible to define new structure functions 524 by the
relation
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E]

2.

0ea = | dpsept = [ —gust
0

Guiv
q2

)5:‘&—5‘5%&,;;3”;1, VPN;IA

+5ba, ugna,v?)gm—“(go.i, ugda, vt 9’1‘_ Vgaa‘n)?)jd
—|-i[53A' ug‘?g, v—g‘}A,vgau, M)E(;A'
(54)

Then for the cross section of the processad—I 1 ~(4 — 1) X
we obtain

do (@d — I"I" (A—1) X} 1
dydvy dvg dn s d¥y 2 (2m)8 A5/* (sqa, mi,M3)

() e g { (=)

3 4

(35)

+2 ~ S R ~
_ (m; _i) o — (sad_Mg_mg_M) pu}.

l,2 qz

Dimensional analysis and self-similarity principle

We make a dimensional analysis of the structure func-
tions introduced in the previous sections. For the case of
deep inelastic scattering of neutrinos (or antineutrinos) by
nuclei, we shall work in the center-of-mass system of nucleus
A and the virtual intermediate particle in the limit P, ,—o0:

Py=(Ea 0,0, Pa) 9=1(2 0,0, =Py,
and for the case of production of a lepton pair in hadron—
nucleus collisions we shall consider the center-of-mass sys-
tem of the colliding particles in the high-energy limit.

1t follows from the expressions (41), (47), and (55) that
the structure functions of the considered processes have the
dimensions

Wi = [, W34 = (mos); (369}
(WY ] = (w2, [0 5] = WY ] = [m4); (56b)
[';:A] = [m™], [?;?A] =[m™], i=2, 3, 4. (56¢)

We define the Bjorken limit by the following values of
the kinematic invariants: s, , g%, v, > M 2 with /v finite.
We shall call the region of values of the kinematic invariants
in which vgp— oo for a fixed ratio vgp /v, and finite x the
target (nucleus 4 ) fragmentation region.

We introduce two scales for measuring momenta, longi-
tudinal and transverse, and we formulate a self-similarity
principle:

In the Bjorken limit in the target fragmentation region
the structure functions W, W ", and % of the deep in-
elastic processes transform under scale transformations

Dp— xp:e: P~ PL (57)

of the longitudinal momenta as homogeneous functions of
the appropriate dimension. Applied to the interaction of ele-
mentary particles at high energies, this principle was formu-
lated by Matveev, Muradyan, and Tavkhelidze®® on the basis
of the analogy, pointed out by Bogolyubov, between deep
inelastic interaction processes and point explosions and two-
dimensional explosions in hydrodynamics. For more details
about the principles and its applications in elementary-parti-
cle physics, see Refs. 40 and 84.
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For deep inelastic processes in the center-of-mass Sys-
tem of nucleus 4 and the virtual intermediate particle, we
consider the case when P, and PS¥ | —so0; we can
then assume that
PE24, M3

9 pSr
zP,—l—i,z

sp sp
Ey =Py .+

and for the kinematic invariants of the process we obtain
SP
Vgp & QPA, :«.PAf:l, 2 T 00]

A,z
WA ———
2P it] o B
In accordance with the definition, this case belongs to
the target fragmentation region. Under the scale transfor-
mations (57) of the momenta the kinematic invariants trans-
form as follows:

[(Pi{ii, 1)+ M%p] — finite

g% — A%, v, = Rivy, = A

(58)

It follows from the self-similarity principle that in the
Bjorken limit in the target fragmentation region the struc-
ture functions W behave as follows:

lim MAWI (@ va. vep, x) =fi* (-

vgp = Avgp,

L. I :»c) ; (59a)

’ VA

. 2 FIA 1A = v
Lim Mav W, (g%, va, vsp, %) =1, ( g ’ i: ”‘;

Va4 Va J
(59b)
~ o = 2 '
lim MAWY" ™ (@2, va, verr =1V (=, 222, x) ;
(60a)
. 3 TOVa V2 \ _ v vep Y.
Lim M5y W, " (6%, va, vap, ®) =], (VA s 4 ,c) i
(60b)
: 2 T,V . , LV g i
Lim MAv, W3 ¥ (g%, va, vsp, W)=Ff"" (E’ :—Sj’, u),
(60c)
The ratio ¢*/v,, is proportional to the well-known Bjor-
ken variablex}j = — ¢°/2v, . For the vatio vgp /v, it is pos-

sible to obtain the expression vgp /v, = (1 — x5) xT, where

-734}; :Qpip-i .z/nge Sga=(g+P4)%
In the considered case, the invariant x can be expressed
in the form
(Pa4, )2+ Mp
23:‘2

