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The possibility of studying color dynamics in strong interactions at high energies through
hadron scattering by nuclei is discussed. Various manifestations of the “color™ transparency of
nuclei, i.e., the decrease in the absorption in the nuclear medium of compressed hadronic
configurations, are considered. The color structure of the Pomeron in the case of hadron-
nucleus scattering leads to new corrections to the Glauber approximation, and also to the
possibility of the formation of induced color dipoles in nuclei. The space-time picture of the
screening of color charges, i.e., hadronization, leads to nontrivial nuclear screening of both
hard processes (production of J /¥ and of hadrons with large p ) and soft processes (inclusive
production of hadrons with x,.— 1). A decrease in the absorption of particles in the case of
tunneling from the vacuum in the presence of a nuclear medium is found. A mechanism of
below-threshold production of hadrons in multiquark configurations in nuclei is proposed.

INTRODUCTION

Interactions of high-energy hadrons with nuclei are tra-
ditionally used to obtain information about the space—time
structure of hadron interactions and about the nature of the
nuclear forces. Often, this information is unique. In hadron-—
hadron interactions the reaction products are detected at
asymptotically large distances, much greater than the scales
characteristic of the strong interactions. The only way in
which the properties of incompletely formed hadronic states
can be studied is evidently through scattering by a second
target. Since the secondary scattering must occur within the
time characteristic of strong interactions, of the order of 1 F,
it is necessary to use a nucleus, which is treated here as a
collection of nucleon targets.

Unfortunately, conclusions can usually be drawn about
the dynamics of the processes only on the basis of very indi-
rect indications. As a rule, the experimental information
takes the form of a dependence on the atomic number 4 of
the nucleus. Therefore, this branch of research is often called
A” physics.

Although attempts at a rigorous description of peri-
pheral or, as they are called, “soft” hadronic processes in
quantum chromodynamics (QCD) encounter the unre-
solved large-distance problem, there are various phenome-
nological models which use the ideas of QCD and which,
under certain simplifications, permit an understanding of
the main features of these processes. Thus, the hadron wave
functions can be described in potential models, bag models,
string models, ete. For what follows, it is important that in
all these models the hadron is a colorless object with hidden
color. The mutual screening of the color of the various con-
stituents of the hadron leads to a significant dependence of
the interaction cross section on the rms radius of the ha-
dron." Point colorless states should not interact at all. This is
one of the basic and model-independent consequences of
QCD. As regards its experimental verification, model calcu-
lations' confirm a very precise correspondence between the
hierarchies of the radii of the hadrons and of the cross sec-
tions of their interaction, Nevertheless, these results cannot
be regarded as a convincing confirmation of the predictions
of QCD, since hadrons that have different radii also have
different quark compositions. This last circumstance en-
ables one to reproduce the cross sections equally in a “color-
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less” model of the quark constituents by introducing differ-
ent cross sections for the interaction of the various quark
species. It would appear that it is only by the use of nuclear
targets that one can set up a critical experiment and obtain
convincing proof that compressed hadronic configurations
have small interaction cross sections. This question is con-
sidered in detail below.

The color-confinement problem is solved in the models
by vacuum instability and screening of distant color charges
through the tunneling production of quark-antiquark or
gluon pairs from the vacuum. The most popular version of
this approach is the model of a chromoelectric tube?? or
string, which is constructed by analogy with the bag model.
Suppose that the vacuum energy density has a jump B at the
boundary of a region within which a field of color charges,
which suppresses the vacuum fluctuations, is localized. Re-
quiring a minimum of the total energy, we can easily show
that the field between two distant color charges (that form a
color singlet) takes the equilibrium shape of a tube of con-
stant cross section. The tube radiusis R * = g°/87°B, and the
energy density of the field per unit length of the tube is
x =g(B/8)"'?, where g is the color charge at the ends of the
tube. If the longitudinal dimension of the tube is appreciably
greater than the transverse dimension, the tube can be re-
garded as a one-dimensional string. Such a field configura-
tion corresponds to a linearly rising potential ¥ = x#, which,
in its turn, guarantees linearity of the Regge trajectories, and
the value x is related to the universal slope parameter aj
~0.9 GeV” of the Regge trajectories:

P (2;]'[ah) 1~ 1 GeV/F.

It should be noted that the string is very unstable—it
can readily “snap” because the field stimulates production
from the vacuum of quark-antiquark pairs, which complete-
ly screen the string field. The pair production mechanism is
analogous to the Schwinger phenomenon in electrodynam-
ics, the production of electron—positron pairs in an external
electric field. It can readily be understood as a tunneling
effect, since the production of quark pairs becomes energeti-
cally advantageous if they are formed at relative separation
I>2m, /%, where m, is the quark mass. We shall not use
Schwinger’s formula to estimate the probability of pair pro-
duction, since the conditions for its validity are strongly vio-
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lated in the case of a color string (for example, the field of the
produced quarks strongly disturbs the external field). In-
stead of this, we introduce a parameter W, the probability
density for production of a pair during unit time for unit
length of the string. Analysis of the data on e*e” annihila-
tion indicates that W=2 F~2, This means that it is difficult
to stretch the string to a length appreciably greater than 1
F—it snaps ".

Indeed, it is snappings of strings that are in this model
the main source of hadronization. The energy needed to pro-
duce the hadrons appears by virtue of the stopping of the
color charge at the end of the string by the string tension:
p= — %. It should be noted that the coefficient of the string
tension that arises as a result of the color charge exchange
and subsequent hadronization may differ from (exceed) the
value for the static solution, for example, because of brems-
strahlung of soft gluons. Therefore, x.q must also be regard-
ed as unknown.

Below we give examples of how it is possible to test in
hadron-nucleus processes our ideas about the space-time
picture of hadronization and the chronology of hadron pro-
duction and find the effective parameters of the color string
from an analysis of experimental data. We also obtain addi-
tional information about the exotic components of the nu-
clear wave functions—multiquark configurations.

The review is arranged as follows.

In Sec. 1 we give an introduction to the theory of the
inelastic corrections to the Glauber—Sitenko approximation.
The computational scheme and the physical nature of the
inelastic corrections are explained, both in a basis of physical
states, i.e., eigenstates of the free Hamiltonian, and in the
basis of interaction eigenstates.

Section 2 is devoted to realization of the eigenstate
method for calculating the inelastic corrections in QCD. The
most striking consequence of this treatment is the existence
in hadrons of passive components, for which the nuclear me-
dium is transparent. These are the compressed hadronic
configurations, which possess a small color dipole moment.
We consider a number of specific examples: coherent regen-
eration of K, mesons on nuclei, quasielastic scattering and
quasifree charge exchange of hadrons on nuclei, and inclu-
sive production of particles in the three-Reggeon region. The
most definite manifestation of color screening is the appre-
ciable increase in the nuclear transparency found in the
7~ - charge-exchange process on nuclei.

In Sec. 3 we consider the effects of multiquark color
charge exchanges in nuclei, which differ fundamentally
from the usual colorless multiple rescatterings characteristic
of the Glauber-Sitenko approximation. Comparison of the
data with elastic pd scattering yields bounds on the radius of
the six-quark bag in the S° state. The multiple color charge
exchanges induce in a nucleus color dipoles, which are dibar-
yonic resonances. We find the mass spectrum and decay
widths of the resonances, the cross section for their produc-
tion, and the contribution to the process of cumulative pro-
duction of protons.

Section 4 is devoted to a traditional field of application
of nuclear targets—the study of the space-time structure of
the strong interactions. We show that “hard” processes such
as the production of J /1 mesons are screened in the nucleus
near the kinematic boundary by soft interactions.

We consider the process of color screening when pro-
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tons are hadronized in a nuclear medium. We show that, in
contrast to the common point of view, the parton fragmenta-
tion length tends to zero for hadrons produced with maximal
momentum. A manifestation of this effect is considered in
the processes of production on nuclei of symmetric pairs of
hadrons with large x, and of the soft production of hadrons
with x — 1.

We show that the absorption is greatly weakened for
below-barrier tunneling in the presence of a nuclear medi-
um. This effect may explain the enhanced yield of slow anti-
protons on nuclear targets.

At the end of the section we consider below-threshold
production of hadrons on multiquark configurations in nu-
clei. Making a comparison with data on the production of
K* mesons, we find upper bounds on the admixture of mul-
tiquark clusters.

1. INELASTIC CORRECTIONS TO THE EIKONAL
APPROXIMATION

1.1. Inelastic intermediate states

The description of nuclear reactions at high energies is
based on the Glauber—Sitenko® approximation. Indeed, the
existence of new physical effects is usually deduced from the
deviation of the results of measurements from calculations
in that approximation. An extensive literature®'® has been
devoted to the inelastic corrections to the Glauber-Sitenko
approximation for the amplitude for hadron-nucleus scat-
tering. Formally, these corrections appear as allowance for
inelastic intermediate states in the diagrams shown in Fig. 1.
An expression for estimating the inelastic corrections for
arbitrary nuclei, corresponding to diagrams of the type of
Fig. la, was obtained by Karmanov and Kondratyuk:'®
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Here ¢! and o} are the total cross sections for the
interaction of a hadron with a nucleus and with a nucleon;
d*c/dM?dq> is the cross section for diffraction dissocia-
tion®® with production of a mass M and transverse momen-
tum transfer q,; F(g, b) is the nuclear form factor
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where b and z are the impact parameter and the longitudinal
coordinate; p (b, z) is the distribution function of the nuclear
density; g, = (M?* — m;},)/2E; E is the initial energy: and
T(b) is the nuclear profile function, T(b) = F(0,b) [a more
accurate expression is given in Eq. (10)]. In Eq. (1) it is

a b

FIG. 1. Graphs corresponding to inelastic corrections.
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assumed that the scattering cross sections of the ground state
of the hadron and of the excited states are equal.

With increasing energy the inelastic corrections (1) in-
crease, since ¢, decreases. The inelastic corrections occur in
the total cross section with a negative sign. This corresponds
to an increase in the nuclear transparency, an effect that is
readily understood; for allowance for inverse transitions
from excited states to the initial state increase the probability
for passing through the nucleus. We shall show below that in
some nuclear reactions the inelastic corrections can, instead,
decrease the nuclear transparency.

In the frame of reference in which the nucleus is inci-
dent on the hadron at rest, the inelastic corrections appear as
allowance for fusion of the parton clouds of the nucleons'!
that are situated at the same impact parameter in the soft
part of the momentum spectrum. The decrease in the num-
ber of slow partons naturally leads to a decrease in o,

Although allowance for the inelastic corrections by
means of the expression (1) satisfactorily describes the ex-
perimental data'>"* for ¢/, this is due to the fact that the
inelastic corrections themselves are small—a few percent. If
the accuracy of the data and the calculations is in-
creased,'*' it is necessary to take into account the inelastic
corrections of higher order, for example, those correspond-
ing to the graph in Fig. 1b. The same problem also arises in
specific channels of nuclear reactions, where, as will be
shown below, the inelastic corrections reach hundreds of
percent.

1.2. Eigenstate method

The eigenstate method, proposed in Refs. 16 and 17,
played an important part in the clarification of the dynamics
of diffraction processes.'®' In Refs. 20 and 21 the method
was used to calculate the inelastic corrections in hadron—
nucleus reactions.

The fact that hadrons can be excited in diffraction scat-
tering, i.e., that nondiagonal transitions exist, indicates that
the basis of physical states |/ ) is inconvenient for problems
of the interaction of hadrons and nuclei. We choose a basis of
interaction eigenstates |k ), which are carried into them-
selves under the action of the operator of the scattering am-
plitude:

Fle)=Ffulk ) (3)

Here, f, are eigenvalues of the operator f.
Assuming that the basis |k ) is orthonormal, we expand
the physical states with respect to it:

| hy=2 CL | By, 4)
The coefficients C* satisfy the relations

T CR(CH =i 2 CR(Ch* =8y, (5)
The amplitude of the diffraction transition 4 —g has the form

fghz% Ch (CR)* . (6)

From this it can be seen that nondiagonal diffraction transi-
tions occur only when there is a difference between the am-
plitudes f, .

The inelastic diffraction cross section, summed over the
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final states, is
Opp = {(R) — (fn)?, (7)

where the averaging over k is done with weight |C, |2.
Knowing the spectrum of the eigenstates |k ) and the
amplitudes f, for elastic scattering by a nucleon, we can
readily calculate the partial amplitude for scattering by a
nucleus. Suppose that the initial energy E is sufficiently high:

Elp* > R,, (8)

where u is a mass parameter, and R, is the nuclear radius.
Then the hadronic fluctuations can be regarded as “frozen,”
i.e., the various eigenstates |k ) of the hadron wave function
are not mixed during the time of the interaction with the
nucleus. The amplitude for the interaction with the nucleus
of the state |k) can be calculated in the Glauber-Sitenko
approximation, since there are no nondiagonal transitions.

Thus, the partial amplitude for scattering of a hadron
by a nucleus for given impact parameter b, f/(b), has the
form

fit () =1 — (exp [ — /4T (B)]). (9)
Here, T'(b) is the nuclear profile function:

o0

7®)={ o, 2)dz. (10)
1

o (br Z) = B

§ ab'p b, 2 exp [ L5200

where B is the slope parameter of the cross section for elastic
AN scattering, and p(b, z) is the density function of the
nucleons in the nucleus, used in what follows in the Woods—
Saxon parametrization.”* Note that the optical approxima-
tion is used in (9) for clarity. In the later calculations more
exact expressions with the substitution exp( —oT)
- (1 —0oT/A4)* will be used.

The difference between the expression (9) and the
Glauber-Sitenko approximation is that the entire exponen-
tial, and not only its argument, is averaged over k. The dif-
ference between the two expressions represents the inelastic
correction to the partial amplitude:

Ap (b) = lexp [— £, T (b)]) —exp [ — () T (B)l. (11)

This expression is equivalent to allowance for all possible
intermediate states in the hadron basis.?®*' However, this
result is obtained at the price that the calculation has become
model-dependent, in contrast to the expression (1). The re-
sults depend on the choice of the spectrum of eigenstates and
eigenvalues of the scattering amplitude. This makes the cal-
culation less reliable, but, on the other hand, opens up the
possibility of testing theoretical models.

