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Multiparticle production processes on nuclei at high energies are discussed in the framework of the model of
multiple scattering and the composite quark model. The various forms of these models and their connections
are analyzed. It is shown that they permit an explanation of the experimentally observed phenomena and
make a number of quantitative predictions in good agreement with the experiments. Consideration is given to
the possibility of extracting from the experimental data information about the properties of strong
interactions, in particular, about the formation time of the secondary particles. The structure of the
quark—quark amplitude is analyzed. Arguments are put forward supporting the view that the spatial
distribution of the matter in hadrons is inhomogeneous, and the possibilities of further study of the

phenomenon are discussed.

PACS numbers: 13.85.Hd, 12.40.Bb, 11.80.La

INTRODUCTION

The ever increasing interest in multiparticle produc-
tion of hadrons on nuclei is due in the first place to the
possibility of obtaining unique information about the
properties of the strong interactions. There have long
been indications!"® that the production of particles on
nuclei does not occur as in an ordinary extended tar-
get, for which the interaction probabilities of the pri-
mary particle and the secondary particles are deter-
mined solely by their cross sections and the matter
density. Interest in hadron-nucleus collisions quick-
ened abruptly with the appearance of the parton mod -
el,*” according to which the interaction of a hadron
moving with momentum p requires the time

T~ p/ud, (1)

where p is the characteristic scale of the strong inter-
actions. Then, as was noted by Kancheli,® the second-
ary particles of sufficiently high energy produced in
the nucleus will not be rescattered by the nuclear nu-
cleons, since for this there is not sufficient time. As
we shall see, the available experimental data agree
with such behavior and place a restriction on the value
of p. Subsequently, in Refs. 7-13, it was shown that
the quark structure of hadrons is clearly manifested in
multiparticle production on nuclei.

In the present review, the main attention is devoted
to the problem of extracting from the experimental
data information about the spatial distribution of the
quarks and gluons within hadrons, about the structure
of the quark—quark amplitude, and the formation time
of the secondary particles. In Sec. 1, we discuss the
theoretical ideas which provide the basis of the various
models of hadron—nucleus collisions. In Sec. 2, we
consider the basic experimental facts—the behavior of
the inelastic cross sections, the mean multiplicities,
and the inclusive spectra of the secondary particles.
More detailed experimental data are given later as they
need to be compared with the results of calculations.
Section 3 is devoted to formulating the model of multi-
ple scattering and comparing its predictions with the
experiments. InSec. 4, we discuss the manifestation
of the composite quark structure of hadrons when they
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interact with nuclei. The model of multiple scattering
and the quark model are compared in Sec. 5, in which
various possible mechanisms of the quark—nucleus
interaction are considered. InSec. 6, we discuss cas-
cade rescattering of spectator quarks of the target and
the influence of such processes on the contribution of
double interactions to hadron—deuteron collisions. In
Sec. 7, we discuss deep inelastic scattering of leptons
onnuclei and formationtime of secondary particles.

1. BASIC THEORETICAL IDEAS ABOUT THE
MECHANISM OF HADRON—NUCLEUS
INTERACTIONS

To extract information about the properties of the
strong interactions from experimental data on hadron-
nucleus collisions, it is necessary to determine the
main mechanism of particle production on nuclei at
high energies. There currently exist many models
which treat hadron-nucleus collisions from the most
varied points of view. First of all, we must mention
the intranuclear cascade model,'*'’® in which it is
assumed that the secondary particles arise within the
nucleus instantaneously and then are immediately
capable of interacting. All the calculations are made
in the classical limit, i.e., probabilities rather than
amplitudes are added. At initial energies not exceed-
ing a few GeV, the cascade model was used to describe
a large number of experimental data (though here too
further and more detailed testing of the model is very
desirable). At higher energies, the cascade has too
many branches and strongly overestimates!® the multi-
plicities of the secondary particles.

One of the ways of eliminating the contradiction with
the experiments is to introduce the finite formation
time (1) of the secondary particles; during this time,
they virtually do not interact, and only comparatively
slow secondary particles participate in the cascade
multiplication process. This results in a parton-had-
ron cascade.'® The multiplicity of secondary particles
of moderate energy is appreciably higher in the case
of a nucleus than on a nucleon on account of the con-
tribution of the cascades, while the multiplicities of
fast particles on a nucleus and on a nucleon must be
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equal. The value of the parameter u? in (1) can be
found experimentally and is ~2 GeV? 16

In both models, it was assumed that the entire dif-
ference between the multiparticle production process-
€s on a nucleus and on a nucleon arises from the cas-
cade rescattering of the secondary particles. However,
this probably does not correspond to reality, For
example, we regard a hadron as a system of two or
three spatially separated quarks and assume that in a
collision with a nucleon a single quark interacts as a
rule, i.e., the impulse approximation is satisfied.!7+18
In the case of collisions with nuclei, the probabilities
for the interaction of two or three quarks are not
small,™' so that the multiplicity of the secondary par-
ticles in the case of a nucleus will be greater than for
a nucleon whatever the formation time of the second-
ary particles.

The quark structure of hadrons was taken into ac-
count in the framework of a hadron—parton cascade
model in Refs. 19 and 20, in which it was assumed that
the multiplicity of secondary particles in the case of
nuclei is increased, first, by the greater mean number
of interacting quarks and, second, by the cascade
rescattering of the secondary particles of moderate
energy. To achieve agreement with experiment, it was
necessary'®"®" to reduce the cascade contribution to a
value characterized by pu*=0.5-0.7 GeV? (secondary
particles produced with momentum =30 GeV /¢ effec-
tively undergo no rescattering in any existing nucleus).
The calculations in Refs. 19 and 20 were made under
the assumption that the multiplicity and all the other
characteristics are the same in quark—nucleon and
quark—nucleus interactions.

This last hypothesis may also be incorrect. If the
quark-nucleon interaction is determined by the sum
of several different mechanisms, their relative con-
tributions may depend on A (as, for example, in the
considered case of the quark model, in which the prob-
ability of interactions of one quark decreases with in-
creasing A but the probability of interaction of two or
three increases). In the theory of complex angular
momenta the interaction is constructed in this way,
and besides Reggeon exchange corresponding to the
production of one multiperipheral ladder there is a cut
contribution corresponding to the formation of several
such ladders.**®® The latter contribution increases
with increasing A, with the consequence that the multi-
plicity of the secondary particles in a quark-nucleus
interaction must be higher than in the case of a nu-
cleon. These ideas provide the basis of the multiple-
scattering model, various aspects of which are con-
sidered in Refs. 23-30. In this model, the mean mul-
tiplicity, the multiplicity distributions, the inclusive
spectra, the two-particle correlations, and a number
of other characteristics of hadron-nucleus collisions
can be described without any contribution of intranu-
clear cascades, which corresponds to a very small
value of the parameter p in (1).

In the multiple-scattering model, it is necessary to
make an assumption about the structure of the multi-
Reggeon vertices (in other words, about the distribu-
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tion of energy between the different Reggeons). Asymp-
totically, all variants must give the same results (ex-
cluding the fragmentation region of the incident par-
ticle), but at the accessible energies the differences
may be appreciable. In particular, one variant of the
model takes into account the composite quark struc-
ture of hadrons. Another variant has become known
as the leading-particle cascade model and is consider-
ed in Refs. 31-34.

Finally, in a large group of models the hadron-nu-
cleus interaction is not reduced to a superposition of
hadron-nucleon interactions. In some of the mod-
els,®3 the incident particle interacts at once with all
the nucleons in a tube of cross section ~o}¥, ; in
others,* "' it is assumed that in the first collision
clusters are formed which interact with the nucleons
of the nucleus and are only then transformed into sec-
ondary particles. As a rule, these models describe
the experiments reasonably well, but there is con-
siderable arbitrariness in their formulation. Because
of limitations of space, such models will not be con-
sidered in this review.

2. GENERAL EXPERIMENTAL FACTS ON
HADRON—-NUCLEUS INTERACTIONS

A. Cross sections of inelastic processes. All pos-
sible processes involving the collision of high-energy
hadrons with nuclei can be nominally divided into five
groups: :

014 =0 (h+ A — h + A); . (2)

ohd =0 (h-+4—h+A4%; (3)
o =0 (h+ A — k*+ A); (4)
G,x:gncoh: O (h+A— h*+ A%); (5)
Ohis= 0 (h - A — hadrons). (6)

The process (2) is ordinary elastic scattering,(3) is
incoherent elastic scattering accompanied by excita-
tion or dissociation of the nucleus, (4) is the coherent
production of a resonance or beam of particles, (5) is
incoherent diffraction production on individual nucleons,
and (6) is ordinary multiparticle production.

We also define the cross section of all processes

without production of secondary particles [(2) and (3)],
old, —ohd | gkl (7

scat diss

and the total cross section of the processes (4)—-(6) with
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FIG. 1. Cross sections for production of secondary particles
on nuclei for different beams at 200 GeV/c. The curves are
calculated in accordance with Eq. (10).

Yu. M. Shabel'skil 431



the production of at least one secondary particle:

hA — ghA hA
Upmd U + 0|:uh + m)m:uh (B)
— ghA — gha
= tot™ “scat’

It is this cross section which will be our main concern.

The values of o™, for 7*, K*, §, and p beams at 60,
200, and 280 GeV were measured in Ref. 42 for differ-
ent targets. Their energy dependence in this range is
very weak. The values of o’ at 200 GeV are given in
Fig. 1. It can be seen that for A = 30 the values of
o™, and o™, are proportional to A*/3, whereas for
meson beams they increase much more rapidly."

The cross sections o™4,, can be calculated with good
accuracy in the optical model. Suppose a fast hadron
collides with a nucleus with impact parameter 5. The
probability of its passage through the nucleus without
inelastic interaction with the nuclear nucleons, i.e.,
without the production of secondary particles, is given
by the expression exp [ —o'}, T(b)], where

T®=4 {0 5ds, (9)

in which p(» =vb% + 2%) is the density distribution of the
nuclear matter. Then we obtain the cross section (8)
in the form

o= | d(1—exp[—aliT B)]). (10)

Figure 1 shows the calculatedvalues of apmd (10) obtain-
using the cross sections oY, taken from Ref. 44 and
the Fermi distribution of the nuclear density:

P(")‘*‘Po[i‘%'exp ('r_fz‘ﬁ‘)]-*; Sp(r)énrzdrmi,} (11)
=115 F A3, ¢,=0,51F.