Then in the Bjorken limit in the target fragmentation
region the structure functions of deep inelastic electron scat-
tering by nuclei can be expressed as functions of the three
variables x5, x5, P5F | :

lim MEWA (g2, va, vep, %) = Fi* (28, 2, PSL, |); (61a)

lim MAv, Wit (@2, va, vep, %)= F'4 (zB, 2£, PSE, 1)
(61b)

lim MW ¥ (2, va, vsp, ) —FY ¥ (28, 28, PSP ));

(62a)
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; T,V v, v sp .
Um Mav,a W5 V(g% va, Vo, w)=F," " (28, 28, Pa_1, 1);

(62b)
lim MAva WY ¥ (@, va, vspy %) =F) (28, 2%, PST, ).
(62¢)

These results agree with the results obtained in the frame-
work of Regge analysis.

Weintroduce the variabley = 2v, /s, and, integrating
the cross section over it from 0 to 1, we obtain
GrAoUaAslA—1X) 1 sa ( 4na )’

A d.tg dri d(Pi{,-i, N 8 (2m)* M3 72

1

B L3
LA pld sP Al A sP } .
X {:_5 Fl (xB 'IF-: -p:i—i, .L) +_ 2 ("rB‘ xi' I)A’is J—), 1

A? A 2
(63a)
p_do(vA—1(4—1)X) _ G2 Sva
Az G Or AW
i { a‘ﬁ Fv, v B ol SpP
K\ A (] wh, Paca, y)
1 v s
+TF: VB, 22, Pyl 1)
"(g_ v, v SP
F—2-Fy (28, 2L, P, 1)} (63b)

For production of a lepton pair in hadron-nucleus collisions
together with a spectator fragment, we consider in the cen-
ter-of-mass system of the colliding particles (P, = (E,,0, 0,
P,.), po =(E,, 0,0, —P,.)) the case when P, ,— o0 and
PY? | .— 0, then

(PR, Mg

sp SP
E;;_‘l.—"‘-.;’zp_-\—l.z“I” 2,”55:1

Under the scale transformations (57), the kinematic in-
variants transform as follows:
Saa —> MBS, A, GF o AR, v, — v
v = AZvg, My = Ky. H, — A2K,. } (64)
Applying the principle of self-similarity to the functions
P4, we obtain

3 2 o 0A
Lim Muq%p7" (Spar €% Va, Vo %y #,)

= fI ( q* Ya q* g .
1 va ' spa ! Vg ' sga ? a s (65 J
a
; 4 ggnad 2 :
lim Maq Pi (SaA1 4% Va, Vg, %, Hg)
. f—l( g2 va q* Ha " )
L ST Sea © Vo' Sqn ' Al2

[=2,3, 4, in the region where ¢, — w0, go=~¢, + (g°/29.)

lim 11-['1‘{(;2“5:(‘4 (Sqas 4% Vas Var Hay Hg) =
I o Xa #n . .
=i o e o M) (65b)
lim _"![qu};?‘l (-'-"aAw ng Vas Vas Ha, %a):
RS O L G Y o, )
ff] ( va 7 Vg 7 Saa ? Saa ? ®ala
i=2 3, 4
in the region where g,— — w0, go=|q. | + (¢°/2]q. |)-
We define the scale-invariant variables
;, . Sp
B = — i B . & F= 2z aF -:jf.f_a.:i_.i
A 2vy T 2vg ? Ta Vian @ % Veaa °
(66)
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In the high-energy limit and when P3f_ | —co and

g,— + oo, theratios of the kinematic invariantsin Eqs. (65a)
and (65b) can be expressed in terms of the variables (66). We
finally obtain

Hm M0 (Saas ¢° Vas Ver % %a)

=F, (28, zB

Sp
2 r .
A a :'EE! 'Ispv PA'-L J‘.)'