1.3. Mixing of eigenstates

A serious problem in the eigenstate method is the
allowance for the mixing of the various components of the
wave function during the passage through the nucleus. In
the hadron basis, this is equivalent to taking into account the
longitudinal momentum transfer to the nucleus when inter-
mediate jets are formed. We consider the connection be-
tween the two approaches for the example of the two-compo-
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nent approximation and establish the observable con-
sequences of the mixing.>’

Suppose that the hadron states |@) and |8 ) areassociat-
ed with the eigenstates |1} and |2). The equation that de-
scribes the mixing of the eigenstates on the passage through
the nucleus is

LA Zomln, (12)

where / is the longitudinal coordinate, and the matrix @ has
the form

é =(9‘+|Cz [*qr,—frp

—C,C8qy )
13
—C1Cyqy, S

g+ 1 Cy 1P qr —fop
Here g, = (mj —m)/2E; f, are the eigenvalues of the
amplitude for scattering (the imaginary part) on a nucleon;
and p is the nuclear density, here assumed constant.

The amplitude for elastic scattering of a hadron |a) bya
layer of nuclear matter of thickness /is

—ifer (=1 —exp [LF o122 {oos ()
_ dar+(l Ci|24}|\'cl eldi—rd) n (%)} (14)

where

A={(GC* = |C: Mg + (s —Sp)
+ 4|C|*|Co| gL 32

At high energies, when the mixing can be ignored, we
obtain the well-known expression (9) from (14). At lower
energies in the limit g, /fp > 1, when the mixing of the states
|1) and |2) is large, the expression (14) can be expanded
with respect to the parameter fp/g, , and we obtain

Im fo () =1—exp[— (I C: 2 i+ 1 Co | f) Pl
——[|01F2(1—Ic1lz)f‘+ic PA—=1C 1AL

_2|C 121 Cy 12 fyfslexsp[—(| C, |? fl"‘lc 12 fa) 01l
% {1 —exp[—(] Cy 12— C1|?) (fa—11) pllcos (q.D)]}.

Here, the first two terms correspond to the Glauber—Sitenko
approximation. The third term is the correction for the in-
elastic screening, calculated in the first order in the cross
section for inelastic diffraction. This correction is identical
to the expression (1) if, as in Ref. 10, we assume that £
=fh,ie., |C,|* = |C,|* = 0.5. This is readily seen by using
the relation (7).
It can be seen from (13) and (14) that the characteris-
tic mixing time of the eigenstates is characterized by 1/¢, ,
This is an important conclusion; it means that for the calcu-
~ lation of the scattering amplitude of the hadron |a) the cor-
rections for mixing are determined by the Lorentz factor,
which depends not on the mass m,, but on the gap m; — m,,
in the mass spectrum. Indeed, the interaction eigenstates | k)
do not have a definite mass. Thus, the mixing time in the case
of scattering, for example, of a pion contains the Lorentz
factor E/m, ,and not E /m._..
It also follows from (14) that the nuclear amplitude
“ (1) has a real part even when the nucleon amplitude is
imaginary. The reason why the real part appears is readily
understood in the hadron basis—the formation of intermedi-
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ate states with different mass leads to a phase shift. It is easy
to obtain an expression for the real part of the /4 scattering
amplitude under the same assumptions as for the expression
(1):

hN

Re fit = —4a { @b { anr de;le -

o0 [=¢]
"

exp[——omT(b)] \ S dlyo (b, 1) p (b, 1)

< sin gy, (I, — L)l exp [igy, (I — Zl)}' (15)

Results of numerical calculations can be found in Ref. 23.

2. EFFECTS OF COLOR SCREENING

Study of the peripheral interaction of hadrons at high
energies comes up against the unresolved large-distance
problem of QCD. Nevertheless, one can formulate some gen-
eral consequences of the fact that the interactionin QCD is a
color interaction. The hadrons consist of colored objects but
are themselves colorless. Their interaction resembles the in-
teraction of neutral systems (positronium®* atoms...) in
QED. Within the hadrons the color is spatially distributed,
and the interaction is of the dipole kind. One must therefore
expect that if the transverse dimension of the hadron tends to
zero, 7—0, then the interaction cross section will behave as
o(7) « 7. The simplest expression for o(r) that has this
behavior is

0 (*) = a3y Otar (16)

Here, (7*)| = f¥(r)|*r’d *r, where W(r) is the hadron
wave function.

Since the work of Low?® and Nussinov,?® elastic scatter-
ing of hadrons has often been described"*’ in the two-gluon
approximation. The corresponding graphs are shown in
Figs. 2a and 2b for meson-nucleon scattering. Summation
over all ways in which the gluons can be joined to the quarks
of the nucleon is understood. Naturally, the validity of the
Born approximation cannot be justified in the spirit of per-
turbation theory, since here the coupling constant is large,
@, = 1. The reason why the two-gluon approximation corre-
sponds well to the experimental data on the total cross sec-
tions is that it correctly reproduces the dependence of the
interaction cross section on the hadron size. Indeed, the con-
tribution to o(7) of the sum of the graphs in Figs. 2a and 2b
has the form

dzk

0 (1) =20, | o U= (= (). (17)

We choose the two-quark form factor of the nucleon in
Gaussian form: fy (k?) = (exp[ik(p, — p2) 1) vexp( — K*/

A%, where A =3.2 F 2 Here, p; (i = 1, 2, 3) are the impact
parameters of the quarks in the nucleon, with respect to

G

a b c T g

F

FIG. 2. Graphs describing elastic scattering (a, b) and charge exchange
(c, d).
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which averaging is done. The expression (17) can be re-
duced to the form?°

16awt
0(T)=T:1niz[1 +C—eV+Iny—(1+ ) Ei(—y)], (18)

where ¥ = A *7°/4. The constant e, is fixed by the condition
ofoy = (16/3) mo2/a2.

It can be seen from (18) that in the limit 7— 0 the cross
section does indeed decrease as 7% In 7. The factor In 7 that is
additional compared with the expression (16) is due to the
contribution of the long-range dipole interaction in (17).

The smallness of the cross section for the interaction of
small-radius hadrons consisting of heavy quarks is indeed
confirmed experimentally. However, this is not a serious ar-
gument in support of color dynamics, since the heavier con-
stituent quarks could have a different interaction cross sec-
tion, as indeed is assumed in the constituent-quark model. It
will be shown below that unique information about the be-
havior of o(7) can be obtained by using nuclear targets.

2.1. Absorption of hadrons by the nuclear medium

We consider the problem of absorption of high-energy
hadrons on passage through a nucleus. As we have shown,
the cross section for the hadron-hadron interaction depends
on the transverse dimension 7 of the incident hadron. There-
fore, configurations with given transverse dimension 7 can
be taken as the interaction eigenstates. The weight coeffi-
cient for the averaging over 7 is the square of the hadron
wave function: [ (1) |°. If the hadron energy E is sufficiently
high, E>u’R ,, then the quarks of the incident hadron can
be regarded as “frozen” during the time of the passage
through the nucleus. Therefore, the probability that the had-
ron passes through the nucleus without interaction is

WD) = & | ¥, (1) |2eo@T = (exp[ —i(x) T).  (19)

If o(7) is substituted in (19) in the form (16), and the had-
ron wave function ¥, (7) is taken in the Gaussian form, then

W(T)=( + oi} 1)L (20)

Thus, in place of exponential damping of the beam in
the nuclear medium there is only a power-law decrease.?-3¢

This significant increase in the nuclear transparency
nevertheless leads to small ( ~ 109%) inelastic corrections to
the total cross section for the hadron-nucleus interaction
even for heavy nuclei. Indeed, the greatest difference from
the Glauber-Sitenko approximation can be expected in the
region oy T'> 1, where, however, the relative contribution of
the second term in (9) is small.

Knowing the elastic scattering amplitude, we can readi-
ly calculate the cross section for coherent diffraction disso-
ciation of the hadron on the nucleus, summed over the final
states:*®

5= @b B, ) — (fa (b, D2 @n

Here, £ (b, 7) =1 —exp[ — 1/20(7)T(b)].

The expression (21) does not contain unknown param-
eters, and the results of the calculation® correspond well to
the experimental data.

The process of coherent diffraction dissociation on nu-
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clei has been used for many years as a way of obtaining infor-
mation about the interaction cross section of the unstable
hadrons produced in this process; as a rule, this cross section
has been found to be anomalously small. That there is an
error here can be demonstrated by the following “theoretical
experimental.”*' We calculate the cross section for coherent
diffraction dissociation of a pion on a nucleus in accordance
with the expression (21) and compare the result with the
corresponding expression in the Glauber-Sitenko approxi-
mation.*? The result o, found in this manner decreases with
increasing atomic number of the nucleus and even becomes
less than o7 However, it is clear that the smallness of o, isa
consequence of neglect of the inelastic corrections, which
appreciably increase the cross section. The parameter o, is
not the cross section for the interaction of the produced ha-
drons, since at high energies they are formed outside the
nucleus.

2.2. Coherent regeneration of K; mesons on nuclei

Processes in which the wave that has passed through
the nucleus is detected are the most suitable for testing the
relations (16) and (18). An example of this is the coherent
regeneration of K¢ mesons on nuclei.*® This process is also
remarkable in that the exchange of the  Reggeon responsi-
ble for the CP charge exchange K; — K selects in the inci-
dent K; beam fluctuations with increased size:

R? (E) = R: + 4“;,, In (S/so). (22)

Here, a;, =0.75 (GeV/c) ~? is the slope parameters of the @
trajectory, and R § ~0.26 F* is the mean-square radius of the
K meson. Because of the large value of a/,, the value of
R*(E) increases rapidly with the energy and considerably
exceeds R . One can therefore expect enhanced absorption
of K mesons by a nucleus. The amplitude of coherent regen-
eration of K; mesons on nuclei has the form
tis=fis{ et ) (exp [ —zomT®)]).  (23)
In the averaging over 7in (23) allowance has been made for
the increase with the energy of the interaction range (22).
The results of the calculation are compared with the

¢
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FIG. 3. Amplitude of coherent regeneration K, — K on various nuclei.
The curves are calculated with the cross section o( 7) obtained in the two-
gluon approximation. The data are from Ref. 34.
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data of Ref. 34 in Fig. 3. The calculation matches the data
well. Note that allowance for the inelastic corrections in ac-
cordance with Eq. (1) has led to an appreciable divergence
from the data of Ref. 34.

Since these calculations do not contain free parameters,
the results are an important confirmation of the correctness
of the approach. Nevertheless, the comparison cannot be
regarded as critical, since an analogous calculation in the
constituent-quark model*® also led to good agreement.

2.3. Quasielastic scattering of hadrons by nuclei

We shall discuss the possibility of testing the predic-
tions of QCD in quasielastic scattering of hadrons by nuclei.
It may be expected that in hadron-nucleus scattering with
momentum transfer ¢ the form factor “selects” in the had-
ron fluctuations with small transverse dimension 7~1/g.
Therefore, if the scattering occurs in the presence of a nu-
clear medium, the absorption of the hadron in accordance
with (16) will depend strongly on g and must vanish with
increasing g. The value of A.q(q?) = (do™* /dq®)/da"™ /
dq?) must increase sharply from 4'* when ¢*<(7*) ™' to
~A when ¢*> (7)1

The cross section of single quasielastic scattering by a
nucleus can be expressed in the form>**’

Lo 1§ et )| (a9
xexp[ —50 ()T (h)]>|2 (24)

We calculate the amplitude for elastic meson—nucleon scat-
tering, f., (q, 7), and the total cross section in the two-gluon
approximation.

The results of the calculation of 4 {’ (¢*) for a number
of nuclei, made in accordance with Eq. (24), are shown by
the broken curves in Fig. 4. The dotted lines show the calcu-
lation in the Glauber-Sitenko approximation. It can be seen
that A, (q?) increases much slower than expected. The ef-
fect is of the same order as in the constituent-quark model.*®
It is readily seen that the reason for this is that when
q°2 (7%) ~! the elastic scattering is dominated by the graph
in Fig. 2b, which does not contain the meson form factor and
does not distinguish small sizes.

It can also be seen from Fig. 4 that at small q° the
Glauber-Sitenko approximation overestimates the cross
section, i.e., the elastic corrections in this process make the

20

00z 05 08
33 (GeV/o)?

FIG. 4. Predictions for 4.5 (g°) in quasielastic scattering. The broken
curves correspond to the contribution of single scattering calculated in the
two-gluon approximation; the continuous curves, to the calculation with
the addition of multiple scattering; the dotted lines, to the Glauber-Si-
tenko approximation.
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nucleus less transparent. The reasons for this, and also some
consequences, will be considered in Sec. 2.6.

Note that for much larger values ¢°» [2a;, In(s/sp) ]~ 1
the nuclear screening in quasielastic scattering must still
vanish.? For if the scattering of quarks with large momen-
tum transfer is not to be accompanied by gluon bremsstrah-
lung, both the quarks and their color field must be localized
in a small region of 7. Experimental verification requires
obligatory detection of the recoil nucleon and reconstruc-
tion of the quasielastic kinematics in order to eliminate the
contribution of multiple scatterings. Otherwise these must
be calculated. The contribution of double scattering has the

form™7
da'2)
8 1 2k
T =g ) P () | &

x| (fa s, D fala—k Dexp[ —go@T® ). @5)

For small > S 1 GeV/c? this expression can be estimated in
the Glauber—Sitenko approximation, since the inelastic cor-
rections here are small and the momentum transfer is on the
average divided equally between the two scatterings. The
value of 4. (q*) with allowance for (25) is shown in Fig. 4
by the continuous curve. As the calculation shows, the con-
tribution of triple scattering is negligibly small in this region
of g2

2.4. Quasifree charge exchange of hadrons on nuclei

In contrast to quasielastic scattering, in the charge-ex-
change reaction one can expect appreciable growth of
Ay (g%), since the graph in Fig. 2¢, corresponding to Reg-
geon exchange, contains the hadron form factor. Therefore,
in the region of ¢? values in which the contribution of branch
cuts can be ignored, the contribution of the compressed me-
son configurations to the charge-exchange reaction will be
enhanced.*"*’

We first consider the reaction 7~ p—7°n where for q*
<1 GeV? the contribution of the pole A, is dominant. The
cross section for single charge exchange without rescattering
has the form*’
dotV) (-4 — 1°X)

dq?