It can be seen that the results of the calculation agree
reasonably with experiment.

B. Mean multiplicities of charged particles. The
overwhelming majority of the secondary hadrons pro-
duced on nuclei (excluding some of the protons and
pions in the target fragmentation region) are so-called
s particles. The A dependence of the multiplicities
(ngypa and (n,),-4 (based on the data collected together
in Ref. 30) at initial energy 200 GeV is shown in Fig.
2. For A =10, the multiplicities can be parametrized
by the power-law dependence (n,)~A® with o ~0.2 for
a 7 -meson beam and a somewhat larger value for a
proton beam. As was pointed out in Ref. 38, such a
value of @ is an argument against the collective tube
model,*"% for which one expects a ~1/10-1/12,

C. Inclusive spectra. It is necessary to consider
what regions of the inclusive spectrum are responsible
for the difference between the multiplicities in hadron-
nucleus and hadron—nucleon collisions. Figure 3,
which is taken from Ref. 47, shows the ratios of the

1) The cross sections (8) of neutron—nucleus collisions with
the production of secondary particles were also measured in
Ref. 43, but the values obtained there exceed the cross sec-
tions rr{,’rﬁd and of?, (Ref. 44) by 2—-5%. In the experiments
with the Serpukhov accelerator, #*+46 the cross section includ-
ing the processes (38) with disintegration of the nucleus was

evidently measured.
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FIG. 2. Mean multiplicities of relativistic charged particles
in pA and 7" A collisions at 200 GeV.

inclusive spectra on an average photoemulsion nucleus
and on a nucleon as functions of the variable 7
=-Intan 6,,,/2, which is close to the value y =3 InE
+p/E -p, used in theoretical studies. As can be seen
from Fig. 3, in the central region and even more in the
target fragmentation region the multiplicities of par-
ticles produced on a nucleus are much higher than
those on a nucleon. However, in the beam fragmenta-
tion region their ratio, R(hA/hN), is appreciably less
than unity, and, to within the errors, the size of this
region does not depend on the initial energy. As we
shall show below, this behavior is characteristic for
the multiple-scattering model and for the quark model
and contradicts the predictions of the parton model, 18
and also models based on Reggeon diagrams of “tree”
type (see, for example, Ref. 48).

The A dependence of the inclusive spectra in the beam
fragmentation region is shown in more detail in Fig. 4,
in which we have plotted the ratios of the multiplicities
of secondary 7%, K*, p, andp at 24 GeV/c, 17 mrad,*
and A and K? at 300 GeV/c, 0.25 mrad,® in p Pb and
pBe collisions. It can be seen that the ratios are vir-
tually independent of the species of the secondary par-
ticles (excluding, perhaps, K* mesons) and the initial
energy and become less than unity at x = 1/5.
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FIG. 3. Ratios of the spectra of charged particles on photo-
emulsion nuclei and on the nucleon as functions of the quasi-
rapidity 7 for different energies of the incident proton.
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FIG. 4. Ratios of the multiplicities of different hadrons in’
PPb and pBe collisions as functions of x.

3. MULTIPARTICLE PRODUCTION ON NUCLEI IN
THE MULTIPLE-SCATTERING MODEL

A. Elastic scattering of hadvons on nuclei. At mod-
erate energy (~1 GeV), elastic scattering of hadrons by
nuclei can be described with good accuracy by the Glau-
ber model.’" If for simplicity we ignore the difference
between the amplitudes of hadron scattering by the pro-
ton and by the neutron, f,(q)=f,(q)=1(g), and also the
real part of f(g) and the center-of-mass motion of the
nucleus, the amplitude of elastic hadron—nucleus scat-
tering has in accordance with Ref. 51 the form

For () =5 | Ton (5) exp (iqh) d%; (12)

A B ;.
Tar@® =1— 3 i [ e (—i) 1 @6 @a%]",  (13)

n=0

where

cn Al

A=TTa—ar:  Gl@= j exp (igs) d’s 5 p (s, z)dz (14)

is the single-particle nuclear form factor, p(») is the
distribution of the nuclear density, and % is the mo-
mentum of the initial hadron. It is assumed that the
incident particle is scattered successively by the nu-
cleons of the nucleus and that the total phase shift is the
sum of the phase shifts from the individual nucleons.

If the initial energy is increased, the space-time
structure of the interaction changes. In accordance
with the ideas of the parton model**® the interaction
time becomes greater than the time taken by the fast
particle to pass through the nucleus, and then succes-
sive interactions with several nucleons are impossible
and all interactions take place at the same time. Scat-
tering of high-energy hadrons by nuclei was investi-
gated by Gribov,* who showed that in this case it is
necessary to take into account not only the elastic
shadowing corrections but also the inelastic shadow-
ing. The presence of the latter does not mean that a
real resonance or a diffraction beam of particles
moves through the nucleus. In reality, these states,
like the pole contributions corresponding to elastic
shadowing, are intermediate states in the unitarity
condition for the amplitude of elastic scattering of a
Reggeon by a hadron,*® and this, in accordance with
Ref. 52, determines the magnitude of the shadowing
corrections. One can here draw a parallel with the
ordinary elastic scattering of hadrons, which does not

433 Sov. J. Part. Nucl. 12(5), Sept.-Oct. 1981

at all proceed through the production and subsequent
absorption of real secondary particles despite the fact
that the unitarity condition contains contributions of
mulitparticle intermediate states.

At the attainable energies of 102-10° GeV, the con-
tribution of inelastic shadowing is not numerically
large, but it is desirable to take it into account. The
point is that from energies ~10 GeV onward coherent
diffraction production of beams of particles on nuclei
occurs. The inelastic shadowing in the case of heavy
nuclei essentially reduces to allowance for such pro-
cesses in the intermediate states, and therefore the
neglect of such shadowing would be inconsistent. One
of the simple ways of taking into account the inelastic
shadowing corrections is by means of the two-channel
model,*%® according to which the amplitude flg) in (13)
must be replaced by the matrix

Bi@)=|, §|t@, (15)

where the parameter g is determined by the ratio of the
cross sections for production on a nucleon of a diffrac-
tion beam, 2 +N—-X +N, and for elastic scattering,
and also by the nuclear form factor, which takes into
account the longitudinal momentum transfer ¢,. At
moderate energies, g, becomes large and g~ 0. The
parameter & describes a beam—-beam transition, and

in the following numerical calculations it is taken equal
to unity.

The direct use of Egs. (12)-(15) leads to lengthy
calculations for the cross sections of the processes in
which we are interested. For a Gaussian distribution
of the nuclear matter, they are given in Ref. 23. How-
ever, the expressions simplify considerably in the
“optical” limit, when the range of the strong interac-
tions is ignored compared with the radius of the nu-
cleus and allowance is made for A > 1, Actually, such
neglect is possible already with A ~10. We take f(g) in
front of the integral in (13) at the value ¢ =0 [£(0)
=iko/(4n), where o is the total cross section of the
hadron-nucleon interaction]. Substituting (14) and (15)
and setting C} =A"/n!, we obtain the amplitudes of
elastic scattering and coherent production in the form

Fa(0, q) = (1+00s8) Foi (Mo, g)
+ (1—c0s0) Fos (A0, 9) 5 (16)
Foon (0, q) = sin8 [Fo; (M, 9) —Fo, (Ao, ),
where
Foi (o, g):zi—::j {1—exp[f%'1'(b)]}exp (igh) d2b
is the ordinary Glauber amplitude of elastic scattering,

and
Ma= (1484 X); X2=(1—8)2+ 4g% cos0=(1—)/X.

The integrated cross sections of elastic scattering
and coherent production on the nucleus take the form

ohd= S d%b {I -—%co‘w—exp [—% ?L:C’T{b)]

— il gy [ Loy} (17
o =22 [ o[ 07 0]
—exp[—%MUT(b)]}z, (18)
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FIG. 5. Deuteron breakup cross section in the impulse approx-
imation.

and the total cross section is
obt=2 [ amb {1 — 155050 op[ L a0 (1)
— 158 exp[ — M0 ()]}
At moderate energies, there is no inelastic shadowing,
which corresponds to the limit g0, and x;=1,x; =34,
cos6=1.

(19)

B. Diagram method of determining the cvross sec-
tions of incohevent processes. If the elastic-scatter-
ing amplitude is known, the cross sections of inco-
herent processes can in principle be found by means
of the unitarity condition, which relates the imaginary
part of the elastic amplitude to the sum of the cross
sections of all the channels. As an example, we cal-
culate the cross section for deuteron breakup by a fast
hadron, k +d -h+p +n, with allowance for interac-
tion of the nucleons in the final state, i.e., we find the
square of the modulus of the sum of the amplitudes
corresponding to Figs. ba—5c (the contribution of the
more complicated graphs can be found similarly).

It can be seen directly? that the sum of the squares
of the moduli of the amplitudies for Figs. 5a and 5b is
equal to the contribution of the impulse approximation
to the total cross section, 20}y, multiplied by the ratio
o™ /oY, since not all the intermediate but only the
elastic states are taken in the AN scattering block with-
in the dotted line in Fig. 5d. The interference of the
amplitudes corresponding to Figs. 5a and 5b is equal
to the contribution of the shadowing correction (Fig.
5e) to the total cross section, and we ignore it. The
total contribution of the square of the modulus of the
amplitude for Fig. 5c and its interference with the
amplitudes for Figs. 5a and 5b (this contribution is
shown in Figs. 5f—5h) can be determined as follows.
Consider the imaginary part of the amplitude in Fig.
6a. It is equal to the sum of the six different absorp-
tive parts shown in Figs. 6b—6g. At the same time,
the contribution of the graph in Fig. 6a to the total hd
cross section is negligibly small®® (since, as a rule,
the nucleons do not have time to interact while the fast
particle is passing through the deuteron). The absorp-
tive parts shown in Figs. 6b and 6¢ contain to the right
or left of the division amplitudes which are small for

2) The broken curve in Fig. 5 and below denotes a “division”
or “cutting” of the graph: The amplitude of the process
shown on the left of the cut line is multiplied by the com-
plex-conjugate amplitude of the process shown on the right
and integrated over the internal momenta.
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FIG. 6. Allowance for interaction in the final state in deuter-
on breakup.

the same reason. Therefore, the sum of the remain-
ing absorptive parts is also zero, i.e., the required
sum of three of them (Figs. 6d—6f) is equal to the
absorptive part (Fig. 6g) taken with the opposite sign.
And the latter is equal to the contribution of the im-
pulse approximation to the cross section o™, of elas-
tic hd scattering.