(67a)
lim ﬁjilng?\ (Saar G% Vas Var Hay %g)

=F,; (8, a8, 2, xf, P4ty 1). (67b)
i=2,3, 4

In connection with the observation ininclusive hadron-
nucleus processes of the effects of cumulative particle pro-
duction (see Refs. 4, 7, 19, 25, and 26) there is undoubted
interest in an experimental search for cumulative lepton
pairs in hadron-nucleus and nucleus—nucleus collisions (in
this connection, see Ref. 86).

Connection between the structure functions of scattering by
nuclei and by nucleons

We now establish the connection between the structure
functions which we have introduced for deep inelastic lep-
ton—-nucleus scattering and for the production of lepton pairs
in hadron-nucleus collisions and the structure functions for
lepton—nucleon scattering and for the production of lepton
pairs in hadron—nucleon collisions. We shall assume that in
the case of lepton scattering by nucleus A the initial lepton
interacts with only one nucleon of the nucleus, the remaining
A — 1 nucleons continuing their existence in the form of a
residual fragment nucleus. We shall describe the initial nu-
cleus 4 and the spectator fragment in terms of many-particle
relativistic wave functions @ §'([x/"),p,, ]).

In the considered approximation, the cross section of
the process I4—1'(4 — 1) X takes the form

A(siv, mi, m%)

do (1A — 1" (A—1) X) 1

dqdv 4 dvgp dn 2(2m)2 (4my2A -2 A(spa,mj, M%)

p 2
1x%, 038, ) P deiv— rxy
1 XxSP dq*dvy

12

(VA — MG

(68)
Here,do(IN—1'X )/dg*dv, isthecross section of deep inelas-

tic lepton-nucleon scattering, and m is the nucleon mass.

The kinematic invariants
Siv = B+ px)% vy = Pad

of the deep inelastic lepton—nucleon interaction are related
to the invariants of the lepton—nucleus interaction by

3 - 2 . nSP pe
Siv = 814+ Msp— 2 (BPAZ1) — 25

(69a)

Vy = Ya — Vgp

(69b)

where py is the 4-momentum of the nucleon within nucleus
A thatinteracts with thelepton. In Eq. (68), 7 (X5F, PSF_| | )is
the overlap integral of the wave functions of the initial nu-
cleus and the fragment nucleus [see Eq. (16)]. In contrast to
Sec. 1, we define the variable X F somewhat differently:

X5 (PRZq, 0P, )I(Pa, o+ Pa. 2,
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and the connection between the variables x/*! and p,.,onthe
one hand, and the variables of integration y* ~"and g, , on

the other, takes the form
X55y (A-1; py =qs, . Pe=1.2, L., A1

-SP
X

4
i

SP
J’f_‘\”zif , a1 =Py Py, 0

Using Eqgs. (41) and (68) and the well-known expressions
for the cross sections of deep inelastic electron scattering by
nucleons®” and nuclei,” we obtain the connection between
the structure functions W (g% v, , vsp, %) and the structure
functions W ™ (¢, v ) in the form

Wi, va, vep, %)

(.XbP psP

2
1 A-1, 1)

2 (2m)2 (Am)2A 2

WY (g2,

V)i

(70a)

t— X5F

1
2(2.-1)':(4\ )Zf“2 )
PRV, WP

2 Vas Vep, #)=

(l\—mzq'-') AN s
0% gy Ve (@ ).
(70b)

Itis easy to express the variables X** and PS*_| | in terms of
the invariants g%, v, vsp, and »:

9 1 wva—Mivgp
L SURN Wy V) = &
M5 + (vy— Mgtz |’

1—X5®

1

2 (Vvavsp—gin)?
4 ) vEp —

3 T
(vd = ‘MA(I"J

(Pilj- 1,1 )2 =
As in the case of electron scattering, it is possible to
obtain a connection between the cross sections of deep in-
elastic neutrino (antineutrino) scattering by nuclei and by
nucleons. The connection is
do (VA - I[(A—1) X) 1

]4 Mip.

(syy —m®)®

dy* dv.y dvgp di 2 (2m)E (Am)2A2 (sea — )3
-5P  pSP 2 . -
(A — Mgy [T Pa, ) doed i)
J A Ad i—XSP dq“' v -
(71)

Here, do(viV—IX )/dg’dv, is the differential cross section
for deep inelastic neutrino (antineutrino) scattering by nu-
cleons.