1z fr -
=z S d@bT (b) Sp {{féex (4, ¥) @

%-J(T)T(b))}' (26)
Here the averaging over 7 is done with weight factor
¥, (1)¥¥ (7). In what follows we shall assume that the spa-
tial parts of the 7 and % wave functions are the same (in
accordance with SU,), i.e., o7 = o7l
The amplitude f,., (g, 7) isa2X 2 matrix in the nucleon
spin space. It can be expressed in the form

oo, ) = C 14 (q, %) + il q|(on) B(g, Y. (27)

—é—o(t)T(h)

X (fcex (q, T) e

Here C includes all the factors that are independent of q and
7; mis the unit vector normal to the reaction plane, and o are
the Pauli matrices. The amplitudes 4 and B can be written in
the form

A(q, 1) =exp(iqr/2 —Ag?);

B (q, ©)=p4 (q, 7). (28)
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FIG. 5. Z (i’ (¢°) for charge exchange on the '2C nucleus. The continuous
and broken curves correspond to the calculation in versions 1 and 2, re-
spectively. The thin curves relate to the 7 ~ — 5° reaction and dominance
of Regge poles in the 7 ~ - 7° reacnon the heavy curves correspond to the
charge-exchange reaction 7~ — 7" with allowance for branch points; the
dotted line is the calculation in the Glauber-Sitenko approximation.

The fit to the experimental data***' at 40 GeV gives
B=61GeV~, A1 =34 (GeV/c) 2

We calculate Z,4 (¢°) for two forms of the dependence
o(7): 1) o(7) is calculated in accordance with the expres-
sion (16);2) o(7) is calculated in the two-gluon approxima-
tion in accordance with the expression (18). The results of
the calculation of Z (i’ (¢) in accordance with the expres-
sion (26) for the 12C nucleus are given in Fig. 5 by the thin
continuous and broken curves. The dotted line shows the
result of the Glauber-Sitenko approximation It can be seen
that Z {3’ (q*) does indeed increase with q> much faster than
in quaswlastlc scattering.

If the recoil nucleon is not detected, it is necessary to
take into account multiple scattering. The contribution of
charge exchange with additional elastic rescattering has the
form

do@ (A > X)) _ 1 Z (43—1) S d*bT? (b)

dqﬁ 811
1
¥ S @2z Sp {(frex (k, 7) £ (q—k, T) e SR,
1
% Foex (&, D fala—k, 1o 2"y (29)

This expression, like (25), can be estimated in the
Glauber-Sitenko approximation, and the rescatterings of
higher order can be ignored. The result of the summation of
(26) and (29) is compared in Fig. 6 with the data of Ref. 41.
It can be seen that there is good agreement. At the same time
the Glauber-Sitenko approximation significantly underesti-
mates the cross section.

A specific feature of the 7~ p— 7% reaction is the mini-
)

A (q, T) = exp (iqt/2 — Aq?) — y/2a exp ( — aq?/2

The parameters y, 5, A, a were found from a compari-
son with the data of Refs. 40 and 41: ¥ =5.95 GeV~2,
IBl=37GeV ', 1=45GeV~ 2 a=6GeV~2

The results of the calculation of Z {{’(q?) are shown in
Fig. 5 by the heavy continuous and dashed curves. The com-
plicated shape of the curves is explained by the displacement
of the position of the minimum in the cross section for charge
exchange on the nucleus as compared with a hydrogen tar-
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— 'v%/8a);
B (q, ) = P exp (iqe/2 — Aq®) — By/4a exp ( — agq®/2 — v*/8a). ]
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FIG. 6. Z_4 (¢*) for the charge-exchange reaction 7 ~C—7°X. The data
are from Ref. 41, and the calculations were made with allowance for res-
cattermg in version 1 (continuous curve), in version 2 (dashed curve),
and in the Glauber-Sitenko approximation (dotted curve).

mum in the differential cross section at ¢ ~0.6 GeV2 Two
explanations of this phenomenon are known. One*? attri-
butes the minimum to the vanishing of the residue of the p
poleata point with “incorrect™ signature. The other possible
reason is destructive interference of the contribution of the p
pole and the p—P branch point in the spin-flip amplitude.*?
Both interpretations have difficulties, and it is not yet known
which is correct.

Study of the quasifree charge exchange 7~ — #° on nu-
clei opens up new possibilities for discriminating mecha-
nisms of charge exchange on nucleons. In the first case, the
behavior of Z_; (q*) hardly differs from the calculations for
the reaction 7~ p—#°n, which are shown in Fig. 5. In the
second case, the interference of the pole and the branch point
on the nucleus takes place in a different way than on hydro-
gen. Indeed, in the region of the minimum the pole graph
shown in Fig. 2¢ is enhanced on the nucleus by a factor Z P2
=~Z. In the graph in Fig. 2¢, corresponding to the p—P
branch point, momentum is transferred to both quarks of the
meson, there is no form factor, and this contribution is en-
hanced on the nucleus only by a factor Z %~ Z /3 There-
fore, the minimum in the cross section of single charge ex-
change on a nucleus must be shifted to larger values of q°
and must-disappear entirely on heavy nuclei.’'*® The spin
amplitudes of 7~ p—7°n charge exchange differ from (28)
when allowance is made for the branch points and have the
form

(30)

[ -
get. It can be seen that the q* dependence of Z Y’ (q?) is
essentially determined by the part played by the branch
points in the 7~ p— 7% reaction.

Unfortunately, the existing data*' do not distinguish
the contribution of single charge exchange, and it is there-
fore necessary to take into account the correction for the
additional rescattering, calculated in accordance with (29),
in which}"cex is given by the expressions (27) and (30).
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FIG. 7. The same as in Fig. 6 but for the reaction 7~ 4 — 7°4'. The heavy
and thin curves were obtained in version 1 with and without allowance for
the contribution of branch points; the dotted curve is the calculation in the
Glauber-Sitenko approximation.

The results of the calculation are compared with the
data of Ref. 41 in Fig. 7. It can be seen that the Glauber—
Sitenko approximation is in strong disagreement with the
data and that calculation in version 1 with amplitude fm

containing a contribution of the branch points agrees better
than the other versions.

Note that in the constituent-quark model Z ;. depends
on ¢’ in the same way as in quasielastic scattering,™ i.e.,
much more weakly than in the experiment. This also applies
to the version of the model of Ref. 43.

In Ref, 44 data were obtained for the charge-exchange
reaction 7*C—K* YX. An accurate measurement of the
missing mass suppressed the contribution of multiple scat-
tering. Thus, the data shown in Fig. 8 relate to 4 (. Com-
parison with the calculations in version 1 confirms the QCD
prediction. It is important that the effect here is a qualitative
one.

Thus, the data on quasifree charge exchange on nuclei
have a high sensitivity to the behavior of o (7). They are also
interesting in that allowance for the inelastic corrections
changes the cross section by several times.

2.5. Polarization in quasielastic scattering

Polarization in elastic scattering at high energies is due
to interference of the Pomeron amplitude with the Reggeon
amplitude, which is small. As was shown, in single quasielas-

essssasfpsscecsosonnass

0 0,1

1 1
0.2 03 04
qz, GeV?

FIG. 8. 4, (¢*) for the reaction 7 * C— K * YX. The continuous line is the

calculation in version 1, and the dotted line corresponds to the Glauber—
Sitenko approximation.
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FIG. 9. Prediction for the ratio of the polarizations in quasielastic scatter-
ing on Pb and on the nucleon.

tic scattering at q>» (7°) ~! the Reggeon amplitude is not
screened and is enhanced by a factor 4. At the same time, the
Pomeron contribution is enhanced by only a factor 4>,
Thus, the ratio of the amplitudes with and without spin flip
on the nucleus is changed, and the polarization must in-
Crease-3l'36'37

The polarization parameter P (g°) can be calculated in
accordance with the formula

Qel ____
4:1A

—-0( )T(D)

Y ) i { @b (b)

—SO(TT(H)
 Sp {(om) (fex (g, 7)e Y (fal@, e 2 )}-(31)

The cross section days /dq’ is given by the expression
(26). The scattering amplitude is the sum of the Pomeron
and Reggeon contnbutlons j:_, (g, 7) = f a(q, T

f (q. 7). The amplitudes f Rhavetheform (27). Weset

BP (g, v) =0 and take B* (q, 7) in the form (30), i.e., we
take into account the contribution of the branch points.

The results of a calculation®” for the ratio of the polar-
ization of the recoil protons in quasielastic scattering by the
208ph, pucleus to the polarization in elastic 7p scattering are
shown in Fig. 9. It can be seen that for g*~1 GeV? the nu-
clear enhancement factor exceeds 2.

Note than an effect of the same order is expected for a
beam of protons quasielastically scattered by a nuclear tar-
get.

2.6. Inclusive production of hadrons on nuclei in the three-
Reggeon region

We consider the inclusive charge exchange
a + b—c + X in the three-Reggeon region of the kinematic
variables: s/M2>1, M2>1 GeV? In the cross section of
this process we can distinguish contributions of three-Reg-
geon graphs of two types: RRR and RRP, which are shown
in Figs. 10 and 11. The broken line denotes the operation of
taking the absorption part. The dependence of the contribu-
tions of these graphs on the Feynman variable x . is given by
the expressions*’

( d2o ) _ 1 Grrr (0)
dzp dq® |rRR V s/sg Vi—zr
xexp{—q?|Rkrr—20r 10 (1—zp)l}; (32)

Grrp (0)

X exp { —q?[RErp—2ag In (1—zpm]} (33)

(e ) ner=
dzp dq® /Rrp~
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FIG. 10. Structure of the three-Reggeon RRR graph.

Here, G(q*) = G(0)exp( — ¢*R?) are the corresponding ef-
fective three-Reggeon vertices.

The diagrams in Fig. 10a correspond to the planar
graphs shown in Figs. 10b and 10c. The process occurs as
follows.

The quarks of the incident hadron are in a configuration
that is strongly asymmetric with respect to the momenta—
one of the quarks carries all the momentum. The probability
of such a configuration is suppressed by the factor 1/4/s.
After the slow quark (antiquark) has been annihilated, frag-
mentation of the fast quark begins, for example, by breaking
of the color triplet string formed between a fast quark and a
target diquark (to be definite, suppose 5=N). The fragmen-
tation takes place only up to momenta p=(1—x.)s/
(2my), after which an antiquark with this momentum is
immediately captured by the leading quark. The probability
of such capture is dx/,/1 — x .. All these factors are indeed
contained in the expression (32).

The interpretation of the RRP graph in Fig. 11a is less
trivial. The incident meson, as shown in Fig. 11b, is in a
configuration in which the fast quark carries the momentum
fraction x,, and the slow quark carries the fraction 1 — X,
The probability of this is 1/y/1 — x,. After the exchange of a
gluon between one of the quarks and the target the slow
quark completely fragments into a jet with mass
M, = s(1 — x,), while the fast quark fragments to mass
M, = /s(1 —xz)/x, and then captures a quark with mo-
mentum p=(1— x;/x,)s/2m,. The probability of such
capture is 1/y/1 — x/x,. The product of the structure func-
tion of the incident meson and the fragmentation function
must be integrated over x,, and this gives

1

S dIldJL'z 6 (Il.’ll'z— .’L'F) W—_xl_]ﬁ

-]

*F

dx — _1 —
X Ve (I—zy) (@1 —zp)

(34)

It is easy to see that for 1 — x, <1 this integral does not
depend on x. Now this corresponds to the expression (33)
and is a consequence of the nonplanar (cylindrical) shape of
the graph in Fig. 11.

|
W0
g — + +...
gilg 9"' g
b o] d

FIG. 11. Structure of the three-Reggeon RRP graph.

Although the quark diagrams in Figs. 11b and 11¢ lead
to an x; dependence corresponding to the three-Reggeon
phenomenology (33), there is nevertheless a fundamental
difference between the graphs in Fig. 11a and Figs. 11c and
11d. The usual interpretation of the graph in Fig. 11a is that
the Reggeon R is elastically scattered by the target through
Pomeron exchange. However, it can be seen that the graphin
Fig. 11c does not have an analogous graph that screens the
color in the Reggeon (cf. Figs. 2a and 2b). Moreover, the
graph in Fig. 11d does not admit a three-Reggeon interpreta-
tion at all. The reason for this lack of correspondence is that
in QCD perturbation theory the concept of a three-Reggeon
vertex localized in the rapidity scale is meaningful only for
the vertex RRR, as in Fig. 10. In contrast to the scalar Ap?
theory, which was usually used earlier to interpret Reggeon
graphs, in QCD an interaction with a large rapidity interval
through gluon exchange is possible. Therefore, the use of the
graphs RRP, PPP, etc., is possible only for purposes of phen-
omenology, since they give the correct x . dependence.

We consider the question of the nuclear enhancement of
three-Reggeon graphs.* Since the slope parameters that de-
termine the q> dependence of the cross section on nuclear
and hydrogen targets differ little,* for estimates we restrict
ourselves to a calculation of A for ¢ = 0, when the calcu-
lations are much simpler. Since the Reggeon amplitude (27)
at ¢ = 0 does not depend on 7, the expression (26) in the
version (16) reduces to the form

d?bT (b)
1 g
[1+70{g{1‘(b)]

A= (35)

On the other hand, in the RRP graph the colors of the quarks
of the incident hadron are mutually screened, as can be seen
in Figs. 11c and 11d. For this reason, the amplitude of the
reaction on the nucleon at q* = 0 is proportional to T ie.,
the result for 4 2. must be the same as in quasielastic scatter-
ing:

az=T (b
Afff:S (b)

[1+5olir (b)]ﬁ '

(36)

Although the 7' dependence of the integrands in (35)
and (36) is a power law and asymptotically weaker than

TABLE . Effective nuclear numbers calculated in the Glauber-Sitenko approximation,

and also for the RRP and RRR graphs.