Thus, allowance for the interaction of the nucleons
in the final state decreases the deuteron dissociation
cross section ¢il,, by the amount o%},,:

ot = ok —e
which, apart from the shadowing corrections, agrees
with the direct calculation in the Glauber model.’’

Note that the total cross section of elastic scattering
and disintegration, o, (7), is not changed by allow-
ance for nucleon rescattering. It can be shown (see,
for example, Refs. 23 and 58) that in the case of multi-
particle production the interaction in the final state
also does not change the integrated cross sections but
merely changes the angular and energy distributions of
the secondary particles. .

C. Cvoss sections of incoherent processes. Using
the completeness condition for the nuclear wave func-
tions, it is possible to calculate?® the total cross sec-
tion of coherent and incoherent diffraction excitation
of the incident hadron, i.e., the sum of (4) and (5).
For A > 1, it has the form

3 in? 0 J :
Ol = Otk + Ol = T [ % fexp [— Aot ()] -
+exp [—A01nT (B)] — 2exp [— (A4 Ro) 04T (D)1},
where
oir, =0 —Ry,20g; Op=0—2 Lf\"j;e Gel;  Og =0OhN,

The total cross section of all the binary processes (2)-
(5) can be calculated®® similarly and is

hA — qhA . ghd
c"hin_— Tt Uaf)s

=522 [ {1—2exp [ — 10T () ]+ exp [— o' ()]}

ra| =

4 iogemd \'de {1_zexp[— heﬂT(b)]+exp[—lzc'§"T o1} .

(21)
It is convenient to classify the various processes in
hadron-nucleus collisions on the basis of the number of
cut hadron=-nucleon blocks in the elastic hadron-nu-
cleus amplitude (in other words, on the basis of the

number of nucleons of the nucleus to which a momen-
tum g > 1/R, is transferred). For example, the cross
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section (21) can be represented as the sum of the con-
tributions of{), where 7 is the number of cut blocks,
the contribution of all the cuts between the blocks (Z

=0) being
o0 — 1_+;°L95d;25 {1_exp[‘%liﬁr(b)]}2 .
+ 1-(2:osﬁ j'a-ab {1—exp[—%ﬂ,2(ﬂ“(b)]}2. (22)

This contribution is equal to the sum of ¢ (17) and
0w (18), and for I >0

off, = 15522 [ b - (0ahil ()] exp [ —AioT (b))

4 Amgeet § @b 10adaT ()" exp [— 0T (B)]. (23)

From this, we can go over to the cross sections of
the multiple processes. The cross section correspond-
ing to production of particles on v nucleons of the nu-
cleus and elastic scattering on I — v nucleons has the
form??
oy =L gp { Shosd (3‘1’%) Sdzb [MouT (b)) exp [—AaT (5)]-

o 1—cos@

kg (~“—5"—)"jdzb[kiceﬂ“(b)l'exp[-hzur(b)l}. @)

AyOe1

Summing over /, we obtain the cross section for inelas-
tic interaction with v nucleons in the form

o =50 | % L oo ()Y exp [ — AoinT (8] -

1520 [ @t L (0T ()1 exp [ — haoioT (). (25)

Finally, the total cross section of the multiparticle
processes (6) is
o= 3 o= | @ {1 — 11550 op (_roir 1))

v=1

—@exmmazﬁgﬂ"(bn}_ (26)

In the absence of inelastic shadowing, the cross sec-
tions of inelastic interaction with v nucleons (25) take
the well-known form
=R =7 | P 100T O exp [~ 0wl B)], ow=cpy.  (27)

abs ! inel"
They can be represented in the form?2?

o0
Trea= 2 AuB B = (—1)"2" ey (n )", (28)
n=yv

where

n=2fan L [ZOT (29)

is the contribution of n-fold interaction to ot (19):
ot~ 2 A,

The B;"’ values determine the contribution of graphs
containing » hadron—nucleon blocks , with v of them
cut, to the cross sections o)y, i.e., they determine
the relations between the different absorptive parts of
the different graphs. The analogous expressions for
Reggeon graphs were found in Ref. 59. The obtained
values B’ (28) differ from the corresponding coeffi-
cients in Ref. 59 only by the factor (0,/0)", which
arises from the possibility of both two-particle and
many-particle cuts of the hadron—nucleon blocks.
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In the absence of inelastic shadowing, the expression
(24) can also be written in the form

. U}fr.m‘"? 18 2 Bsi!, v)AM B,(,t' vt (_ 1)n+12n—lc,l‘ciy
J n=|
Oin \V { Oe l-v (30)
AT (S ryd
The representations (28) and (30) will also be true
for light nuclei (including the deuteron) if we calculate
the 4,, the contributions to o?,, using the exact ex-
pressions and not the approximation (29), which holds
when A > 1. However, in (28) and (30) the ratio of the
range of the strong interactions to the radius of the nu-
cleus is ignored.

When allowance is made for inelastic shadowing in
the two-channel model, B/’ and B\"*’ become much
more complicated. However, one can assume with
good accuracy that only the contributions A, change,
while the values of B’ and B!'*’ do not.

D. Inclusive spectra. We consider first the central
region of the spectrum. If we ignore the violations of
scaling in the hadron—nucleon spectra, then on the
cutting of the v blocks there can be the necessary
secondary particle in each of them, and therefore the
contribution to the ratio of the multiplicities on the nu-
cleus and on the nucleon will be equal to vo)/gM.
Summing with allowance for (25), we obtain

o ol

RA Y npa(y) e - Om
R(w) == 2 G =oha=d-ta, (31)

et abs

where 0,,=0 — (1 +g%)o, is the total inelastic hN cross
section, with the cross section of diffraction dissocia-
tion of the incident hadron subtracted. In the absence
of inelastic shadowing, (31) goes over into the widely
used expression
hN
hA Tinel
R (437) = ®na =A—_v;;:*.,d : (32)
For real nuclei, the numerical difference between (31)
and (32) does not exceed 2-39,.

In the projectile fragmentation region, the ratio
R(kA/RN) must decrease by virtue of energy conserva-
tion.*®24:% For example, in one event there cannot be
more than one particle with x > 4 more than two with
x> 3 and so forth. Suppose a fast baryon interacts, ex-
changing Pomerons, with two nuclear nucleons. The
contributions to the elastic-scattering amplitude for
this case are shown in Figs. Ta and 7b, the former
being the simplest Mandelstam graph, while the latter
is more complicated. To a cut of both Pomerons of the
graph (Fig. 7a) there corresponds an inelastic process
(Fig. Tc). In this case, the inclusive spectrum of the

I koA 4;,:_—. (;;:: (#’??::
ety ot e v et

FIG. 7. Elastic (a,b) and inelastic (c, d) interaction of a fast
baryon with two nucleons of a nucleus. The continuous line
is the baryon, the broken line the meson.
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mesons in ladder 1 is the same as in a hadron-nucleon
collision, and the secondary baryon is softer, since
some of its energy has been expended on the produc-
tion of ladder 2. However, in the cut of the graph of
Fig. Tb, which is shown in Fig. 7d, the secondary bary-
on is the same as in a collision with a nucleon but

there are fewer fast mesons.

There are no grounds for restricting the considera-
tion to only graphs of the type of Fig. Ta (i.e., Fig.
Tc, an inelastic process), as is done in the leading-
particle cascade model.* 3 At the same time, the
use of graphs of the type of Fig. Tc does not yet mean
that only planar diagrams are taken into account. It
is most natural to assume that the contributions of
Figs. Tc and 7d should be of the same order. Then the
multiplicity ratios of all fast particles (both baryons
and mesons) on a nucleus and on a nucleon will be less
than unity but greater than the ratio o t)/o%,, i.e., all
particles will be shadowed approximately equally. As
can be seen in Fig. 4, just such behavior is observed
experimentally. If the contribution of Fig. Tc is domi-
nant, then, as was noted in Ref. 31, the multiplicity
ratios of fast secondary particles on a nucleus and on
hydrogen will be oiL)/c™, for baryons and unity for
mesons (i.e., the latter will not be shadowed at all).
The data in Fig. 4 contradict this hypothesis. More
detailed predictions about the behavior of the hard part
of the spectrum will be made in the following section on
the basis of the quark model.

In the target fragmentation region, there are two
factors which significantly influence R(kRA/AN). First,
R(kRA/RN) is increased by the Fermi motion of the nu-
clear nucleons. Second, a contribution from cascade
rescattering of secondary particles is possible. As was
noted in Refs. 61-63, both phenomena must be most
clearly manifested in neutrino interactions or in deep
inelastic electroproduction on nuclei, since in these
cases the primary interaction takes place in the same
way as on a free nucleon.”

In Fig. 8a, which is taken from Ref. 64, we give the
inclusive spectra of negatively charged particles in
v Ne and vp interactions. It can be seen that for xp
>-0.25 the spectra on the neon nucleus and on hydro-
gen do not differ. At smaller values of xg, corre-
sponding to 7” mesons with momenta p,, < 0.5-0.8 GeV/
¢, the multiplicity on the nucleus becomes greater than
on the proton. Figure 8b, which is taken from Ref. 65,
shows the multiplicity ratios of particles whose sign
is the same as the W boson’s and of particles of oppo-
site sign in v and ¥ interactions with Ne nuclei and
with the nucleon. A departure from unity is observed
only aty <1-1.5, i.e., for pions with momenta less
than 1 GeV/c. Values of the same order are also ob-
tained from the data on hadron—nucleus collisions. For
example, it can be see form Fig. 3 that for the interac-
tion of protons with photographic emulsion for which
{v) is 2.5 the value of R(hA/hN) begins to exceed (v) at
7n<1.5, which again corresponds to pions with p;,, <1
GeV/c.

3) This question is discussed in more detail in Sec. 7.
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FIG. 8. Inclusive spectra of negatively charged particles in
¥Ne and vp interactions (2) and ratios of the spectra of par-
ticles whose signs are equal to the sign of the W boson (open
circles) and of particles of opposite signs (crosses) in ¥,
7—Ne and v, P-N collisions (b).