Using Egs. (47) and (71) and the well-known expressions
for the cross sections of deep inelastic neutrino (antineu-
trino) scattering by nucleons®” and nuclei,”® we obtain the

following connection between the structure functions W }*

and W™

1
‘I" v Vi, Vep, ®H)= -
(7% va, Var ) )2

FEE B ) Py, 50
‘ e | W Y (g2, My);

1— X5P
(72a)
P 1 HEs, B, )P
H':‘\(qa Va, Vsp, Z)zﬂ(in)z‘lgﬁ l 1__ka’
. (vi—m3g?) ALV e L
& Ve — M%) W (g va)s
(72b)
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Y g2 I(x5P psP 2
I,V.: ¥ (fJ‘, Vas Vgp, "/_} = -_’1—+ ( A1 L)
2(4m)y=2- {— X5P

o (vi —m2g)l/2 g
o~ > o 1/2 W 8 (Q 1 ’VN)'
(v4 —M% gr)Y

(72c)

We now consider the process of production of a lepton
pair in hadron-nucleus interactions. We shall assume that
the lepton pair is produced as a result of interaction of the
incident hadron with one nucleon of the nucleus. In this
case, it is possible to relate the structure functions of the
processes of production of lepton pairs in hadron—nucleus
and hadron-nucleon interactions.

In this approximation,

8P LEP 2
Tea_ 20 A Py (73a)
O A 1— x5 1
Sad ETT o Lxs?, l:':S\IOLI, ) . (\i—ziz312) ) b
h: = (4.:'[)-—*‘*- 1__‘YSP (v _1}13"! ) ’ (73 )
Sua 25 T (X5P, Pip—l " A N
By™ = (Ga)2a -2 |.—x5P B (73c)
SaA _ 2n 1xs, paP 1,4 [F
t Emae -
( s,,_v—nzafmﬁﬁ—z—t‘?i
2q pev.
(.\‘aAw—ﬂIi—m;-'lu_.v_:;_")
(73d)

Here, the structure functions 5 are functions of the kine-
matic invariants s, , g%, v, v,, %, %,, and the structure
functions 5{" depend on the invariants 5,y =s,, — 2,
— 2%y +M3%, ¢*, vy =v, — vgp, v,. Assuming that the
structure functions p?" at large values of their arguments are
functions of their ratios, i.e., exhibit self-similar behavior, we
find that in the high-energy limit the structure functions 5>
are functions of the scale-invariant variables (66), in agree-
ment with the results of the self-similarity principle,

The expressions obtained here make it possible to study
the structure of nuclei in a relativistic manner. For example,
by measuring experimentally the structure functions W,
W " and having information about the structure functions
W, Wy" (fairly detailed information about the structure
functions of deep inelastic lepton scattering by nucleons is
given, for example, in Ref. 88), one can study the overlap
integral I (X gp, Pgp, ), which carries information about the
relativistic wave functions of the initial and final nuclei.

CONCLUSIONS

In the review, we have given some results of the relativ-
istic approach developed by the authors in the theory of nu-
clear interactions. The approach is based on a treatment of
nuclei as relativistic composite systems; the nature of the
constituents can be arbitrary. Although relativistically de-
scribed nucleons have appeared here as the structural units
of the nuclei, the developed formalism also makes it possible
to consider quark degrees of freedom in nuclei.
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In elucidating some general features in the interactions
of relativistic nuclei (scaling properties of the cross sections,
general properties of the relativistic wave functions, etc.), we
have also left out of account the spin degrees of freedom of
the nucleons. The employed method also contains the possi-
bility of taking into account these characteristics in both the
nucleons themselves and the quarks that form them. (Ques-
tions relating to particle spins in the light-front formalism
can be found, for example, in Refs. 89 and 90).

At the present stage, the choice of the form of the rela-
tivistic wave functions was dictated largely by heuristic ar-
guments, but in principle these (or other) wave functions
could be obtained by solving appropriate dynamical equa-
tions with field-theoretical or phenomenological interaction
kernels. The consideration of these questions goes beyond
the framework of the present review.
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Zherber, R. M. Lebedev, P. Zelinsky, T. Semyarchuk, L. Ste-
penyak, A. Freedman, K. U. Khairetdinov, and Sh. M. Esa-
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