Target nucleus AT Al AR,
Be 4.9 3.5 5.4
Al 9.1 5.8 11.4
Cu 15.0 9.0 211
Pb 23.4 13.2 44.0
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exponential, nevertheless for real nuclei, as can be seen from
Table I,

AR = AG, butdf <AF".
(Here, GSA denotes the Glauber-Sitenko approximation.)

In other words, the inelastic corrections, as we have
already said, can “lighten” but they can also “darken” the
nucleus. This depends on the process.

Now in accordance with (32) and (33) the RRR and
RRP graphs are associated with different dependences on
X, and their contributions to the cross section for the reac-
tion on the nuclear target are enhanced differently, so that
we must expect a nontrivial x - dependence of A ¢ (xf). The
contribution of the RRR graph decreases with the energy as
1/ys, and therefore we take the data of Ref. 47 for the
7+ A —5°X reaction at 10.5 Gev. It is true that at such a low
energy and x = 1 it is necessary to introduce nonasymptotic
corrections to the expression (33), which does not take into
account the relative phase space of the two jets (see Fig.
11b). In the limit x — 1 each jet goes over into a resonance,
and near the threshold M, = m, + m, for the production of
two hadrons we obtain a suppression factor  due to the two-
particle phase space:

Q=1 M%—(m,+ my):/Mx. (37

This factor has an effect only when 1—x,
~ (m, + ma)?/s, i.e., at high energies it can be omitted.

The minimal masses that can be substituted in (37) are
m, = m,, m, = my. However, the probability of recombi-
nation of quarks into a pion is suppressed by a factor 1/3
compared with the p meson. Comparison of the data on the
cross sections of the reactions 7 p—mnn and
7tp—mA*+(1236)shows that the isotopic amplitudes of
these processes with / = 3/2 and I = 1/2 are approximately
equal. This means that for the interaction with the deuteron
(and with heavy nuclei) a target diquark fragments into
A(1236) with a probability two times greater than into a
nucleon.

Thus, we take as an estimate in the factor (37) the val-
ues m = n,, M, = My,.

Ignoring the corrections for rescattering in the deu-
teron, we write down for the ratio R, (xf) =do/
dxp (7t A—n°X)/do/dxp (7 d—n"X) the expression

1/ Vﬁﬂ"k ]/zn—xﬁ‘ )

We have here used the expressions (32) and (33),in which it
is assumed that R%gr = Ripp and A = Gggp(0)/
Grrr (0) =1, this corresponding well to the data on binary
reactions; to (33) the factor (37) has been added;
xo=1— (m, 4+ m,)?*/s; for x> x, the contribution of the
RRP graph is equal to zero; it is assumed that the depend-
ence of the cross section on ¢ is the same for all nuclei.

The results of the calculation are compared with the
data of Ref. 47 for the **Cu nucleus in Fig. 12.

Naturally, with increasing energy the relationship be-
tween the RRP and RRR graphs changes, as can be seen
from (32) and (33). The region in which the RRR graph is
dominant is shifted to the region of large x .. — 1. In addition,
the fragmentation-length effects become noticeable (see Sec.
4.4), leading to a growth of 4 4 with increasing 1 — x .. The

R ypa(z7) = % (
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FIG. 12. Data on Ref. 47 for the ratio R, 4. The broken line corresponds
to the calculation in the Glauber—Sitenko approximation; 1) calculation
in accordance with the expression (38); 2) the prediction for energy 40
GeV with allowance for the hadronization time of the quarks; the chain
line is the calculation for 44 .

corresponding predictions for R, at energy 40 GeV are
shown in Fig. 12.

3. MULTIPLE COLOR CHARGE EXCHANGES IN HADRON-
NUCLEUS INTERACTIONS

A widely held view of the mechanism of inelastic inter-
action of hadrons at high energies is that the hadrons ex-
change color (in the simplest case, a gluon), and then the
colored objects, separating with a large relative momentum,
fragment into hadrons, the hadronization taking a long time
~+/s (in the center-of-mass system). It follows from this
that the contribution of Pomeron exchange to the elastic
amplitude has a color structure (in the simplest case, it is a
two-gluon exchange). When a hadron interacts with a nu-
cleus, the Pomeron can “split” i.e., there can be double color
charge exchange on two nucleons. One can also consider the
case of multiple color charge exchanges of a hadron on the
nucleons of a nucleus.

3.1. Validity of the Glauber-Sitenko approximation when
allowance is made for the color structure of the Pomeron

The picture described above should be tested in the first
place by considering the corrections**** to the cross section
for elastic hadron—nucleus scattering calculated in the
Glauber-Sitenko approximation (with allowance for the in-
elastic corrections). These corrections must be small, since
the standard scheme?’ describes the data on the total cross
sections for pd scattering with good accuracy. Therefore, the
correction A, 0, to the total cross section that we are dis-
cussing here cannot be large:*'

AqStot (pd) < 0.4+ 10-27cm? (39)

This condition must yield certain bounds on the six-
quark component of the deuteron wave function. This can be
expressed by means of the resonating-group method in the
form (with allowance for one NN channel)

w1, ..., 6)

4

[\Am

— A (1 —

=]
Il e

Pop) ¥y (1,2, 3) ¥y'(4, 5, 6)F(R).
(40)

1 p=4

1

Here, P, is the operator of quark interchange, V¥ is the
quark wave function of the nucleon, and 4 ,, is a normaliza-
tion factor.

A wave function of more general form may, in addition,
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include an admixture of an excited state like a six-quark bag,

Wse (1,...,6), to which we shall ascribe the S ¢ configuration:

l}'d(i, R G)=G‘PNN(1, vy B)+HPWgse [ o i) H
0?4 2af (Wes | Vyn) +F2=1.

(41)

We express the spatial part of the wave function of the

nucleon and the 6¢ bag in the form specified by the oscillator
model:
Dp (ry, oo rn) = A7 EXP[_ﬁ 2 (r— l‘f)z] ;
| . (42)

(A-1)
A, =(nR)% nd/t,

where # is the number of quarks. For the nucleon radius we
use the value Ry = R, = 0.8 F, and we shall regard R,, the
radius of the S ° state, as a free parameter.

For the S configuration there exists only one 6q state
with the quantum numbers of the deuteron. 3 Its wave func-
tion in the STC space (spin, isospin, color) can be written in
the form

3 [
Y31, ...,6) =4 (1— 21 B% Pp)¥¥C(1, 2,3

X W4, 5, 6) F3T;
ASTC — 10/3,

(43)

where /¢ is the nucleon wave function in the STC space,
and F " is the nucleon wave function of the deuteron in the
ST space. We calculate the correction that we seek to the
total cross section, AQafft, in accordance with the formula

Agoior(pd) = ol (pd) — 203, (pN), (44)

where 0% is the cross section calculated in the two-gluon
approximation.

The amplitude for elastic scattering of hadrons /4, and
h, that consist, respectively, of n, and n, quarks described by
nonrelativistic wave functions has the form

' T.f2lfh2 (q)
__ 18anyn, S 2’k Vi(g, k) V,(q, k) .
= — = .
[T em] [(3-4T]
(45)
We have here used the notation
Vf(ql k)sz (q)_Gi(qs k)! (46)

where F; (q) = (¥, |€™*|¥,), G, (q,k) = ('I’j|Kj(q,k)[‘Pj):
with

A (a, k) = (1—n,) AT
Xexp [i (%-{-k)rl—l—i(%—k)rz]. (47)

We calculate the correction A,0,,, (pd) to the total cross
section in accordance with the expressions (44)—(46) with
the deuteron wave function (40). We take the spatial part of
the function F(R) [denoting it by f(R)], which describes
the relative motion of the clusters in the wave function (40),
in the form corresponding to the Reid potential with a soft
core. We obtain A,0,, (pd) = — 0.023X 10 > cm? Thus,
the quark corrections to o,,, (pd) for the wave function (40)
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FIG. 13. Dependence of Ayo,, (pd) on f for different values of R o (the
numbers next to the curves).

are small and depend weakly on the form of the function
fR).

The results of calculations of Aoy (pd) for the wave
function (41) in their dependence on R, and 3 are given in
Fig. 13. It can be seen that at certain values of R, and S the
correction A, o, (pd) may be very appreciable. It is inter-
esting that A,0,, at R, = R, is small and almost indepen-
dent of 8. Figure 14 shows the region of values of the param-
eters fand R ¢ for which |A 5o, (pd)| <0.4X 10 ~7em? It
can be seen that at 522 0.02 one can obtain the estimates **

0.7=-09 F,
0.5+=0,95 F,

=0
p<<O.

Note that these estimates for the radius of the S° state agree
with the radius of the S® state calculated in the MIT model. 53
Indeed, it is easy to show that the mean-square radius of the
S° state in the MIT model (for R 84 = 1.32 F) is equal to
the rms radius of the nonrelativistic S° state if R, ~0.87 F.

Calculations of 7'7%(g%) for ¢*#0 in the case of the
wave function (40) with the Reid wave function f(R)
showed that for g>=0.2 GeV? the difference between this
amplitude and the result of the impulse approximation ob-
tained with the same wave function f(R) does not exceed -
5%.

In the calculation of 77§ (g%) for g>#0 with the wave
function (41) we set R, = 0.8 F, taking into account the
estimates (48) for the radius of the S®state and the calcula-
tions in the MIT model. The calculations showed that the
inclusion of the S° state can lead to an appreciable difference
between 7'7% (g°) and the result of the impulse approxima-
tion with the same function f(R). However, F,(¢*) also
changes appreciably, and in the expressions of the Glauber—
Sitenko approximation it is natural to use a nucleon wave
function that describes the data on ed scattering. Therefore,
the thing of interest is not the difference between ij, gH
and the result of the impulse approximation obtained with
the same wave function f(R) but the difference between the

Rsz[ (48)

Res F
—%.2
/ “0-8
WA
A
| I ] 1
-0z -91 01 0.2 $p

FIG. 14. Region of f and R ; values for which Ay 0y, (pd) <0.4x 10777

cm?.
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ratio £=T2%(q")/F,(g") and &o=T,y (¢*)/F,(q").
Clearly, £ = &, if the deuteron is regarded as a pn system.

Calculations show that |& —&|/£,50.01 for ¢
0.2 GeV?and 325 0.1 both, for the Reid wave function of
the deuteron with a soft core and for a Gaussian wave func-
tion of the deuteron, which does not take into account the
NN core at all. Thus, if we use in the expressions of the
Glauber-Sitenko approximation a nucleon wave function of
the deuteron that describes the data on ed scattering, this
wave function must give correct results for the amplitude of
hd scattering calculated in the Glauber—Sitenko approxima-
tion.

Thus, the general conclusion can be drawn that the
good agreement of the Glauber-Sitenko approximation with
experiment finds a natural explanation, provided that the
quark wave function of the deuteron does not contain with
appreciable probability a state of the type of a six-quark bag
with rms radius that differs appreciably from the rms radius
R, =~0.8 F of the S° state.

In this paper, we have used the wave function of the §°
state as the wave function of the six-quark bag. There are
indications® that states with the configuration S*P? also
play an important part in the interaction of nucleons at short
distances. However, the situation with regard to the inclu-
sion in the deuteron wave function of states of a six-quark
bag is at present far from clear, since dynamical calculations
of the deuteron wave function with allowance for S°and S*P*
states have not been made.

3.2. Double color charge exchange. Classical treatment

In the previous section we considered the effects of the
color structure of the Pomeron in elastic pd scattering. The
corrections were found to be small. Itis clear that a contribu-
tion of the same type also exists in the diffraction dissocia-
tion i +d—h + X of the deuteron. We shall show below
that the nucleon produced in this reaction can be emitted in
the backward hemisphere in the laboratory system.*® The
contribution of the standard mechanisms is small in this re-
gion, and there is therefore a hope that the contribution in
which we are interested is relatively enhanced.

We consider double color charge exchange of an inci-
dent hadron on the nucleons of a deuteron. If after the first
color charge exchange the system of quarks of the incident
hadron has gone over to a state of the color octet, then in the
subsequent color charge exchange it can be made colorless
with a =robability of order 1/8. This corresponds to the Po-
meron being attached directly to two nucleons. The deu-
teron, remaining colorless as a whole, goes over into a state
with separated color—a color dipole. The classical trajector-
ies of the hadron and the nucleons in such a reaction are
shown in Fig. 15 in the coordinates z (longitudinal coordi-
nate) and ¢ (time). The decay of the color dipole here takes
place by virtue of color charge exchange, in which “colored
nucleons” beome white nucleons (N N, —NN).

The cross section for the production of a cumulative
proton can be expressed in the form™**

3 alB
e b DO () e

Here, L is the longitudinal separation between the nucleons
of the deuteron; ¥, (L) is the deuteron wave function; p,
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FIG. 15. Diagram describing the connection between the longitudinal
coordinate z and the time #. The continuous curves show the trajectories of
the colored objects, and the broken curves show those of the white objects.

and p are the longitudinal and transverse momentum com-
ponents of the cumulative proton, with L dependence of the
form

2 (E—my) __ L
2my—prL—E ~— my

) (50)

where E = (m% + p2 + p3)'/% The parameter x is the ten-
sion coefficient of the color string. For a color-triplet string,
x can be estimated from the meson mass spectrum’:

% = (2nog)™! &~ 1GeV/F . (51)

The value of x in the case of an octet string, in which we are
interested, is unknown. For estimates in what follows, we
shall use the value (51), although a larger value can be ex-
pected.*!

The factor D(L) is the probability that during the time
t = L the string does not “‘snap,” i.e., there is no production
of color-screening quark-antiquark pairs, no emission of
gluons, etc. The function D(L) has the form

D(L)=exp[—W§d1:l(1:):|,

0

(52)

where /(7) is the length of the string at the time 7.

The value of W can be estimated in accordance with
Schwinger’s formula® (which, strictly speaking, is not valid
here), from the widths of the meson resonances,”* or from
the data on the multiparticle production of hadrons ine*e™
annihilation at low energies (where, it is true, the string is
not static).