Note that despite the common opinion cascade rescat-
terings are in no way related to the so-called enhanced
graphs, which contain interaction of Reggeons with one
another. For example, the enhanced graphs make a
contribution (albeit a small one at the accessible ener-
gies) to the total interaction cross section, whereas
the cascade rescatterings in no way affect the values
of o4, and ohre-

Thus, from the point of view of the multiple-scatter-
ing model we can expect the existence at high energies
of three rapidity regions with different behavior of
R(hA/RN):

1. The region of fragmentation of the nucleus, y <1-
2, R(hA/hN)> (v}, because of the Fermi motion and,
possibly, cascade rescatterings.

2. The central region (1-2)<y <Y =Y, R(hA/hN)
=) .Y Here, Y -Y, does not depend on the energy
but increases with increasing A.%3

3. The beam fragmentation region, y ~Y, o ta/0hns
<R(hA/hRN)< 1.

Because R(RA/hN) < ()4 in a considerable range of
rapidities, the ratio of the mean multiplicities of the
secondary particles is also less ihan (V),, and increas-
es with increasing A slower than A'/%.%°

In Ref. 28, the inclusive spectra of secondary par-
ticles on nuclei were calculated in the multiple-scat-
tering model. The results are given in Fig. 9 and
are in good agreement with the experimental data.®
The calculations of the inclusive spectra and the two-
particle correlations made in Ref. 29 also agree with
experiment.

However, the multiple-scattering model does not
permit one to distinguish the species of the secondary
particles. This, of course, is a shortcoming of it.

E. Multiplicity distributions of chavged pavticles.
If only particles with momenta <1 GeV/c participate in
cascade interactions, the number of relativistic par-
ticles n, is hardly changed, and the multiple-scatter-
ing model makes it possible to calculate the n, distri-
butions in hadron—-nucleus collisions at high energies.

4 In reality, because of the departure from sealing in the

central region of the spectrum in the case of scattering by
nucleons, ¢ the value of R(A/hN) must be somewhat less
than (¥)4. The difference ig discussed in Ref, 28,
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FIG. 9. Multiplicities of charged particles in A interactions
at 200 GeV as functions of y,, for different values of the para-
meter (v),4 (32).

For such a calculation, it is necessary to know how the
energy E, of the initial particle is distributed in the
cases when secondary particles are produced on sev-
eral nucleons. As in Ref. 68, in which multi-Pomeron
processes in hadron—hadron collisions were considered,
we make the simplest assumption that in an inelastic
interaction with v nucleons each interaction occurs at
the energy E,/v.” Then the contribution of such a pro-
cess to the multiplicity distribution will be determined
by the (v — 1)-fold convolution of the hadron—nucleon
distributions, from which the contribution AN ~h*N of
diffraction production must first be subtracted. This
convolution will occur with weight equal to o{2)/c™ .

In the calculations, details of which are described in
more detail in Ref. 23, allowance was made for the
contributions of both the multiparticle (6) and the dif-
fraction [(4) and (5)] processes. In contrast to Ref. 23,
the expressions (18), (20), and (25) with the Fermi
distribution (11) of the nuclear matter were used for
nuclei with A > 20. For light nuclei, a Gaussian den-
sity distribution was used.®

The results of the calculations are compared in Fig.
10 with the experimental data on the interaction of pro-
tons at 400 GeV (Ref. 69) and 200 GeV (Ref. 70) and of
200-GeV 7~ mesons™ with photoemulsion nuclei. The
agreement with experiment is fully satisfactory. At the
values n,=1.3 and 5 (for 7°) a contribution of coherent
production can be noted. A certain irregularity of the
curves at n,~10 can be explained by taking into ac-
count hydrogen present in the emulsion. For compari-
son, the broken curves in Fig. 10 show the n, distribu-
tions on a nucleon N =3p +in at the same values.
Comparison of calculations in the multiple-scattering
model with the data on p Em interactions at other en-
ergies®® and with the . distributions in 7" *C colli-
sions at 40 GeV/c (Refs. 72 and 73) and 7" Ne collisions
at 25 and 50 GeV/c (Ref. 74) also led to good agreement
with the experiments.

The experimental data on the ratios of the mean
multiplicities of secondary particles on nuclei of car-

5) In Refs. 28 and 29, a different hypothesis was used.
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FIG. 10. Multiplicity distributions of relativistic charged
particles in collisions of protons and 7~ mesons with photo-
emulsion nuclei (continuous curves) and with the nucleon
(broken curves).

bon, photographic emulsion, and lead and on hydrogen
are shown in Fig. 11 together with calculations in the
multiple-scattering model. (The experimental data in
Ref. 30 were used.) Overall, the agreement is reason-
able, but the recently published data’™''® for lead ex-
ceed the results of the calculation by 10-15%. The
description may be improved by choosing a different
way of taking into account energy conservation. For
example, in Ref. 30, in which allowance was made for
the quark with several nucleons the energy was divided
in a geometric progression, good agreement with the
{ng)ra data was achieved, including the data shown in
Fig. 11. (This result is discussed in more detail in
Sec. 5.) It must be recognized that the rules for dis-
tributing energy between the various interactions are
not entirely clear and require further study.

The most characteristic feature in the multiple-
scattering model is the increase in the ratio {(ng),./
(. )sp With increasing energy, which is due to the de-

FIG. 11. Ratios of mean multiplicities of charged particles on
nuclei and on hydrogen for proton and 7~ -meson beams as
functions of the initial energy.
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crease in the relative contribution to (ng),, of the beam
fragmentation region, where R(hA/hN)< (v),,. The
results of the experiments shown in Fig. 11 and also
cosmic-ray data’ at E <1 TeV agree with such be-
havior.

F. Many -nucleon interactions of hadrons. In hadron—
nucleus collisions, single interactions occur with a
probability that is not small. Their fraction ol st
for proton and 7”-meson beams in the multiple-scat-
tering model is, respectively, 62 and 69% for the C
nucleus, 38 and 47% for Cu, and 25 and 34% for Pb.
Such interactions are essentially a background which
reduces the manifestation of the nuclear effects. They
can be eliminated by considering only many-nucleon
interactions of the incident particle in the nucleus.

Of interest in the first place is the fraction of many-
nucleon events. In Ref. 78, it was determined for 7~'*C
collisions at 40 GeV/c at 40.1+1.5%. A calculation in
the multiple-scattering model using the event selection
criteria in Ref. 78 gives only 33% of such interactions.”
The difference may be explained either by the presence
of fast nucleons ejected from the nucleus by virtue of
the Fermi motion or by the contribution of cascade re-
scattering. Thus, the maximal contribution of the
cascade processes, which transform single-nucleon
interactions into many-nucleon interactions, does not
exceed 7% for the *C nucleus.”

Many-nucleon 7°C interactions at 40 GeV/c were
studied in more detail in Refs. 73 and 78 by means of
a classification of events on the basis of the total elec-
tric charge @ of the relativistic secondary particles.
In 77 and 7% collisions, @ can take the values -1, 0
and -2 and -1, depending on the presence of an iden-
tified proton (with p < 700 MeV/c). Events with other
values of @ are classified as many-nucleon events. A
similar analysis was also made in Ref. 74 for 7"Ne
interactions at 25 and 50 GeV/c. Figure 12 shows the
distributions, taken from Refs. 73 and 74, of the num-
ber of events with respect to @ together with the re-
sults of calculations, in which it was assumed that in
109 of the events there is one additional, positively
charged relativistic particle. Only when allowance is
made for such particles can the experimental data be
described. Under the same assumptions, the mean
multiplicities of all relativistic particles, (n,), and of
7" mesons, (n.), were calculated at different values of
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FIG. 12. Distributions with respect to the total charge of re-
lativistic particles: a) in 7"—12C interactions at 40 GeV/c; b)
in T"—Ne collisions at 25 (black circles) and 50 (open circles)
GeV/e.
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FIG. 13. Dependence of the mean multiplicities of secondary
particles on their total charge @: a) in 77— 12C interactions
at 40 GeV/c; b) in 7 —Ne collisions at 25 (black circles) and
50 (open circles) GeV/c.

Q. They are given in Fig. 13. It can be seen that the
calculations in the multiple-scattering model agree
well with experiment even at large @. However, this
agreement is achieved only when allowance is made
for the existence in every tenth event of an additional
positively charged particle (evidently, a relativistic
proton with p > 700-800 MeV/c) emitted either by vir-
tue of the Fermi motion or by a cascade rescattering.

4. MANIFESTATION OF THE QUARK STRUCTURE
OF HADRONS IN INELASTIC COLLISIONS WITH
NUCLEI

A. Inelastic processes in the quark model. The com-
posite quark model is based on the idea that mesons
consist of two and baryons of three spatially separated
objects, the constituent quarks. To maintain the cor-
respondence with the parton model, it is assumed”
that a constituent quark consists, in its turn, of a
valence quark—parton surrounded by a cloud of quark-
antiquark pairs and gluons. In contrast to point par-
tons, such a constituent quark has a well-defined
cross section for interaction with the target. In hadron
collisions, the most frequent outcome is the interac-
tion of one quark from each hadron, and the fraction of
cases when several pairs of quarks interact will be
assumed to be negligibly small.