The parameter W can also be estimated from the mo-
mentum spectrum of the protons in the pp — pX reaction. In
the target fragmentation region, the recoil proton has a mo-
mentum equal in order of magnitude to p ~ %7, where 7 is the
time from the moment of color charge exchange to the first
breaking of the string. The value of r is determined by the
condition W7?/2=1 if it is assumed that the length of the
color string is /=~ (this is true only for small values of 7;
conversely, in the limit 7— «c we have /—m/x). On the oth-
er hand, the momentum p is related to the Feynman variable
xp by p=my (1 —x3)/2xp. Since the inelasticity coeffi-
cient is 1 — {x,) = 0.5, it follows that {p) =1 GeV. From
this we find W=2/7=2%*/p*=2F 2

The quantity W determines the confinement radius—
the distance to which color charges can separate. In accor-
dance with (52), the mean length of the stringis {/ ) =2/ W
~1F, i.e., of the same order as the transverse dimension.
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FIG. 16. Three-gluon Feynman diagram for the process hd —p yhn.

Therefore, the concept of a tube and, a fortiori, a string with a
linear potential is very nominal.

To estimate the parameters 5 and B in (49), we consid-
er the Feynman diagram in Fig. 16. This diagram does not
reflect the effects of the confinement forces. However, it is
natural to assume that the hadronization stage does not af-
fect the total cross section for the reaction but merely
changes the momenta of the particles in the final state.
Therefore, the contribution of the diagram in Fig. 16 to the
cross section for the 4d — hipn reaction should be compared
with the integral over p, of the expression (49) [without the
factor D(L)], in order to fix the parameters f and B. A
calculation®**® yielded S =0.17, B = 12.8 GeV 2.

The momentum spectrum of the cumulative protons in
the pd — p, pn reaction at 180° is shown in Fig. 17. The spec-
trum has a maximum at p, ~0.5 GeV.

We should add here the contributions of other mecha-
nisms, for example, the isobaric mechanism, * which is im-
portant at low initial energies. At small momenta p, there
are important contributions of spectator mechanisms,
among which we may mention the model of few-nucleon
correlations®' and the part played by the large-momentum
component of the nuclear structure function. %

Figure 17 also shows the only data that as yet exist®® for
the pd - p; X reaction, at momentum 8.9 GeV. In order to
take into account in (49) the possibility of diffraction disso-
ciation of the incident hadron, it is necessary to introduce
the factor C, = 1 + o3y, /0", For protons C, ~ 1.4, and for
pions C_ = 1.6.

Comparison with the data shows that the contribution
of the considered mechanism is important when Ps
2 0.5 GeV. ;

The main defect of the classical treatment is that near
the kinematic boundary, p, —3m /4, the internucleon sep-
aration L, which is uniquely related to p, , increases without

Py
\\ pd —==pe X

'TTTTT

Y

\-
LY

T TTTTT

E d%/d%, 19727 cm?/GeV?

1

400 -500 600
PrsMeV

FIG. 17. Invariant cross section of the pd— p , X reaction. The experimen-
tal points are data from Ref. 63. The continuous curves correspond to the
contributions of dibaryonic resonances for scattering through angles 180
and 140°; the chain curve is the result of the classical treatment; the broken
curve corresponds to the contribution of the spectator mechanism.®?
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bound. It is clear that in a quantum-mechanical approach
there is no unique connection between P, and L. However,
before we turn to the generalization of this model in quan-
tum mechanics we study the properties of the color dipoles
in the N_-N, system.

3.3. Dibaryonic resonances with separated color. Dual
properties of the scattering amplitude

We first simplify the problem and consider a system of
two particles, each of which can be in two states—*“white”
(1) and “colored” (). We write the one-dimensional Ham-
iltonian of such a system in the form

2

H=L P 1LV (5, — 2) oo (5y—2y).  (53)
Here p, and p, are the momentum operators of the particles,
I, = (49); is the projection operator onto the color state of
particle /, and ¥(x) is the confinement potential for the co-
lored particles with relative separation x. Note that for a
color string ¥(x) = »|x|. The operator o; = (9}), changes
the color state of the particle. The last term in (53) corre-
sponds to color charge exchange of the particles.

Investigating the scattering amplitude of two colorless
particles NV, one can show’**” that the two-particle system
has one bound state with negative energy (the result of the
one-dimensional treatment) and a set of dibaryonic reson-
ances in the NN, system with energy E = E, — il"/2,
where

=02 g, (0) 2. (54)

The width I';) is due to the possibility of charge exchange and
decay of the resonance into NN,

In the case of a linear potential ¥(x) = x|x| the wave
functions of the resonances have the form

. (m:l/-}m (€| x| —ap) Ai (—al), (55)

where £ = (2ux)'’*; Ai(z) is the Airy function; — a! are
the positions of the zeros of the derivative of the Airy func-
tion: Ai'( —a.) =0.

The energy spectrum of the dibaryonic resonances has
the form

E,=a ( ;‘ )" (56)

Snappings of the string can be taken into account by
introducing an imaginary part of the potential by means of
the substitution x—x — iW /2, where W is the probability
density for production of a gg pair, as introduced above.
Making this substitution in the expression (56), we find the
total width of the many particle decays:

2w

=5 E, (57)
With allowance for this we must make in the expression (56)
the substitution E, —~E, — T}, /2, where I = ¢ 4 T'"
Such an approximation is valid only under the condition b
<E, — E,_ |, and for large values of » this is not satisfied.
For heavy dibaryonic resonances the lifetime becomes
shorter than the time of revolution in the classical orbit, T,
=27 (dE, /dn) ', and the concept of a resonance becomes
meaningless.
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In the case of a linear potential it is possible to obtain an
exact expression for the Green’s function®**’

g (B 2, 0)=-LAi(s] | —=2) [ Air —%) (58)

This function has the duality property. At high energies
we can use the asymptotic behavior of the Airy function with
complex argument, and the expression (58) takes the form
of the free Green’s function, this corresponding to Pomeron
exchange in the scattering amplitude. At low energies, the
expression (58) withx—x» —iW /2 has a resonance behav-
ior. It is interesting that Pomeron—dibaryonic-resonance du-
ality also holds on the average.®

We shall generalize these results to a realistic case.
The wave function of the dibaryonic resonance in the S state
is modified as follows:

56,57

Sap €

ba
o (=" =—¢

Ai (er —ap)
41 rAi'(—an) ’

(59)

Here, allowance is made for only the possibility of nucleon
charge exchange to a state of the color octet (a, b= 1,...8);
a, =2.3, 4.1, 5.5, ... are the zeros of the Airy function:
Ai( —a,)=0.

The masses of the corresponding dibaryonic resonances
are

w2 \1/3
2m )

My 2m+a, ( (60)

The width of decay to the many-particle channels is
given as before by the expression (57). The values of M, and
' given in Table IT were calculated for the parameter val-
ues x = 1 GeV/F, W =2 F 2, and therefore they should be
regarded as merely estimates. In addition, we note that a
linear form of the potential F(r) certainly breaks down at
r < R,, where R, is the radius of the nucleon core The modifi-
cation of the potential in this region, regarded as a perturba-
tion leads to a shift of the levels by an amount of order xR,

The expression (54) for the width of decay of the dibar-
yonic resonance into two nucleons is replaced by

Py =22n [ dsrv (1) g (1) exp (1Q1) ] (61)

Here, Q, = (M2 /4 — m?)"/?is the c.m.s. momentum of the

nucleons. We estimate I'®’. We choose the nonlocal charge-
exchange potential v(r) in the form

v (r) = v (0) exp (—r*/4By). (62)

The values of v(0) and B are fixed by the NN scattering cross
section: B = B, =10 GeV~2, v(0) =/ 200"/ (47B) =0.1
GeV.

Substituting these values of the parameters and the
expression (59) in (61), we find for the first dibaryonic reso-

TABLE II. Masses and widths of the lowest dibaryonic resonances.

nance I'? ~ 10 MeV. It must be emphasized that this esti-
mate is the least reliable, since in charge exchange that takes
place at low energies quark exchanges are important, and, in
addition, the value of I'{' depends exponentially on %, so that
if  is doubled I'{' increases by almost an order of magnitude.

Note that the search for dibaryonic resonances with
separated color in elastic NN scattering is hindered by the
smallness of the cross section for their production. Indeed,
the contribution to the dibaryonic-resonance cross section at
E.. =E,is (47/k*)T/T", and this is about 1% of o, -
The process considered in the following subsection is evi-
dently optimal for the search for dibaryonic resonances with
separated color.

3.4. Cumulative process on the deuteron

We first consider the one-dimensional nonrelativistic
case and generalize the Hamiltonian (53) to the case of sev-
eral particles:

H= 2 g,; + D ALV (2 —2)+ D) 03050 (2, — ;). (63)

i<j i<y

We consider the scattering amplitude of three white
particles: 142 +3—1+2+3. The Hamiltonian H,,
which does not contain charge exchanges, does not mix the
orthogonal subspaces of states for which all particles 1, 2, 3
are white and when particle 3 is white and free while * and 2
are colored and interact with potential V(x, —x,). We
again regard the last term in (63) as a perturbation.

In the lowest order the three-particle scattering ampli-
tude is shown in Fig. 18.

The amplitude for scattering of particle 1 by a “deu-
teron” at rest—a bound state of particles 2 and 3—has in the
coordinate representation the form (in the approximation of
a high energy of the incident particle 1) *°

oo

— : _ Wm_
Ag=—2 §d:c‘Fd(x)gc(E23, 0, z)oxp (—P22).

(64)

Here, E., is the energy of the relative motion of particles 2
and 3. The last factor in this expression has arisen from the
asymptotic behavior of the Airy function with complex ar-
gument and takes into account the prohibition on the pro-
duction of gg pairs during the time of the reaction.

The physical meaning of the expression (64) is clear,
namely, the potential ¥ accelerates and brings closer togeth-
er particles 2 and 3 once particle 1 has transformed them into
a color dipole by two color charge exchanges. The separation
between particles 2 and 3 is changed from the original x to
zero, and they acquire momenta + pg.

If the momentum pj, is sufficiently large, then in (64)
we can go over to the semiclassical approximation and calcu-

n 1 2 3
My, GeV 2.6 34 3.5
In, GeV 0.2 0.35 0.5
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FIG. 18. Three-particle 1 +2 + 31" +2' + 3' scattering amplitude in
the lowest order in a.

late the integral by the method of stationary phase.*® We
then obtain an expression identical to the classical expres-
sion*’ for the one-dimensional nonrelativistic problem. In
this case the important longitudinal distances increase with
increasing momentum, but, in contrast to the classical treat-
ment, this growth in the expression (64) is limited by the
size of the deuteron [the factor ¥, (x)] and an exponential
factor. At large values of x, the stationary-phase approxima-
tion ceases to work.

With further increase of p, the meaning of the expres-
sion (64) can be interpreted as follows. The excitation ener-
gy £ 3; of the color dipole is made up of the work %L of the
color forces and the kinetic energy of the nucleons that is
“prepared” in the deuteron. However, if this energy be-
comes too great, the two-nucleon description of the deuteron
wave function becomes meaningless.

Note that in the spectator mechanism of Ref. 61 all the
cumulative momentum must have been prepared in advance
in the deuteron. Therefore, the region of applicability of this
mechanism extends to much larger values of £ 53 than for
the spectator mechanism.

The expression (64) is modified in the realistic problem
as in the previous subsection, and for the cross section of the
cumulative process hd —pyhn we obtain>

g do _ 2B (ohMye 5 Ve
B apy n0 ~ M—Mn+ir?t 2

y w2,
x { 2@ g @e 7 [ (65

0

Here Q =m(a — 1)/Ya(2 — a) is the relative momentum
of the nucleons in their center-of-mass system,
M =2m/Ja(2 — a) is the effective mass of the pair, and
a = (Ey + pj)/mis a light-cone variable.

The results of calculations in accordance with (65) are
shown in Fig. 17 for proton emission angles 180 and 140°. It
can be seen that the curve for 180° matches well the experi-
mental data® and the result of the classical approach. It
can also be seen that the angular dependence varies strongly
with increasing p,. Generally speaking, we have the follow-
ing scaling: For a fixed value of & the cross section does not
depend on the angle.

Observation of dibaryonic resonances in a cumulative
process at large values of p, appears to be optimal from the
point of view of the possible physical background, since it is
difficult to find a mechanism that makes an appreciable con-
tribution in this region of cumulative momenta. The contri-
bution of a spectator mechanism, if there is one, can be sup-
pressed by separating the diffraction process or by simply
studying the reaction Ad — p zhn.

Although the contribution of the present mechanism
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does depend on the energy at higher energies, there is a spe-
cific dependence at intermediate energies. The Green’s func-
tion of the system consisting of the incident proton and a
target nucleus has a resonance dependence on
Ex=02mT,, +4m*)'> —2m, where T, is the kinetic
energy of the incident proton. If it is assumed that the mass
of the first dibaryonic resonance is 3 GeV, then the first max-
imum in the energy dependence must occur at Tyin =2.6
GeV. Actually, the mechanism, which only begins at this
energy, makes an appreciable contribution to the cross sec-
tion of the cumulative process.

We note also that if the incidemt particle is a pion, then
the resonances in the function g, (E 12) are pion-nucleon
five-quark resonances with separeted color. The excitation
spectrum of these resonances is close to a dibaryonic spec-
trum.

3.5. Backward elastic pd scattering

At intermediate energies in the pd - p phn reaction, the
proton and neutron, emitted forward, can have momenta
that are comparable in magnitude and form a bound state—
the deuteron. The corresponding graph is shown in Fig. 19,
If the Green’s function is represented as a sum over reson-
ances, and the momentum distribution of the nucleons in the
deuteron is ignored, the following expression can be ob-
tained for the cross section s’

do 25 |¥4(0)]®
Q18 o
. , < Vl"f}I‘f,l. Fon (P, P 2 56
n’—r'l . (M—My+iTh/2) (M— M, +irt,/2) !

where F,,, (p, p') is the amplitude for backward scattering
of a dibaryonic resonance, n —n', by a nucleon,

Fane (0, )= | 0 & 0, )V (r—1) 0 (v)
con (L5 (5 +5)-1 5 (v

The result (66) has a transparent interpretation (Fig.
19). When the incident proton collides with a target nu-
cleon, a dibaryonic resonance is formed with probability
proportional to I"¢!. It is then scattered through 180° by the
second nucleon of the deuteron by stripping of the colored
nucleon. It is interesting that this process takes place at a
smaller c.m.s. momentum, equal to ~p/2.

To estimate the cross section, we ignore in (66) the
terms with n5 n' and the dependence of F,, on n, calculating
only Fy,. The result of the calculation is shown in Fig. 20.
The overall normalization of the cross section depends qua-
dratically on T¢ and is chosen, to within the uncertainty
noted above in the value of T'®!, in accordance with the ex-
perimental data.®* As can be seen in Fig. 20, the experimen-

FIG. 19. Feynman diagram for backward elastic pd scattering.
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FIG. 20. Differential cross section for backward elastic pd scattering as a
function of the kinetic energy of the protons in the center-of-mass system.
The experimental data are from Ref. 64, and the broken curve demon-
strates the calculation in accordance with the expression (66) (see the
text).

tally observed change in the energy dependence of the curve
at T,,, ~2.5 GeV can be attributed to the contribution of a
dibaryonic resonance with a mass around 3 GeV. It can be
seen from the figure that the contribution of this mechanism
at lower energies is negligibly small.

We emphasize once more that the masses of the dibar-
yonic resonances given in Table II are estimates. They de-
pend strongly on the value of x, for the octet string and have
been obtained for the case x; = %; = 1 GeV/F. In the MIT
model,®® for example,

xg = (3/2) s,

and for the lowest dibaryonic resonance we obtain M, = 2.8
GeV.

Here, however, we have assumed universality of the pa-
rameter B, the jump in the vacuum energy density across the
bag surface; for octet strings (elongated bags) this is appar-
ently incorrect.® The value of x; can be estimated*! from the
relation (51) by replacing in it ak =0.9 GeV~? by a;
~0.15-0.25 GeV 2, this giving x4 = (4 — 6) %, and, accord-
ingly, M, =3.5-4 GeV.

Another source of uncertainty in the masses of the di-
baryonic resonances is the fact that the three-quark cluster is
a color octet formed from a nucleon by single-gluon ex-
change, and it cannot be in the § state. Therefore, its mass m
in the expression (60) may be greater than the nucleon mass.

It should also be noted that the dibaryonic resonance
has a further decay channel that we have not considered
above. The octet tube may divide not only “‘transversely”
but also “longitudinally,” decaying into three triplet tubes.
This decay channel increases I';,, but it is not possible to
estimate its contribution. In models of dual topological uni-
tarization it is assumed for simplicity that in place of an octet
string two triplet strings are always formed, this correspond-
ing to I, /AE, » 1, i.e., in such models dibaryonic reson-
ances do not occur. The integrated contribution to the cross
section of the cumulative process is unchanged. Only the
shape of the momentum spectrum in Fig. 17 is changed, be-
ing in this limit close to the result of the classical treatment.

4. CONSEQUENCES OF THE SPACE-TIME STRUCTURE OF
HADRON PRODUCTION PROCESSES

4.1. Production of J/¥ mesons and lepton pairs on nuclei

It is usually assumed that hard processes in hadron-
nucleus collisions are not screened, since their cross section
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is small, while the soft inelastic collisions in the nucleus do
not influence the hard parton component of the incident
hadron. However, this is valid only far from the kinematic
limit. For the mean momentum of the leading hadron in a
soft inelastic collision is about half the initial momentum,
and such a hadron could not in a secondary “‘hard” collision
produce a particle near the kinematic limit. Therefore, the
hard process is screened by the soft process.®” However, this
conclusion applies to macroscopically large distances be-
tween the two targets. At distances of a few fermis after the
inelastic interaction the spectrum of the leading hadrons can
be calculated only in a definite model.

Let x4 be a parameter that characterizes the fragmen-
tation “rate”: Over the interval Az from the point of the
color charge exchange, hadrons with momenta p S gz
are produced. The harder part of the hadron wave function
of the incident hadron, preserving its coherence; has mo-
mentum .5 Az less than the momentum p, of the incident
hadron, i.e., it can subsequently fragment only into hadrons
with momenta p < p, — %.qAz. Bearing this in mind, we can
readily calculate the degree of screening of the deep nucleons
of a nucleus.

Let us consider J /¥ production in 44 interaction.®* We
denote by E the energy of the hadron A, and by xr = 207 /s
the Feynman variable of the J /¥ meson for the 4N collision.
We represent the cross section o’ as the sum ol = o1*(E,
Xp + 02*(E,x;). The first term corresponds to the incident
hadron forming a J /¥ on one of the nucleons of the nucleus
without having undergone a single inelastic interaction be-
fore this happens. Such events occur on the surface of the
nucleus, and their contribution is

= AN
ot (B, zg)={ @b { dzp (b, 5)e7in T 7

—oo

X % {GI\II}J (E! -IF) 11 _6(1)1 Z)] +0—%’n (E! tF) [1 +5 (bv Z)]}

wN
w g~ fin T(b, z, ) (67)

Here 8(b, z) = (p, —p,)/2p is the relative difference be-
tween the densities of the neutrons and protons; oy, is the
inelastic cross section of the AN interaction; o
~2.2%10"?7 ¢m? is associated mainly with the channel
WN— DDX. The contribution of the WN WX process is
small, about 0.08 X 10" cm’.

The second term ¢?*(E, x,.) corresponds to the fact
that the incident hadron has undergone one or more color
charge exchanges and has reduced its energy to E:

hA
09 E 4 .T:F)

E!
s 21+T(1—xF)
—{ @b § dayp(b, zy) e~ 7O~ d
50 ( 1 Zl) e Zo
S 2

%0 (b, 29) 5 {0 (B, zp) 11— 8 (b, 55)]
ol (B, T U8 (b, z)l 7 T D (68)

Elere, we have taken into account the energy shift
F =E — xAz with respect to the Feynman variable
Xp =xp(1 —xAz/E) ™', Az =z, — z, as well.

Since the dependence of o4 on the transverse dimen-
sion of the hadron is unknown, we estimated the cross sec-
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FIG. 21. Exponent a that characterizes the 4 dependence of the cross
section (4%) for J /¥ production on nuclej as a function of the Feynman
variable x ..

tion in the GlauberSitenko approximation, ignoring the in-
elastic corrections.

The contributions % (E, X ) increases almost as A at
small x; and a 4 */? in the limit x — 1. This is confirmed by
the experimental data®"' for the exponent a(xy) given in
Fig. 21, and also by data”"” for the x, dependence of the
ratio oY (E, x, )/l (E, x;.), which are given in Fig. 22.
Also shown there are the results of calculations in accor-
dance with the expressions (67) and (68). The difference
between the cross sections o7 %, which amounts to a few
percent,’ was ignored. The energy dependence oWN(E) was
represented in the form (Ref. 71) o¥(E) wexp( — BJVE),
where 8=2 GeV. The dependence of ¢/ on x,. was repre-
sented in the form o (x,)«(I — x5 )40 (xp)
a (1 — x.)°. The value of x=7x.5 Was varied, and the best
agreement was achieved for »x~3 GeV/F.

Allowance for the Fermi motion in the nucleus partly
compensates the influence of deceleration. Estimates made
at 40 GeV showed that the corrections are small”’ and de-
crease rapidly with increasing energy.

Note that the difference between the x,. dependences of
the data in Fig. 22b for proton and pion beams confirms that
the effect is associated with the deceleration of the hadron in
the nucleus, since the x, dependence of olf is steeper than
that of 0. This is also confirmed by comparison of the data
in Figs. 22a and 22b, from which it can be seen that with
increasing energy the nuclear screening occurs at larger val-
ues of xj.

The effect of nuclear screening in the production of J /¥
in a p beam with energy 125 GeV has also been observed.”
The authors, having considered various possible explana-
tions of the effect, concluded that only a calculation made in
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FIG. 22. Normalized ratio of cross sections of J /¥ production on hydro-
genand tungstenin 7 * and 7 - beams at 40 GeV (a) and for the platinum
nucleus at 200 GeVin7*, 7, and p beams (b).
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FIG. 23. Ratio R = (day/dxp)/(dog, /dx;) of the cross sections for
J /¥ production on the W and Be nuclei in a 7~ beam with energy 125
GeV. The data are from Ref, 73.

the present approach agrees with the data. The correspond-
ing comparison is made in Fig. 23.

To conclude this subsection we note that the graph cor-
responding to the considered mechanism is a planar three-
Reggeon graph.”™ It must be distinguished from nonplanar
Mandelstam graphs containing a three-Pomeron vertex.
These graphs correspond to an additional screening that has
the same nature as the inelastic screening of the total had-
ron-nucleus cross sections. In a frame of reference in which
the nucleus is fast there is longitudinal overlapping and fu-
sion of the parton clouds!! of different nucleons, and this
reduces the number of slow partons, i.e., it leads to screen-
ing.

The contribution of the planar three-Reggeon graphs at
a given value of x,. is large only in the restricted range of
energies E<nx, (1 —x,) " '%R,, where n~2 for incident
pions and n ~ 5 for nucleons. As the energy is increased, this
correction is shifted to the region of larger x, x — 1, and
disappears.

In contrast, the screening due to the nonplanar graphs
appears only at sufficiently high energies E> M3 /mx,..
With increasing energy the region of x r values in which this
correction is important extends to smaller x #»and in asymp-
totia the cross section is 0% (E— o ) o4 2/ for all values of
Xp.

4.2. Fragmentation time at the boundary of the kinematic
region

In the old parton model™ (constructed in the spirit of
Ag? field theory) it is assumed that the produced hadrons
are incapable of interacting until they have formed a parton
cloud containing slow partons. This requires a time

Iy = plp?, (69)

where p is the hadron momentum, and M 1S a mass parameter
of order m,, . Allowance for the formation time of the wave
function of the hadron, during which it is passive, has a
strong effect on the generation of hadrons on nuclear tar-
gets.™

In QCD any produced objects can immediately interact
by exchanging a Coulomb gluon. However, when a color
charge fragments, a hadron with momentum P is not pro-
duced immediately but only at distance l,~p/x, and this
corresponds to the result (69) of the parton model, since, as
was shown in the previous section, Xep=m. At the same
time, it is important that although the color chargeis capable
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of interacting over the interval /, this has little influence on
the spectrum of the leading hadrons.”

A difference from the dependence (69) arises for the
leading hadrons when /3 > B, where 3 is the fraction of the
initial momentum of the color charge carried away by the
hadron. A hadron with 8>/ must be produced at dis-
tanceTS,36

I~ Kff, (1—B).

(70)

Indeed, at greater distances Az > I, the color charge, having
lost momentum Ap = %.qAz on the production of hadrons,
is incapable of fragmenting into a hadron with momentum
Bpo-

Thus, near the kinematic limit as f— 1 the fragmenta-
tion length of the leading hadron does not increase but de-
creases with increasing momentum in accordance with (70).
It should be emphasized that this is not the time of formation
of the hadron wave function, which, of course, increases in
accordance with (69). The fragmentation time (70) is the
time during which the screening of the color charge takes
place. The produced colorless cluster (gg, for example) is
not yet a hadron, but this cluster can interact inelastically
with a cross section of the order of the hadron cross section.

4.3. Production of symmetric pairs of hadrons with large p,
on nuclei

When there is inclusive production of hadrons with
large p, on nuclei, appreciable antiscreening, which has be-
come known as the Cronin effect,”® is observed. The main
reason for this is evidently multiple scattering of hard par-
tons in the nucleus. This can be verified by separating the
single hard process by detecting a symmetric pair of hadrons
with large p,.”7 A linear 4 dependence was indeed ob-
served’ with such an arrangement. However, in the experi-
ment of Ref. 79 at 70 GeV it was found that with increasing
p+ of the symmetric meson pairs the exponent a(py) that
describes the A dependence 4%(p;)fell sharply. This can be
seen in Fig. 24.

The strong screening appears in the single process at
large py for a reason similar to that considered in the pre-
vious subsection, except that, in contrast toJ /¥ production,
in the present case an important contribution is made by the
possibility of absorption of the produced hadrons in the nu-
cleus. By absorption we mean an inelastic interaction, ie.,
color charge exchange of the produced colorless hadron
state, as a result of which hadronization recommences and
the hadron loses an appreciable fraction of the momentum.
The hadron with large p ;- is produced as a result of hadroni-
zation of a quark scattered with large transverse momentum
transfer. The quark—hadron fragméntation length /,is given
by the expression (70). We ignore the possible dependence
of x.q on py.

In the limit x; — 1(x;=~2p;/5) we also have B—1, i.e.
l,—0. Therefore, the hadron is produced immediately after
the hard scattering of the quark and can be absorbed by the
nucleus. It follows from this and from the previous subsec-
tion that the cross section for the production of a hadron
with large p, on a nucleus (in the case of a single hard scat-
tering) depends on 4 as 4 '/? in the limit x;— 1.

We shall write an expression for the cross section
Oy (X1) =E,E,do/d *p,d p, for the production of a sym-
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metric pair of hadrons produced at angle 90° in the center-of-
mass system of the nucleon—nucleon collision. We denote by
a, and a, the fractions of the momenta of the initial nucleons
associated with the scattered quarks, and by 3, and 3, the

fractions of the momenta of these quarks carried away after
their fragmentation by the leading hadrons. Then in the NN
collision

Oyne () =C | doy day dB, dB,F (o) F (02)
X D (By) D (By) 04q (1025) 8 (z7 — a,B,) 8 (zr — af)-

Here, F(a) is the momentum distribution function of the
quarks in the nucleon, which we take in the form F(a) « (1-
a)*/v a. We use the quark fragmentation function in the
form D(B) « (1 — B) ¥B. We write the cross section for
elastic scattering of the quarks in the form corresponding to
single-gluon exchange, o, (@) < 1/Q 4. Cisaconstantthatis
of no importance in what follows. If we ignore the transverse
momenta of the quarks in the initial nucleons and hadrons in
the final jets, then @, =a,=a, B =B =B, Xr ~ap.