In an inelastic collision, the constituent quark which
has interacted ““ disintegrates.” The point quark-par-
tons in the sea group together or with the spectator
quarks that did not interact and “grow” their own sea.
Thus, secondary particles are produced, and these can
be divided into two groups: the fragmentation particles,
which contain the spectator quarks, and the particles
in the central region of the spectrum, which consist
solely of produced quarks. In the incident nucleon,
each of the three constituent quarks has ¥ ~1/3, and
their x distribution is not very broad, so that there are
two types of fragmentation baryon: B;; With x ~2/3
containing two spectator quarks g; and g;, and B;,
which, like the fragmentation mesons M;, contain one
such quark g; and have ¥ ~1/3. Accordingly, ~1/3 of
the initial momentum is distributed between all the
particles of the central region. In the case of a me-
son beam, the fragmentation particles—the baryons
B, and the mesons M;—carry x ~1/2 and the same
fraction is distributed between all the particles of the
central region.
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The relations governing the production of the various
fragmentation particles can be found by means of the
combinatorial quark-counting rules proposed in Refs.
80 and 81, If quarks and antiquarks are captured from
the sea with equal probability, the spectator quark g,
will go over into the baryon B; with probability 1/3
and into the meson M; with probability 2/3,% 8!

q:**%gi‘f’%Mi- (33)
In the case of two spectator th.rl;cs,"“"81

g 91'*'—'BU+ p Bit+ 4 B, 1 M, +-1§2_M; (34)

The comparison with expenment made in Ref. 82
showed that the relation (33) is reasonably satisfied in
e*e” annihilation. At the same time, the multiplicity
of baryons in the case of meson beams is experimental-
ly much lower than is predicted by the expression (33).
The problem can be avoided by introducing a suppres-
sion of baryon exchange in the ¢ channel.® We assume
that after fragmentation of the meson the constituent
spectator quark gq; captures an antiquark from the sea
with probability 8 and a quark with probability 1 — B.
Then it goes over into BM; + (1 -B)a;q and after further
captures we obtain
(1-E_E);i Bi
In contrast, in the case of baryon fragmentation the
two spectator quarks (g; and g;) capture quarks with
probability B and antiquarks with probability 1 —g.
Then

qi— ﬁq,ﬁzﬂ'{i"_j (35)

(1ﬁﬁ)ﬂ° B, 1 _(1—p)pe

E’JQJ—’ﬂBif+ —B+p? T2 A—pEMm B;
1—B 2- 2ﬂ+ﬂ" —f 2—2B1-p3
T Mt e M (36)

The baryon and meson multiplicity ratios are most
sensitive to the value of g at x ~1/2 in the case of me-
son beams. On the basis of (35) and the tables of Ref.
81, the ratio of the A and K{ yields for a beam of 7"
mesons is predicted to be ~2(1 —8)?/B and the ratio of
the A and K yields for a K™-meson beam is ~2.3(1
—B)’/B. Their experimental values at 200 GeV/c for
particles with p, ~0.07 GeV/c are, respectively, 0.11
+0.01 and 0.135+0.025,%® which corresponds to 8 =0.8.

B. Yields of fragmentation particles in pA collisions.
The cross section for inelastic interaction of a consti-
tuent quark with a nucleon,

L gnn

= o9N
0‘ U]”"Q

N 10 mb ‘ (37)

”‘ElN 3 me]

corresponds to a mean free path ~5 F in the nucleus,
so that, as is shown in Fig. 14, when a hadron strikes
a nucleus not only one but also two or three constitu-
ent quarks will “disintegrate.” Then the number of
fragmentation particles decreases and the multiplicity
in the central region of the spectrum increases. The
cross sections o, for the absorption of n constituent
quarks in the case of a proton beam have the form!?
or(A) -3 {d%exp[—zaqr (B)1{1 —exp [— ogT (B)]};
of (4) =3 [ dbexp [— 0T ()] {1 —exp [—0qT B (38)

o3 (4) = | @ {1 —exp | —ogT ()],

8 Iam grateful of V. V. Anisovich and V. M. Shekhter for dis-
cussing this question.

439 Sov. J. Part. Nucl. 12(5), Sept.-Oct. 1981

a b ¢

FIG. 14. Inelastic collisions of nucleons with nuclei, One (a),
two (b), or all three (c) incident quarks interact,

where the function T'(b) is determined by the expres-
sion (9). The sum of the cross sectmns of, of, and
of with allowance for (37) is equal to o?,4 (10). Here,
inelastic shadowing is not taken into account.

The probabilities of the processes of absorption of
different numbers of quarks (Figs. 14a—14c) are

Vﬂ (A) - Gp (A)lapruli (39)

These probabilities are directly related to the ratios

of the yields of fragmentation particles on nuclei. Let
us consider first the yields of baryons B;, with x ~2/3.
If one quark of the incident proton interacts with the
nucleus (Fig. 14a), then the baryons By, are produced
as in pp collisions. In the cases of Figs. 14b and l4c,
the production of baryons with x ~2/3 is improbable,
since we assume a small momentum spread of the
quarks. Then the ratio of the multiplicities of the
secondary baryons B,— ; in pA and pp collisions must be'?

E:)el d’ (p4 — By;X)

Rpny; @) =

=Vi(4), (40)
piod 'E%' (pp — By;X)

and in the neighborhood of the point ¥ ~2/3 this ratio

should be independent of x.

Figure 15a shows the ratio V4(A)/V{(Cu) calculated
in accordance with Eqgs. (38) and (39), and also the ex-
perimental ratios of the multiplicities of protons?+?
and A hyperons®® with small transverse momenta on
different nuclei and on the copper nucleus averaged in
the interval 0.52 < x < 0.85 for proton beam momentum
19.2, 24, and 300 GeV/c, respectively. The experi-
ment agrees well with the results of the calculation.

o—pA=%
A=pA-pX
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FIG. 15. Ratios of the multiplicities of secondary particles on
different nuclei relative to the copper nucleus. a) Baryons in
the interval 0.52 <x <0.85; the curve is calculated using Eqs.
(38) and (39). b) Mesons at x = 0.35; the continuous curve is
calculated using Eq, (42), and the broken curve is the result
of calculation with instantaneous formation.
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Note that in using the expression (40) we assumed that
the formation of the secondary baryon takes place out-
side the nucleus. Indeed, we calculated the probability
of one quark of the incident proton interacting in the nu-
cleus while the other two do not. However, the second-
ary baryon B;; consists of three quarks and if it were
formed within the nucleus one should take into account
the possibility of absorption of the third quark. In this
case, the ratio R,_.(x ~2/3) for the nucleus Pb is 25%
lower!? than predicted by Eq. (40), and it does not agree
with experiment.

In pA collisions, fragmentation mesons with x ~ 1/3
can be produced by the processes considered in both
Figs. 14a and 14b. When allowance is made for the
difference between the probabilities of capture of
quarks and antiquarks for the case of Fig. 14b we find,
as in the case of (35) and (36), that the spectator quark
¢’ must go over into mesons and baryons in accor-
dance with

1—p B
42— —ppr M1+ = B (41)

Then ignoring the contribution from the decay of fast
baryon resonances, we obtain the ratio of the multi-
plicities of mesons with x~1/3 on the nucleus and on
hydrogen in the form

Riyesty (@ ~413) =VE () + =g V3 (4)- (42)

The dependence of R,_ 4, on B is rather weak. Thus,
at B=1/2 we have R,_j, = v$+0.8v¢, and at g =0.8,
Ry, =Vi+ 0.96v$. The result of the calculation in
accordance with Eq. (42) for the value =0.8 is shown
in Fig. 15b, in which we have also plotted the ratios
of the multiplicities of 7~ and K* mesons on different
nuclei and on the Cu nucleus at x=0.35, taken from
Ref. 84, and the KY multiplicities from Ref. 50. The
agreement with experiment is perfectly satisfactory,
but the calculation with instantaneous formation (broken
curve) does not agree with experiment. Predictions
for the ratios of the yields of fragmentation particles
are also made in Ref. 12 for pion, kaon, and hyperon
beams, but experimental data for sufficiently heavy
nuclei are here virtually nonexistent.

As the initial energy increases, the hadron-nucleon
cross sections and, hence, o, (37) increase. If we
assume that the growth of the cross sections continues
further and at the same time that in a certain range of
o, values Egs. (38) and (39) are still valid, then the
values of V! will begin to decrease. As a result, scal-
ing will no longer hold in the fragmentation region of
the inclusive spectra on nuclei even though there is

TABLE 1. Departure from scaling in inclusive spectra on
nuclei due to growth of the cross section.

Elgp, GeV ~10® ~10% ~10° ~10° ~107
Ggq, mb 10 13.5 15 17 20
VY (14N) 0.69 0.62 0.60 0.57 0.53
V] (Cu) 0.47 0.39 0.37 0 34 0.31
VP (Pb) 0.30 0.25 0.23 0.22 0.20

440 Sov. J. Part. Nucl. 12(5), Sept.-Oct. 1981

scaling on hydrogen. The scale of the possible depar-
tures from scaling is illustrated in Table L. Such be-
havior can occur up to the onset of scaling violation

in hadron-hadron and hadron--nucleus interactions be-
causﬂz: of the overlapping of the quarks within a had-
ron.

C. Multiplicity of the particles in the central region
of the spectrum in pA and 1A collisions. If the inter-
action between the quark—partons of the different con-
stituent quarks can be ignored, the multiplicity in the
central region in the case of the interaction of a proton
with a nucleus, n,, is equal to the multiplicity in a
quark-nucleus collision, 7, , multiplied by the mean
number of interacting quarks N2:

A L P
R (L) = =Ni=Vi+2V]+3V}
3
= Sdzb{‘l—exp(ﬁuqf‘ )} (43)

prod

In the case of a pion beam, writing the probabilities
of inelastic interaction of one or both quarks in a form
analogous to (38) and (39), we obtain

[ a2 {1t —exp [—oT ®1}.

1

R( ) =dmh = N7 V42V = —

12 figd e
(44)
Dividing (43) by (44), we obtain
b A 3
AR (ET) =7 (45)

Figure 16 shows the experimental data on the ratios
(45) for C and Pb nuclei®® and ; Ag +3 Br (Ref. 10) at
energy 200 GeV in their dependence on the quasirapi-
dity 7. In the range 1.5<7<3.5, the relationship (45)
is satisfied with good accuracy.

D. Inelasticity coefficients and the probabilities of
inelastic charge exchange. To calculate the inelasti-
city coefficients, i.e., the fractions of the initial ener-
gy transferredtoa given species of secondary particle,
it is necessary to know the composition of the pro-
duced particles and their mean energy, which depends
on the production mechanism. For example, the main
contribution to the inelasticity coefficient Ky (the frac-
tion of the energy transferred toy rays) is made by
the y rays from the decay of 7’ and 7 mesons, which
can be produced both in the central region and in the
projectile fragmentation region. In both cases, the 7°
mesons will be produced both directly from a quark-
antiquark pair and by the decay of meson (p,w,K*) or
baryon (A, Z*) resonances.

The relative multiplicities of the secondary particles
of each species were calculated in accordance with

3 T
3"53_"%33—%;_7 i
) 13

J 4

FIG. 16. The ratio (45) as a function of the quasirapidity 7
for different nuclei. The broken line shows the predictions
of the quark model. The open triangles are for Pb, the open
circles for tAg+ $Br, and the open squares for C.
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Eqgs. (35), (36), and (41) using the tables of Ref. 81,
which determine the probabilities of the transition of
quarks into the various hadrons; only the lowest mul-
tiplets of the group SU(6) were taken into account: 36
for the mesons and 56 for the baryons. For a pion
beam, it was assumed that the fragmentation hadron
carries on the average half the initial energy, and in
the case of baryon beam either one third (B; and M,)
or two thirds (B;;). The fraction of energy carried
away by particles of a given species in the central re-
gion was assumed to be proportional to their multipli-
city, and the fraction of energy transferred to the tar-
get fragmentation region was assumed to be negligibly
small. Atenergies < 10° GeV, the production of baryon
—antibaryon pairs in the central region was ignored.

The energy fractions carried away by all the posi-
tively charged, K, and negatively charged, K_, sec-
ondary particles for proton and 7 -meson beams were
found to be

K7 (A)=0.46V7 (4) +0.35V7 (4) 4+ 0.30V7 (4);
KT (4) =0.13V] (A) + 0.24V2 (4) -+ 0,30V7 (4);
K (4) =0.23V7 (A) - 0.30V7 (4);
KT (4) =0.38VF (4) +0.30V7 (4).

The numerical values of V2 and V! for different nuclei
are given in Ref. 12. For hydrogen in the framework
of our approximation, V{=V{=1 and V{=Vi{=V;=0,
while for A ~150~200 all the V, are of the same order.
Thus, it can be seen that the A dependences of all the
inelasticity coefficients are very weak.

In Table II, we compare the theoretical calculations
of the inelasticity coefficient K, with the data obtained
in cosmic-ray experiments®+® for interactions of high-
energy neutrons, 7* mesons, and protons with nuclei.
The agreement between the calculations and experiment
is entirely satisfactory. The smaller value of K y in
p Pb collisions at energies above 1 TeV (Ref. 88) could
be due to the production of baryon—antibaryon pairs
in the central region, which decreases the fraction of
energy transferred to the y rays. In the calculation
of K for this case, pair production was taken into ac-
count in the proportions M :B:B=6:1:1.8°

The quark model also makes it possible to calculate
the probabilities of inelastic charge exchange, i.e.,
the fraction of events in which the electric charge of
the fastest secondary particle (irrespective of its
species) differs from the charge of the initial hadron.
Of greatest interest is double charge exchange, when
the charge difference is two. In meson-nucleon colli-

TABLE II. Comparison of the calculated inelasticity coef-
ficients K, (the lower numbers) with the experimental data
(the upper numbers).

CHg Al Fe Pb

n, 200—2000 GeV 0.1740.01 | 0.1940.02 | 0,19+40.02 | 0.21+0.02
0.17 0.19 0.21 0.23
0.33+0,02 | 0.384+0.04 | 0,37+0,05 | 0.39+0.04
0.31 0.31 0.31 30

0.17+0.01
0:19

A%, 200—2000 GeV
. 108—3.10% GeV - — -
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sions, such processes must be almost completely de-
termined by the production of fragmentation resonan-
ces (p,w,K*,...), as was noted earlier in Refs. 89
and 90. In the case of nuclear targets, an important
contribution is also made by processes with absorp-
tion of both incident quarks, when all the secondary
particles are produced from the sea.

For a beam of 7~ mesons, it follows from the quark-
counting rules® with allowance for (35) that the ratio
of the number of events in which the fastest particle
is positively or negatively charged is

Na—one  0ATVEL0.307F
T 0.43VF40.30VF

No-n-

If the contribution of the K mesons is ignored, this
ratio can be expressed directly in terms of the multi-
plicities of the fragmentation 7, p, and @ mesons. For
nondiffraction 7 collisions, we obtain
(nfs)+0.6 (nf)
Naone  2(nh)+3 (W) +-6(uy (46)

Namons

where (n/) is the multiplicity of the direct mesons and
it is assumed that (n}) =2(n})). The expression (46)
makes it possible to estimate the ratio of the yields of
vector and pseudovector mesons in the fragmentation
region,

5. THE MECHANISM OF QUARK—NUCLEUS
INTERACTIONS AND THE STRUCTURE OF THE
QUARK—QUARK AMPLITUDE

A. Multiple scatteving of a quark within a nucleus .
The results discussed in the previous section did not
depend on the specific mechanism of the interaction of
a constituent quark with a nucleus, which is of obvious
interest. In accordance with (43) and (44), the ratios
of the multiplicities of the secondary particles on nu-
clei and on the nucleon can be written in the form!?

R ()= () 25 2(34)

pN npN g4 ] ngq ’ aN
_ _Paa :R( ﬂA)”qA
nan 94 | ngq’

where #n,, is the multiplicity in the central region in pN
or 7N collisions. The experimental ratios R(pA/pN)
and R(wA/7N) are shown in Fig. 17, which is taken from
Ref. 10. In the region 1.5<7< 3.5, where (45) holds,
they are higher than R(pA/qA) and R(1A/qA), i.e.,

FIG. 17. Ratios of the multiplicities of charged particles on
nuclei and on the nucleon as functions of 7 for p and 7~ beams
at 200 GeV. The black circles are for zAg+ +Br, the contin-
uous steps are for Pb, and the broken steps for C, The
straight lines show the values of R(24) (43) R(Z) (45).
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the multiplicity in the case of interaction of a quark
with a nucleus is greater than in a quark-quark col-
lision.

As was discussed in Ref. 91, there are two possibi-
lities for explaining this phenomenon. One hypothesis
attributes the difference between n, andn,, to the
contribution-of the intranuclear cascades. Then the
difference must be observed only for comparatively
glow particles, which have time to form within the nu-
cleus, while for the faster hadrons the ratio 74, /7,
is expected to be near unity. Another hypothesis attri-
butes the difference between n,, and n,, to the inter-
action of a quark with several nucleons of the nucleus
by the simultaneous emission of several ladders. In
this case, ngy/n, Will be greater than unity everywhere
except the quark fragmentation region, where it is
important to take into account energy conservation.
This variant is very similar to the multiple-scatter-
ing model discussed in Sec. 3. It corresponds to the
presence in the amplitude of elastic quark-quark scat-
tering of Regge cuts, whose contribution to the quark—
nucleus amplitude increases strongly. At the same
time, it is assumed that the interaction between the
partons or the particles of the different ladders is
wealk %

If the quark-nucleus interaction is described by
the multiple-scattering model, then by analogy with
(27) we can obtain the cross section for inelastic inter-
action of a constituent quark with different numbers v
of nuclear nucleons in the form

o = = S @ [0, (5)]" exp [— 0T (B)]; (47)
o= 3, 0§ = | {1 —exp [—0,T B)I); (48)

where cr';;.‘od is the cross section for the production of
secondary particles in a quark—nucleus collision. Ina
single interaction of a nucleon with a nucleus, any one
of the three quarks interacts, and the other two remain
spectators (Fig. 18a). With allowance for (37), the cor-
responding cross section

O =3 5 % [ogT (b)] exp [—30,T (B)]

is equal to oilsy (27). A double interaction can now oc-

cur in two ways. Two quarks can interact separately
(Fig. 18b), or one quark may interact twice (see Fig.

18¢c). The contribution of these configurations are,
respectively,
3 5 42 [0,T (B2 exp [— 30,7 (B)] = = OfRea (49)
and
3 | aw 1 (0.7 (B)1% exp [—30,T (b)) = 5 OFtos- (50)

The fast secondary particles are produced in the
processes in Figs. 18b and 18c differently. In Fig. 18c,
baryon B in no way differs from the baryon in Fig. 18a,
and it also contains two spectator quarks, i.e., it has
x~2/3; but in the case of Fig. 18b, such a fast baryon
is improbable. On the other hand, the meson M in Fig.
18b is the same as in a single interaction, and in the
process in Fig. 18c the meson will probably be softer.
The processes in Figs. 18b and 18c strongly resemble
the processes considered earlier in Figs. 7c and 7d,
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FIG. 18. Single (a) and double (b, c) interaction of a nucleon
with a nucleus in the quark model.

and in the quark model the cross sections of the con-
figurations in Figs. 18b and 18c bear the ratio 2:1
[Egs. (49) and (50)].

Energy conservation is taken into account rather dif-
ferently in the multiple-scattering model and in the
quark model. Suppose the mean multiplicity of nega-
tively charged particles in pN collisions at energy E,
is

(n)py=a-+bInE,

In the multiple-scattering model,” it is assumed that
the multiplicity in a double interaction is twice the
multiplicity (n.),y taken at half the energy, i.e.,

(n)mp=2(a+b1n Ey/2) =2(n),n—2b1n2. (51)

In the quark model in the case of a proton beam almost
all the negatively charged particles are produced in the
central region, so that () in the process in Fig. 18b
is twice as large as in the case of Fig. 18a, and in the
process in Fig. 18c we can, as in (51), take twice the
multiplicity at the halved energy. Then we obtain

(=52 et A 2y —2bIn2)=2(n ),y — 512

At E,~10? GeV, b=0.9, so that (n.)3y exceeds (n Y
by about 0.8.” In collisions of higher order, the multi-
plicity in the quark model will also be higher than in
the multiple-scattering model, which evidently im-
proves the agreement with experiment in Fig. 11. How-
ever, this difference is not of a fundamental nature.
One can choose a different way to take into account en-
ergy conservation; for example, one can assume that
all proportions are equally probable®* or that the en-
ergy is divided in a geometric progression.”

On the basis of the cross sections (47) and (48), it is
easy to calculate the mean number of interactions of a
constituent quark in the nucleus:

Ao,
| (v) q
(V)ga = 3 Opa = —1—-
0%'?011 vt Oprod (52)

The total number of interactions of a hadron within a
nucleus is obtained by multiplying (52) by the mean
number of interacting quarks: N? (43) or N, (44). In
either case, we obtain a result which agrees with (32)
after (37) has been taken into account. Note that this
explains® the observed™ dependence on (v}, alone of
the ratio of the mean multiplicities of secondary par-
ticles on nuclei and on the nucleon.

Thus, the results of the multiple-scattering model
and the quark model agree if a constituent quark can

interact with either one or several nucleons (i.e., if

7) More accurate allowance for particle production in the beam
fragmentation region® reduces the difference to 0.5.
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there is an important contribution of cuts to the ampli-
tude of elastic scattering of a quark by a nucleus).

B. Analysis of the mean multiplicities of secondary
particles. In Ref. 30, an attempt was made to choose
between the two hypotheses under discussion by analy-
zing the data on the multiplicities of secondary par-
ticles in hadron-nuecleus collisions. If the multipli-
cities of the secondary particles in quark-nucleus and
quark-nucleon interactions are equal (hypothesis A),
the ratios of the multiplicities of the secondary parti-
cles in the central region and in the target fragmenta-
tion region must be equal to the mean number N,
=(V)u/(¥)ea of interacting quarks. But if there is a
multiple interaction of a quark in a nucleus (hypothesis
B), then this ratio will be (v),,.