In the case of a nuclear target, we separate, as in the case
of J /¥ two contributions to the cross section for the produc-
tion of a symmetric pair of hadrons: o'™(xy ) corresponds to
the incident hadron not undergoing any inelastic collision
before the hard scattering; o (x) includes one or more
soft color charge exchanges of the initial hadron:.

i 3 NN
Gi—nv (zr) =C S dzb S dz p (h‘ z) e~ %in T(b, -0, z)

- RN, _haN
x = —(gir {
X S daF?(a) D’*(_.; )a 20,4 (a%s) € (@in +oin IT(b, 2+l ).

.TT

(71)

o (ar)=C | @b
X S dz, oNNp (b, z,)e 0 T® ~= ) S dz,p (b, 25)
Do a
¢ z, RiN_, _haN ~
< ® - o= (0 S2NYI(b, 241y, o
X S doF? (o) D2 (TT)“ 26,44 (025 )e (oin +oin )T(b, z+1f o)
’:;T

(72)

We have here introduced the notation s = 2m% + 2myE,
E=E—x(z,—2z), %r= 2p7/33, 1 =E(a—x1)/2x,
I, =E(a—xr/2x.

The calculation in accordance with the expressions
(71) and (72) of the exponent a;(xy)=dIn
[0™(x7) + 08 (x7)]/d In 4 for A =100, E=70 GeV,
% = 3 GeV/F is shown in Fig. 24 by the broken curve. It can

be seen that with increasing p, the exponent a,, (x ) falls to
1

A hadron pair can also be produced by a different mech-
anism—the statistical mechanism, in which the hadrons are
produced independently and randomly appear in corre-
sponding regions of the phase space. The contribution to the
cross section of this mechanism is

in ds d?

oY (zr) = By s Ba g [ O (73)

The A dependence of o%™(xr) is characterized by

an exponent a;(x;)=dIn[oy"(x7)]/dInA=a;, (xr)
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FIG. 24. Dependence of the exponent @ on P in processes with produc-
tion of symmetric hadron pairs on nuclei at 70 GeV.

+ @y (xp) — 2/3. Here, a,, (x) is the exponent in the 4
dependence for the inclusive production of hadron h on the
nucleus. The values of a,, (x,.) for different hadrons were
measured in the special experiment of Ref. 80.

Itis clear that the statistical mechanism makes a signifi-
cant contribution at values of p - that are not very large. This
is confirmed by the results of measurement®' of the correla-
tion function, which is constant and of order unity for p,
%0.7 GeV/c and increases sharply at large p. The contri-
bution of the statistical mechanism is also manifested in the
Pr dependence of the pair production cross section, which
can be approximated by two exponentials®!;

onn (2p) = he HPr y po=RPr (74)

The values of the parameters /4, H, r, R used later in the
calculations are assumed to be independent of the species of
the produced hadrons and are fixed in accordance with the

data of Ref. 81 by the values /A = 0.006 and R—H=¢6
(GeV/e)™!

The first term in (74) corresponds to the hard pair-
production mechanism, and the second to the statistical
mechanism. Accordingly,

012A%12 - (r/h) oy 4% o H - BPT

A™2 | (r/p) A% o H-PPT

e (2) 7 =

Results of the calculation of @, (x ) for 7+ 7+ and 7+ K +
pairs are shown in Fig. 24 by the continuous curves. It can be
seen that the sharp decrease in a . (x; ) at Pr= 1GeVisdue
to the transition from the statistical to the hard hadron-pro-
duction mechanism.

It is important that the experimental data agree well
with x. = 3 GeV/F. Note that the Fermi motion and the
collective interaction mechanisms, which in the inclusive ar-
rangement can strongly increase a(x;) as x,—1, are
strongly suppressed in the case of the production of symmet-
ric pairs by the kinematics of such events.

With increasing energy the region of the nuclear screen-
ing is shifted to larger values of p,. Figure 25 shows the
results of measurements® at energies 400 and 800 GeV and
calculations made in Ref. 85 in the present approach. The
agreement is good.

Events with the production of nucleon or meson—nu-
cleon pairs warrant special discussion. It can be seen from
the data of Ref. 79, shown in Fig. 24, that in these events fa
(x7) does not deviate from unity to within the errors.

To understand the reason for this, we recall that at ener-
gy 70 GeV protons with large p, are produced in the inclu-
sive arrangement with a cross section significantly larger
than for pions.®%#!

This fact can be interpreted by saying that the protons
are produced, not as pions as a result of fragmentation, but
by scattering of the system of three valence quarks of the -
initial nucleons (of the beam or the nucleus).

The absence of nuclear screening in the production of
Pp pairs can be understood in this case. The single-gluon
exchange in the scattering of the 3¢ system selects small di-
mensions 7~ 1/g, and such configurations are weakly ab-
sorbed in the nucleus. As a result, we must substitute a,=1
in the expression (75). The result of the calculation for a pp
pair is shown in Fig. 24.

Nevertheless, the existing data do not yet permit us to
conclude that this mechanism of production of proton pairs

[~ 4
2 800 GeV

ﬁ 400 GeV a

7.1-—:.

b

FIG. 25. The same as in Fig. 24 at the energies 400 GeV (a)
and 800 GeV (b): curve 4 is for » = 3 GeV/F, and curve B
for x = 2 GeV/F.
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is the dominant one. The contribution from the scattering of
small, 7, ~0.3 F, diquarks, considered in Ref. 85, can also
explain the data.”

In conclusion, we note that for x . €m . /m there is an
additional inelastic screening in the structure function of the
nucleus considered in the previous subsection. It leads to a
decrease of @ to 2/3 at small x,. Because of the contribu-
tion of the statistical mechanism, this effect can be manifest-
ed only at very high energies.

4.4. Fragmentation time and nuclear screening of inclusive
reactions in the three-Reggeon region

At high energies we restrict ourselves to the contribu-
tion to the inclusive reaction cross section of the scaling
three-Reggeon RRP and PPP graphs. The first of them has
already been discussed in Sec. 2.6 and is shown in Fig. 11.
The nuclear screening of the contribution of this graph was
calculated in accordance with the expression (38), in which
the effects of the fragmentation time were ignored. This was
justified by the smallness of the energy (10 GeV), corre-
sponding in the three-Reggeon region to fragmentation
times less than 1 F. At high energies /, increases and must be
taken into account in the calculation of 4 4:

Aeg(an)= § @ | dzo 9| (G

z+

1
X exp {—-;— o0 [T®)— Sfdz’ o (b, z’)]}>t2. (75)

z

Asin (38), we take f(7) « 7, 0(7) < 7, and the hadron
wave function in the Gaussian form; we obtain

e @)= @b | dap(b, ) 1+ ol ()

— oo

z+1

S dz’ p (b, z’)]"!‘ .

z

1 N
e — G
P tot

(76)

The expression (37) is modified similarly. Figure 12
shows the predictions for the ratio Rc,,q(Xs) at energy 40
GeV. It can be seen that the decrease in the contribution of
the RRR graph and the influence of the hadronization time
have appreciably changed the dependence Reusa(xp).

We now consider the three-Pomeron graph. Its space—
time structure is shown schematically in Fig. 26. The hadron
fluctuation incident on the target is a coherent system of
quarks and gluons ordered in rapidity. As a result of color
exchange with the target, the fast part of the quarks and
gluons, carrying momentum fraction x, of the incident had-
ron, is made colorless and forms into a hadron. The remain-

p———

FIG. 26. Structure of the three-Pomeron graph.
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FIG. 27. A (x;) for the cross sections of the reactions p4 —pX and
A4 - X, integrated over pr, at energy 100 GeV.

ing gluons in the soft part of the spectrum fragment into
hadrons.*®

If this process takes place on a nucleon in the nucleus at
the point with longitudinal coordinate z;, then the inelastic
interactions of the incident hadron with nucleons atz <z, do
not necessarily screen it. Indeed, if Az < (1 — Xx¢) Po/ %, then
on this interval the coherence of the gluons in the soft part of
the spectrum is lost, while the system of quarks and gluons
with momenta p> p,(1 — x5) remains coherent and, be-
coming colorless, can become a hadron.

With allowance for the absence of screening before in-
teraction on an interval Az identical to (70), it is necessary
tocalculate 44 for the three-Pomeron graph using the same
expressions (75) and (76) as for the RRP graph.

Thus, in the diffraction process k4 — hK in which the
hadron composition is not changed, the screening in the nu-
cleus is weakened to the same extent as in the process with
charge exchange, although the reasons for this are different.
At the same time, of course, there is no weakening of the
nuclear interaction (apart from the inelastic corrections) in
the process of the diffraction dissociation of the incident
hadron.

The strong dependence of /; on x, in Egs. (75) and
(76) must lead to a decrease of 4.4 (Xr) with increasing x -
in the three-Reggeon region.*®”” This effect has indeed been
observed® in reactions of the type 74— 7" X and p4 —pX
at 100 GeV. In Fig. 27 the results of a calculation of 4.« in
accordance with (76) with x. =3 GeV/F are compared
with the data of Ref. 87.

4.5. Absorption of hadrons by the nuclear medium in
tunneling from the vacuum

It is assumed?? that in soft processes particles are pro-
duced from the vacuum by virtue of the work of the forces of
the external field. The greater the mass of the produced par-
ticles, the longer the below-barrier transition that they must
make. A particle-antiparticle pair produced in an external
field from the vacuum goes onto the mass shell at relative
distance Az = 2m/x, where m is the mass of the particle, and
x is the work done by the external field over unit length. In
the case of a string, # is the tension coefficient. For subse-
quent estimates we take x = 1 GeV/ F, since this case is close
to the stationary problem. In this case the NN pair produced
from the vacuum appears at a relative distance Az~2 F in
the center-of-mass system. If we go over to the laboratory
system, then the p and the p appear at different times and at
different distances from the target.* The particle that is first
in time appears at distance ~ 1 F, and the second at distance

B. Z. Kopeliovich 68



d6/dz -

8 F

F 6 7

FIG. 28. Distribution with respect to the longitudinal coordinate in the
laboratory system of the produced P at initial momentum 10 GeV.

~5 F. If the energy of the incident nucleon is above the
threshold value, then there is a distribution over the dis-
tances at which the p and 7 appear. An example of such a
distribution for initial momentum 10 GeV is shown in Fig.
28, where F and B represent the particles (it is immaterial
whether p or p) produced in the center-of-mass system for-
ward or backward with respect to the beam direction.

This conclusion can be verified in an experiment by
means of the interference method.®® Since the p and p mo-
menta are nearly equal in value, the longitudinal separation
between the production points can be measured. If the tun-
neling occurs in an absorbing medium (a nucleus), we can
ask how the absorption affects the tunneling probability The
answer is, very weakly,

We consider tunneling in the one-dimensional nonrela-
tivistic case in the semiclassical approximation. The semi-
classical  exponential expli/h [*dz'p(2') ], where
P*(z) = 2m[E — v(z) ], decreases with increasing z in the
below-barrier region where E <v(z), i.e., the momentum
p(z) is imaginary. We take into account the absorption by
introducing an imaginary part into the potentjal:
V(z) =v(z) — iw(z). If w(z) €v(z) below the barrier, we
can expand the argument of the exponential:

NS —————— . mao (z) m2w? (z)
1V2mlE—V(z)]= _l p(Z)l-I-l |p(5)|_2|P(Z)|3+”'

(77)

As usual, the first term of this expansion leads to a
phase shift outside the barrier and to exponential damping
below the barrier. The second term in (77) causes exponen-
tial damping (absorption) outside the barrier but only a
phase shift below it.* Therefore below the barrier absorp-
tion occurs only in the second order in @ (z). This conclusion
obviously follows from the interpretation of the tunneling as
motion in imaginary time,

This quantum-mechanical effect can be manifested in a
variety of phenomena, for example, in the tunneling of a
light beam through a gap between walls in the case of total
internal reflection, in the J osephson effect, etc.

In the case of production of a pp pair from the vacuum
in a nuclear medium the term in (77) quadratic in @ leads to
a small suppression of the production probability by a
factor (Ref. 88) exp(w’y/x). Here, w = op/2, where
0=60x 107*" cm? is the annihilation cross section, p~0.15
F~3isthe average nuclear density, and =~ 2.5 is the Lorentz
factor for initial momentum 10 GeV. Thus, the suppression
does not exceed 10%.

It can be seen from Fig. 28 that in half of the events the
are produced outside the nucleus. For 4_; we can therefore
write
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FIG. 29. Cross section for preduction of 7 on nuclei, normalized to °Be.
The continuous curve is the calculation in accordance with (78), and the
broken curve corresponds to the calculation of Ref, 90 with l,=0. The
data are from Ref. 90.
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Here, the first term hasan 4 dependence 4 '/, and the second
has A4*”. The calculation of the 4 dependence of the cross
section in accordance with the expression (78) is compared
in Fig. 29 with experimental data® obtained at the Institute
for High Energy Physics at Serpukhov at momentum 10
GeV. The data do indeed exhibit a steep A dependence,
~A%®, However, to test the specific dependence (78) we
require measurements with higher accuracy, and also on a
hydrogen target.

4.6. Below-threshold production of K * mesons on multiquark
configurations in nuclei

Hadrons can be produced on nuclei at energies below
the threshold for a nucleon target by means, for example, of
the Fermi motion of the nuclear nucleons. However, with
decreasing energy the importance of cooperative effects—
the interaction of the incident hadron with a group of nu-
clear nucleons—must increase. Near the absolute kinematic
threshold for the nucleus, all the nuclear nucleons must par-
ticipate in the production process.