To make a comparison with the experiments, the
theoretically estimated multiplicities (n,(hN)) of the
particles in the beam fragmentation region were sub-
tracted from the mean multiplicities in k4 and hp col-
lisions. In addition, allowance was made for the fact
that in hadron-nucleus collisions some of the slow
secondary particles are not included in the number
{(nepa. The difference between interactions with pro-
tons and neutrons was also taken into account. It was
then found that if the hypothesis A or B is correct, then
then one must have, respectively,®

BA {(Viga {ns (hA)) — (ny (N)) i

* T OB (nn () — 06— (nly (W) (53)
g L {ns (RA)) — {nfy, (hN)) i
s (Vha {nen (ip) — 0.6 —(nly (WN)—D (54)

where the small value of D =D((v),,,E) takes into ac-
count conservation of the energy if it is assumed to be
divided in a geometric progression.
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FIG, 19, Verification of the relations (53) and (54) for charged
secondary particles.
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The values of £*’ and £’ for different beams and
targets at energies above 10 GeV are given in Fig. 19,
which is taken from Ref. 30. It can be seen that the
relation (54) is satisfied with reasonable accuracy (the
characteristic errors are shown on the right-hand side
of the figure). The relation (53) is strongly violated,
which may be explained by the contribution of particles
produced in cascade interactions. The number of such
additionally produced hadrons, (1),4y, can be found in
each case by determining how many particles must be
subtracted from (n,(kA)) in the numerator of the ex-
pression (53) in order to obtain £*’=1. For the case
of proton and 7”-meson collisions with nuclei in photo-
graphic emulsion, this number is given in Fig. 20,
which is taken from Ref. 30, as a function of the initial
energy. The growth of (n(h Em)),44 with increasing en-
ergy, which is nearly logarithmic, does not accord
well with the hypothesis of cascade interactions of
secondary particles of moderate energy, since their
number is almost independent of the initial energy. In
addition, in the case of such a rapid growth of the con-
tribution of the intranuclear cascades one would ex-
pect a simultaneous increase in the number of slower
protons (which are included among the gray particles)
than occurs experimentally.?

Thus, the data on the mean multiplicities of the char-
ged particles favor hypothesis B, i.e., the assumption
of multiple scattering of the quarks in the nucleus. A
significant contribution of cascades to (n,),, is not re-
quired, though there is a contradiction between the be-
havior of (n(hA)) for p and 7~ beams.®

6. PROCESSES IN THE TARGET FRAGMENTATION
REGION

A. Cascade rescattering of spectator quarks of the
target. As we have shown, the observed phenomena in
hadron—nucleus collisions can be explained by assum-
ing that the interaction of the produced quark-partons
within the nucleus is insignificant because of the long
time required for their transition into new constituent
quarks and secondary hadrons, so that virtually only
the constituent quarks of the incident hadron interact.
However, in the framework of such a scheme, the
spectator quarks of the nuclear nucleons must also

4

{ np(AEM)) gdd

i} I 1 S R O O o ! 1 L
60 &0 100 200 Piab. GeVie

FIG. 20. Multiplicity of charged particles produced by intranu-
clear cascades on photoemulsion nuclei required to satisfy the
relation (53) as a function of the initial energy.
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interact within the nucleus. Once one of the quarks of
a nuclear nucleon has interacted with a fast particle
and “disintegrated” into partons, the other two quarks
begin to move under the influence of the color forces
and can undergo rescattering by other nucleons. The
momenta of these constituent quarks must be of the
same order (or probably somewhat less) than the mo-
menta of the fragmentation particles By;,B;,M; in
which they belong. The largest momentum in the lab-
oratory system among these particles is possessed by
the baryons B;: p~1.5 GeV/c at p, =0.3 GeV/c and

~2 GeV/c at p,=0.7 GeV/c (for mpz=m,); however, in
accordance with the quark combinatorial rules (36)

the probability of their production is low (~1/5). The
baryons B;; and the mesons M;, which are produced
with a higher probability, have smaller momenta (<1-
1.5 GeV/c), and therefore cascade interactions of the
constituent quarks of the target should hardly change
the multiplicity and other characteristics of the rela-
tivistic secondary particles. However, they may make
an important contribution to the production of the gray
particles (g). In such a case, their mean multiplicity,
which depends on A as (n,)~A%/3% will be equal to the
product of the mean number of constituent quarks
knocked out of the target, whichis equalto 2(v},,~A'3,
and the mean number {n,) of particles knocked out by
one such quark.

In every inelastic hadron-nucleon interaction, there
are two spectator quarks, and therefore (n,)? is the
sum of half the mean multiplicity of the slow particles
in an hN collision (these particles belong to the group of
g particles), which is ~0.45 according to the estimate
of Refs. 30 and 94, and the number of recoil protons
ejected from the nucleus as a result of the scattering
on them of a spectator quark. This last number can be
taken equal to half the mean number of gN interactions,
(nL** =YY (assuming that the number of protons is equal
to the number of neutrons), and estimated in accord-
ance with the expressions of the optical model. For
example, the cross section of n-fold rescattering of
particle 2 produced in the first interaction of particle
1 within the nucleus is

{ &
Offdeas = | 522 exp [— 0,7 (B)]

(e s

-)" lexp (6, — ) 7 (5)] —1]

—(G25)" wr o1 - (555)" T @
o= [0oT (07}
Finally, we obtain
(Rgdha = (Vhpa [0.45 + (n;esc“)]. (55)

Here, (n;*®') depends only on A, while (v),, depends
on A and on the species of the incident particle. The
results of calculation in accordance with (55) for o,
=10 mb are compared with the experimental data®® in
Table III. The agreement is unexpectedly good.?

Because of the same rescattering of the spectator
quarks, there will be a certain number of additional

%) Protons ejected from the nucleus as a result of the Fermi
motion can also be included in the group of the g particles,
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TABLE III. Comparison of calculated mean multiplicities
(ng) of gray particles with experiment at 200 GeV.

h-A
Data.
p-CNO p~-Em - -Em p-AgBr
Theory [Eq. (55)] 1.1 2.4 2.0 3.2
Experiment (Ref. 93) 0.85-+0.04 | 2.704+0.06 | 2.3840,04 | 3.36+0.08

protons with p > 700 MeV /c, and, as was required in
Sec. 3, some of the single-nucleon events will be
transferred to the group of many-nucleon events. But
if the momenta of the spectator quarks do not, as a
rule, exceed 1.5 GeV/c, then the protons ejected by
them will have p <1 GeV/c. Therefore, the number
of faster protons must be proportional to (v),,. This
is confirmed by the experimental data.?

At energies ~1 GeV, the quark structure of the nu-
clear nucleons is not yet manifested. With increasing
initial energy, it may happen that the main contribu-
tion to the target fragmentation process begins to be
made by the mechanism of rescattering of the specta-
tor quarks (and not the recoil nucleons), and then the
longitudinal momentum transferred to the nucleus
must be smaller. It could be that the transition to this
new regime is responsible for the experimentally ob-
served’® abrupt change in the angular characteristics
of the nuclear fragments when the initial energies are
increased from 3 to 10-20 GeV and the subsequent
constancy of these characteristics up to 300 GeV.

B. The fraction of double interactions in hadvon—
deuteron collisions. Rescattering of spectator quarks
of the target is evidently also manifested in inelastic
hadron—deuteron collisions at high energy.

Let us consider first processes without interaction
in the final state (Fig. 21). In the calculation of the
cross section a:)r',",;‘.c,‘Jl for the production of secondary par-
ticles, which is determined by the square of the modu-
lus of their sum, some graphs interfere (Figs. 21a,
21b, and 21d, and Figs. 21c and 21e), while others
(Figs. 21le and 21f) hardly interfere at all, since the
recoil nucleons in the inelastic hadron-hadron colli-
sions have momenta appreciably higher than the char-
acteristic nucleon momenta in the deuteron. The ab-
sorptive parts of the elastic hadron-deuteron scatter-
ing amplitude, which correspond to the particle-pro-
duction processes, are shown in Fig. 22. The absorp-
tive part in Fig. 22a corresponds to the sum of the
squares of the moduli in Figs. 21a-21c; Fig. 22b cor-

il =
= =

FIG. 21. Diffraction (a, b, d) and many-particle (c, e, f) pro-
cesses in hadron—deuteron collisions,
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D=l q

FIG. 22, Absorptive parts of the hadron—deuteron amplitude
corresponding to inelastic processes (Fig. 21).

responds to the interference of the graphs in Figs. 21a
and 21b; Fig. 22c shows the total contribution of the
interferences of Figs. 21a and 21b with Fig. 21d, and
also Fig. 21c with Fig. 21e; in Fig. 22d, we show the
sum of the squares of the moduli of the graphs in Figs.
21d and 21e; finally, Fig. 22e corresponds to the square

of the modulus of Fig. 21f. All these processes (apart
from the one shown in Fig. 22b) are associated with
cuts of one or two blocks of the hadron—nucleon inter-
action. A contribution to the cross section of the mul-
tiple processes from the cutting of one block is given
by the graphs in Figs. 22a and 22¢ (the latter is the ab-
sorptive correction to Fig. 22a) and in accordance with
(30) is

U',ﬁt Do 204, —4A expOin/0, (56)

where A, =4, is the experimental value of the shadow-
ing correction to the total kd cross section. In the
case of the cutting of two blocks, two cases are pos-
sible: elastic interaction with one nucleon and inelas-
tic with the other (Fig. 22d):

ol ¥ = 4A exp (001/0) (010/0), (57)

and inelastic interaction with both (Fig. 22e):

.2, &
Ojid

)= 2 exp (0/0)2 (58)

Allowance for the finite range of the hadron—nucleon
interaction changes (56)—(58) by not more than a few
percent.

In the analysis of the experiments on multiple pro-
duction in hd collisions made in Ref. 97, it was assum-
ed that two types of process are possible—interaction
with either one or both nucleons. In reality, as has
been shown, there are three types of processes: (56),
(57), and (58). In Regge language, the difference from
Ref. 97 consists in allowance for the cuts in the AN
amplitude, and although the processes (57) are to be
classified in accordance with the experimental method
of separating events as double interactions, oyouie; the
mean multiplicity, like all the other characteristics,
is here the same as in (56).

Allowance for the graphs in Fig. 23 with rescattering
of the spectator quarks, i.e., with final-state interac-
tion, does not change the value of a’,‘,ﬁ,,d. However, they
make some of the events with single interaction into
double processes. The fraction of such events depends
on the cross section of the interaction of the spectator
quark of the first nucleon with the second nucleon under
the condition that the momentum transfer is not too
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FIG. 23. Process with rescattering of a spectator quark of the
target in the hadron—deuteron interaction.

small. We shall assume that this cross section is ~10
mb and that either of the two spectator quarks can be
rescattered. To express the contribution of the graph
in Fig. 23 in terms of the cross section o2’ (58),
where the constant of the coupling to the second Reg-
geon is determined by a cross section ~30 mb in pd
collisions and ~20 mb in 7d collisions, it must also be
borne in mind that the two graphs in Fig. 21f, in which
the proton and neutron are interchanged, interfere,
and the graphs in Fig. 23 are not present. Then the
contributions to the cross section of double processes
from the rescattering of spectator quarks are

rescat 1 (2,2, _rescat 1 (2,2
Opd zgl’;d P Ond R Ond (59)

and the total cross section of double interactions is
Oaoubte = Oha 4 0f% 2 afgeat, (60)

The values of o' ', o}, and 5% are given in

‘Table IV. For comparison, we also give the results
of the calculations of Ref. 97 and the experimental
data given there and also later in Ref. 98 on the cross
sections of double interactions in pd and nd collisions.
It can be seen that allowance for rescattering of the
spectator quarks of the target explains the experimen-
tal data. If it is assumed that the particles produced
in the central region have sufficient time to form and
can also be rescattered, then the cross section of

the double processes is clearly too large [since each
pion makes a contribution of order of**** (59)]. An
attempt to explain the observed fraction of double in-
teractions by rescatterings of secondary particles was
made in the papers of Ref. 99, but in the first of them
the calculations were made in the impulse approxima-
tion, and in the second the cross section 2™’ was
taken to be much smaller than in (58). As a result, to
describe the experiments in Ref. 99 an appreciable

TABLE IV, Calculated cross sections of interactions with
two nucleons in hd collisions and the experimental data. The
values are given in mb.

exp
double » 2.4 2.3 t
nd | AgpoRef. | Refs.97 | Ref.97 |ohg' [ofG®, lapeeat, Tdpubler
100 | and 98 (57) | (58) | (59) (
pd 4.14+0.11 [10.440,7| 8.28+0,22 | 2.5 55| 1,8 9.8
100 GeV

pd 4.2640.11 | 9.9+1.0| 8,52+0.22 | 2.5 5.7 1.9 10.1
pd 4.33+0.11 |12.1+1.1| 8.66+0,22 | 2.6 5.8 1.9 10.3

pd 4.45+0.15 | 12.4+0.8| 8.90+0.30 | 2.7 5.9 2.0 10,6
400 GeV

ntd 1.804+0.14 [ 4.84+0.5] 3.60+0.28 | 0.9 2.7 1.3 4.9
100 GeV

nd 1.83+0.12 | 5.9+0.8| 3,62+0.24 | 0.9 2.7 1.3 4.9
205 GeV

n-d | 2.15+£0.20 | 5.34+0,7| 4.30+0.40 | 1.0 | 3.2 | 1.6 5.8
300 GeVv
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rescattering contribution, corresponding to the value
p?=0.7 GeV? in the expression (1), was taken.

7. THE SIZE OF A CONSTITUENT QUARK AND THE
FORMATION TIME OF SECONDARY PARTICLES

A. The yields of secondary particles in deep inelas -
tic processes on nuclei. As was pointed out in Sec. 3,
the entire difference between deep inelastic interac-
tions of leptons with nuclei and the free nucleon can be
explained by the Fermi motion of the nucleons in the
nucleus and rescattering of the secondary particles.
Then the multiplicities of sufficiently fast secondary
particles must be equal. However, the experiment of
Ref. 101 on eA interactions in the range 7< W?< 31
GeV? at (Q% ~1 GeV? revealed an entirely different
behavior. The multiplicities of fast particles (with
z=pms/pm = 0.5) produced on Sn and Cu nuclei were
found to be 1.5-2 times less than for a deuterium tar-
get; at smaller z, the difference was somewhat less.
There are two diametrically opposed explanations of
this experiment. According to the one,!’® the entire
difference is due to rescattering of secondary particles.
For this, the parameter p? in (1) must be taken equal
to ~0.7 GeV?, although such a large value of p® must
contradict the behavior of the multiplicities of the
secondary baryons and mesons discussed in Sec. 4.

In Ref. 103, the observed phenomena are attributed to
absorption of a quark knocked out in the deep inelastic
process.

There is a possibility of distinguishing between these
two hypotheses by extending the range of variation of
the variables @ and v and increasing the statistics.

In the framework of the first hypothesis, an increase
in the energy v will increase the formation length of
the fast secondary particles (with not too small z), and
the formation length will finally become greater than
the nuclear diameter. Then the ratio

R@=[F0*+a—>h+X)][[F 0" +d>n+X)]

of the multiplicities of such particles reaches unity
when z > z; and will not change any more. With in-
creasing v, the value of z; must decrease. In contrast,
in the second model the ratio R(z) is determined by the
value of the quark—nucleon cross section and must
therefore be virtually independent of ». However, in
the model of Ref. 102 it is assumed that the virtual y
ray interacts with point quark—-partons, i.e., the value
of @* already appreciably exceeds the square of the
reciprocal radius of a constituent quark, and there-
fore R(z) must not depend on @*. In the model of Ref.
103, in contrast, it is actually assumed that it is not

a point quark—parton which is knocked out of a nuclear
nucleon but a constituent quark, which has a definite
cross section for interaction with a nucleon and, there-
fore, a definite size. With increasing @%, the proba-
bility of such processes must decrease, since the in-
teraction basically begins to take place with point
quark-partons, and the value of R(z) will tend to unity.

Thus, in both models we must expect the relation
R(z > z5) =1 to hold at sufficiently large values of Q?
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and v. Measuring R(z~1) (to avoid the contribution

of multistep transitions) at fixed values of Q* as a func-
tion of ¥, we can determine the formation time of the
secondary particles. Evidently, the most interesting
interval is ~1 GeV < v < 20-50 GeV. Taking » (or W?)
sufficiently large, where cascade rescatterings are
already unimportant, and varying @, we can deter-
mine the new characteristic scale of the strong inter-
actions—the radius of a constituent quark. We expect
the dependence

R(Q% z>n)=1—[1—Ry(z>=)] F7(Q%), (61)

where Fu(Qz) is the form factor of the constituent quark
and for @° values which are not large can be repre-
sented in the form F,(@%) =1 -1/6,2Q?%, and

g4
Oprod
Aagg

Ry (2> 29) =

is the value of R(Q?) for 1/R% « 1/6Q* < 1/»%. Accord-
ing to the existing estimates, #2~0.5-1 GeV,'" and
therefore the range ~1 < @* <~30 GeV® is of greatest
interest for verifying (61).

The rescattering of the ejected constituent quark
must increase the multiplicity of the secondary par-
ticles compared with lepton—nucleon collisons, imitat-
ing an intranuclear cascade. Such an increase was ob-
served in Ref. 105. When @? is increased, the differ-
ence between (n,) on nuclei and on the nucleon must de-
crease in proportion to F%(Q?).

B. The formation time of the secondavy particles. As
can be seen from Fig. 15, the ratios of the yields of
secondary baryons and mesons at high and medium en-
ergies are equal to within the errors. It follows from
this that protons with p ~10 GeV/c and r” and K* me-
sons with p ~6 GeV/c are formed outside the nucleus.
This conclusion is confirmed by comparing the experi-
mental data with the two calculated variants in Fig. 15b.
Of course, the determination of the parameter p?* in (1)
from the experimental data requires a special investi-
gation, but its value can already be estimated roughly.
The estimates of Ref. 106, made in the framework of
the optical model, show that the effects of absorption
in heavy nuclei begin to be manifested at formation
lengths I ~10 F and become very important for [ < 7-8
F; then we find from (1) that the value of p? does not
exceed 0.15-0.2 GeV®. A bound of the same order is
obtained by analyzing the energy dependence of the
multiplicity of the fragmentation products of the nu-
cleus, i.e., the gray and black prongs.”*

An even stronger bound on p? arises from the com-
parison of the yields of antiprotons and r~ mesons with
momenta ~1 GeV/c in pA collisions.'®® This leads to
values p?<0.03-0.05 GeV’. Nevertheless, as we
pointed out in Sec. 6, a certain contribution of cascade
rescatterings is neverthelss possible if one takes into
account the already formed spectator quarks of the tar-
get. For a final decision concerning the formation
time of the secondary particles, we evidently require
fairly detailed data on deep inelastic electroproduction
and neutrino processes on nuclei and a more detailed
theoretical analysis.
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CONCLUSIONS

At the present time, the picture of inelastic had-
ron-nucleus collisions at high energy is as follows.
When a nucleus is struck, one, two, or three constitu-
ent quarks of the initial particle interact inelastically,
the interactions taking place independently of one
another. Each quark may interact with one or several
nucleons, and in all the interactions it is essentially
only those quarks present at the time of the collision in
either the initial particle or the nucleons of the nucleus
that participate. Such a picture agrees well with the
available experimental data and suggests a number of
predictions which can be tested experimentally.

In the framework of such ideas, important informa-
tion was obtained about the properties of the strong in-
teraction. Thus, it can be regarded as established
that the secondary particles are not produced instan-
taneously but are formed during a certain time, this
being fairly long from the point of view of the natural
scales. There are very weighty arguments supporting
the view that the matter within hadrons is distributed
nonuniformly —the point quarks and gluons are grouped
in two or three spatially separated clouds which have
the quantum numbers of a valence quark. Finally, the
quark-quark scattering amplitude is assumed to con-
sist of a sum of several contributions, their relative
magnitudes in the quark—nucleus interaction depending
onA.,

The most important tasks in the immediate future are
to verify and make more accurate these results. It is
necessary to establish the variables on which the for-
mation time of the secondary particles depends, to
establish whether the size of the constituent quarks is
manifested in deep inelastic processes, to determine
whether the strange constituent quark really does have
a smaller cross section than the nonstrange quarks,?
etc. For this, we need new experiments on the interac-
tions of hadrons and leptons with nuclei at intermedi-
ate and high energies.

I thank V. V. Anisovich, V. G. Grishin, and V. M.
Shekhter for valuable discussions.
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