One of the possibilities for the cooperative phenomenon
in the production of hadrons on nuclei is the interaction of
the incident hadron with a group of nucleons that form a
single multiquark system.®' It will be shown below that the
below-threshold production of hadrons on nuclei is sensitive
to small admixtures of multiquark clusters in nuclei.*>**

Suppose that in a light nucleus with atomic number »
there exists an admixture of a multiquark cluster with 3n
quarks that is a quasistationary state with large mass (for
example, a multiquark bag). The state of the nucleus can be
described as the superposition

¥, =a,¥x + B ¥, (78"
Here, we for the moment ignore admixtures of lighter multi-
quark clusters. The /§econd coefficientis 8, = U ng/AE<],
where Uy, = (¥, |H |V, ) is the matrix element of the part
of the Hamiltonian that mixes the states (78'); AE is the
energy difference of these states. In what follows we shall
assume that AE appreciably exceeds the binding energy of
the light nuclei, as is indicated by calculations in the MIT
bag model.

We consider below-threshold production of K * mesons
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FIG. 30. Process of K * A° production on a multiquark cluster without
disintegration of the nucleus (a) and with it (b).

on multiquark clusters. We shall discuss the two possibilities
shown in Fig. 30. In the first case, the nucleus does not disin-
tegrate (Fig. 30a). We write the cross section for this process
in the form

o (1) =PBad 7 (T), (79)
where

i
Jau (T)":_u_ | Py ]21:3 (Wu; My, MA, M)

Here, T and v are the kinetic energy and velocity of the inci-
dent hadron; F, is the matrix element for production of a
K * A pair in a collision of a proton with a 3n-quark cluster;
and 75 is the three-particle phase space, which depends on
W, the total kinetic energy of the reaction products in the
center-of-mass system, and the masses of the K *, A, and
nuclear remnant.

We make the following assumptions about the ampli-
tude F,:

1) we assume that

MQC
ot

| Fn >~

N | Fy i2%n2"'31F1|2- (80)

where F, is the amplitude for production of K * on anucleon,
and 0?M? is the cross section for inelastic collision of the
proton with the multiquark cluster. This relation can be jus-
tified in the color-tube model.

If a quark pair is to be produced, the tube must have a
sufficient length in the center-of-mass system: /X 2m,,
where m,, is the mass of the constituent quark, and =1
GeV/F is the energy density per unit length of the tube. It is
assumed that the probability of production of an 5 pair is
determined solely by the tube length /() and does not de-
pend on the species of the interacting hadrons. The maximal
length to which the color tube can be stretched depends only
on the total energy release W. Therefore, the ratio of the
cross sections for production of an s¥ pair on a multiquark
cluster and on a nucleon at the same value of W is equal to
the ratio o?M?€/o%" of the color charge-exchange cross sec-
tions. The entire dependence of the cross section on the ini-
tial energy is determined by the phase space.

2) The concept of a color tube is meaningful if the inter-
nal momenta of the quarks in the hadrons are appreciably
less than the initial momenta of the colliding hadrons. In the
given case this condition is satisfied.

3) In the process of production of a K™ meson, the
recoil nucleus acquires a longitudinal momentum of about 1
GeV. If this momentum were transferred to a small fraction
of the quarks in a multiquark cluster, then a form factor
should also be taken into account. However, in the color-
tube model the momentum is transferred ‘“‘softly,” during a
long time. The color forces accelerate the multiquark clus-
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ter, acting on all the quarks. Therefore, a form factor should
not be manifested. For a more rigorous justification of this
assumption we need a definite dynamical model.

Thus, |F, |* can be found by means of the expression
(80) from data on the pp—K * A, reaction at energies above
the threshold. To a sufficient accuracy we can set
Ty (Wni mx, my, Mp)

T3 (Wi mi, my, my)

T4 ()= n2Pay™ (') (81)
Here T is an arbitrary energy of a pp collision near the
threshold at which there are data on ok (7).

The calculation of the cross section of the process with
disintegration of the nucleus, which is shown in Fig. 30b, is
similar. The relative contribution of the process with disinte-
gration of the nucleus is suppressed by three orders of magni-
tude.”® This occurs because the energy release is small:
W,=0.075 GeV.

For nuclei with 4 = n the contribution of this mecha-
nism of below-threshold production on a 3n-quark cluster is
not, of course, the only one. There are also contributions
from lighter multiquark clusters (if the energy is not too
low), a contribution of the nucleon part of the nuclear wave
function due to the Fermi motion of the nucleons, and other
possible mechanisms. Therefore, by comparing the expres-
sion (79) with experimental data we can obtain only an up-
per bound on the value of 5 %:

pr <o (T)/ T3 (T). (82)

Unfortunately, for the lightest nuclei the necessary data
are not available. However, as an estimate we can use the
data of Ref. 94 for heavier nuclei.

The probability that in a nucleus with atomic number 4
a group of n nucleons are found in a cluster separated by
relatively short distances of order y~!/2 is>%?

A ——S(n—i}
Pan=(4) (14 2) 7
3
X(%)zexp(—%ﬁﬂ). (83)

In the case of a light nucleus with 4 = n the probability
for all the nucleons to come together is

1)

3
Po=(14yn/8) 2" (84)

We must here also take into account the matrix element
for the transition of a system of n colorless nucleons into a
multiquark cluster. However, it is natural to assume that all
these factors operate irrespective of whether or not the n
nucleons belong to a heavier nucleus. In other words

i, n (r) = PRP 4, n (1) Pr. (85)

Here, $%, (r) is the probability of finding a cluster of 3n
quarks at the point with coordinate r in the nucleus 4.

Note that yn/8> 1, since the mean square radius of the
nucleus is {3 ) = 3/267", y =r}, where r,=~0.5 F is the
radius of the nucleon core. With allowance for this, the de-
pendence on ¥ in (85) disappears:

l{n— 1)

—wr-—P n U o 8 ’ n n =4
42~ (5 ) (52) or [ arern] ™ (86)
Here, p(r) is the single-particle density of the nucleons in the
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TABLE II1. Upper bounds on the admixture 8 2 of a multiquark cluster of n quarks in a

nucleus with 4 = n.

n 2 3
(Bz)max — 0.076 0.014
(pRF™ 0.06 0.015 0.008

nucleus. Note that (86) admits a transparent geometrical
interpretation (cf. Ref. 95).

The cross section for K * production on a multiquark
cluster in a heavy nucleus 4 is related to the cross section o,
(T) of K * production on a nucleus with 4 = n by

O n(D =B @) (2) (%) L w

L i S d2b S dze;;p[_cﬁl” §D dz’p (b, 7) |

— o

xp" o, [ § drer @], (87)

where J, (T) is defined in (79).

If it is assumed that the cross section of K * production
on the nucleus is completely determined by the contribution
of a multiquark cluster with given n, then from comparison
of the expression (87) with experimental data it is possible to
find an upper limit (5 2)™* on the admixture of such a
cluster. The results of such a comparison are given in Table
II1.

It can be seen from (79) and (87) that the energy de-
pendence of the cross section o, (T) is completely deter-
mined by W 2. The values of W2 calculated at different ener-
gies for n = 3 and 4 are given in Fig. 31. It can be seen that
W decreases with decreasing T too rapidly compared with
the energy dependence of the data.” This is not surprising,
since we have not taken into account the Fermi motion and
the binding energy of the cluster, the importance of which
increases with decreasing initial energy.

Suppose that a multiquark cluster in a heavy nucleus is
formed from # nucleons that have binding energies ¢; and
Fermi momenta k;. Allowance for the Fermi motion of the
cluster reduces to replacement in (87) of W2 by (W 2),,
where

B I’n:# In:.?
roal lagaaly

0,95 T,GeV

10-%

0.85 .80

FIG. 31. Energy dependence of {W?2), for different values of n. The
points are from Ref. 94 and are taken in an arbitrary normalization.
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4 'y T dk
(W%)F=(n) Z Sdﬁd:’k Hiwlwi(h) 2
=

n n

x8(e—2 &) 8 (k- k) Wi(e k. (88)
i=1 i=1

Here, the summation is over the different ways in which the

n nucleons can be chosen, and ¥, (k) is the wave function of

the corresponding level.

The results®™?* of the averaging (W ?),. for the C and
Pb nuclei for different values of » and different initial ener-
gies are given in Fig. 31. Comparison with the experimental
data,’ also normalized for convenience at 7 =1 GeV,
shows that the contributions of multiquark clusters with »
equal to 2, 3, 4 have an energy dependence close to the ex-
perimental one. The A dependence of the K * production
cross section at T = 1 GeV is shown in Fig. 32 for n equal to
2,3, 4. The contributions of the clusters with different # have
been normalized to the experimental value of the cross sec-
tion for the Pb nucleus by the selection of the factor 22 in the
expression (87). Note that these values 82 = (8 Zymax are,
as we have already noted, upper bounds for the cluster ad-
mixture. The corresponding values are given in Table I11. It
can be seen that allowance for the Fermi motion and the
nucleon binding energies has appreciably influenced the val-
ue of (B2 )max,

Unfortunately, the interval of energies 0.84<T<1 GeV
does not permit any conclusions about a dominant contribu-
tion of multiquark clusters with a certain # to be drawn. In
this connection it would be desirable to obtain data at lower
energies, where the importance of heavy multiquark clusters
must increase.

Despite the good description of the experimental data,
the question of the part played by multiquark clusters in
below-threshold production remains open. Nevertheless,
the upper bounds 32, the cluster admixture, that have been

0°
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FIG. 32. The A dependence of the cross section of below-threshold K *
production at £, = 1 GeV. The experimental points are the data of Ref.
94, and the curves are the contributions of multiquark clusters with differ-
ent values of #, normalized to the Pb nucleus.
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found correspond in order of magnitude to the estimates ob-
tained from other processes. It may therefore be believed
that the contribution of the clusters is important.

Since the probability of formation of a multiquark clus-
ter with 7/ = 0(1/2), § = 0(1/2) is suppressed in heavy nu-
clei, it is desirable to obtain data on the below-threshold
production on the lightest nuclei with 4 = n, in which, in
addition, there is no problem with the allowance for the Fer-
mi motion.

CONCLUSIONS

It is widely believed that the inelastic corrections to the
cross sections of hadron-nucleus reactions are small, readily
calculated, and therefore of little interest. This may be so
when one is considering the total cross sections. However, in
processes with nondiagonal transitions the inelastic correc-
tions become large and sometimes increase the cross section
of a process by several times. In such cases a restriction to the
inelastic corrections of first order can no longer be made,
and the calculations become strongly model-dependent. But
this is what makes the problem interesting, since one can test
the models critically. From this point of view we have con-
sidered in this review various processes in which the correc-
tions are large and sensitive to the predictions of QCD. The
most striking manifestation of these effects is the sharp in-
crease in the transparency of nuclei for compressed hadronic
configurations, which prove the existence in hadrons of hid-
den color. The experimental verification of this assertion
still requires great efforts. Although the comparison with
the data on quasifree charge exchange made in Sec. 2 demon-
strated a statistically significant effect, the result was based
on a quantitative comparison, since the experiment did not
separate the quasibinary kinematics and it was necessary to
take into account the contribution of multiple rescatterings.
Separation of single quasifree scattering on a nuclear nu-

_cleon and observation of the qualitative effect were achieved
only in the reaction 7" N— K T Y, for which, unfortunately,
the statistics is poor (see Fig. 8), and also in the recent exper-
iment of Ref. 96 on quasielastic scattering of protons by nu-
clei through 90° in the center-of-mass system, made at ener-
gies of about 10 GeV at Brookhaven National Laboratory.
Despite serious distortions due to mixing of the eigenstates
(the smallness of the energy), a growth of 4 ¢ with the ener-
gy was indeed observed up to 10 GeV, but on the interval 10—
12 GeV the value of A, decreased noticeably. This last re-
sult, which has not yet been satisfactorily explained, pre-
vents us from regarding the results of the experiment as con-
vincing. Measurements at higher energies are needed. It is
also necessary to study the 4 dependence of the cross section
for quasifree charge exchange 7*n—7°(%°)p on nuclear
neutrons with detection of the recoil proton, for which, as
was found, much lower momentum transfers than in quasi-
elastic scattering are needed.

In our study of the space-time picture of the hadroniza-
tion of colored objects we assumed that in a nuclear medium
this process takes place in the same way as in the vacuum.
This assumption may not be valid. Indeed, in the model of a
color tube, as we showed in the Introduction, the tube pa-
rameters (transverse section, tension coefficient, probability
of production of quark-antiquark pairs) depend strongly on
the discontinuity of the vacuum energy density at the surface
that bounds the tube. From the point of view of the bag mod-
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el, the nuclear medium is filled with nucleon “bubbles,”
within which the energy density is below the vacuum value
in absolute magnitude. For this reason the parameters of a
color tube formed by the separation of color charges within a
nucleus can change, and therefore the course of the hadroni-
zation process can change as well. Nevertheless, these cor-
rections are quantitatively small. Indeed, comparison of the
known values of the vacuum energy density and the constant
B of the bag model shows®® that the energy density within a
bagis suppressed by only 5-10% compared with the vacuum
value. For the energy density averaged over the nucleus this
difference is even less. Thus, one could think that there will
be no radical change of the process of hadronization of color
charges within a nucleus.

In the framework of this assumption, it is possible to use
the nuclear medium to analyze the space-time picture of the
hadronization process. In order to draw a reliable conclu-
sion about the dynamics of a process using only the 4 depen-
dences of various characteristics it is necessary to make a
special choice of the reaction and the kinematic region in
which the effects in which we are interested are enhanced.
Examples of this kind given in the review provide serious
arguments for the hypothesis of soft color screening in the
process of hadronization of colored objects. Nevertheless,
we require a comprehensive study at different energies of the
processes considered here, such as inclusive production of
hadrons in 44 collisions in the limit x,— 1, the x depend-
ence of the cross section for production on nuclei of lepton
pairs with large mass, the 4 dependence of the cross section
for production of symmetric pairs of hadrons with large x,
and below-threshold production of K * mesons and 7 at low-
er energies. This list may be significantly extended by new
assumptions, but unfortunately this could not be done in the
framework of the present paper.

I should like to express my sincere gratitude to A. V.
Efremov for a number of valuable comments on the content
of the review.
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obtain free color charges by lowering the potential barrier at large dis-
tances. The probability of separating charges to such distances without
producing pairs, i.e., without screening the charges, is negligibly small.
This conclusion is a general result of quantum mechanics, and not mere-
ly of the string model.
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