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INTRODUCTION

The multiperipheral theory has served as the princi-
pal scheme for describing inelastic interactions of high-
energy particles for more than a decade. So far, how-
ever, it is more readily successful in the qualitative
rather than in the exact and complete quantitative de-
scription of these processes, although it should be
noted that the application of the simplest variants to
particular reactions has been quite successful. More-
over, even the qualitative features of the multiperiph-
eral scheme can change form when its more complicat-
ed variants are considered. In any case, however, this
scheme points the way towards classification of many-
particle events and the choice of the variables for their
description. The use of the unitarity condition makes it
possible to reveal with the aid of the same scheme also
the main characteristics of elastic scattering, thus
relating the scheme with the Regge approach.

We consider below all these aspects of the multi-
peripheral model, with particular emphasis on the
debatable or still incompletely developed problems.

The multiperipherism idea itself consists of a natural
generalization of the concepts concerning the peripheral
hadron interaction. !~® The development of these ideas
has made considerable progress after the introduction
of Feynman diagrams with one-meson exchange®'® and
after formulation of the one-meson approximation. An
essential attractive feature of the multiperipheral ap-
proach is that while it combines all the physical ideas
of the one-meson approximation, it is based on a more
powerful mathematical foundation, namely an integral
-equation® whose solution leads to conclusions concern-
ing the character of the inelastic and elastic particle
interaction processes. It is very important here that the
integral equation can be obtained from the general field-
theoretical Bethe—Salpeter equation, ® with the aid of
which it is possible to obtain a consistent interpretation
of the kernel of the equation as the aggregate of a def-
inite class of Feynman diagrams, and consequently
understand the connection between the different multi-
peripheral schemes employed. We emphasize that the
kernel of the integral equation of the multiperipheral
theory is not determined by the main premises of the
theory, and is chosen only phenomenologically. It be-
comes necessary here to make definite assumptions
concerning certain quantities, and a number of the
parameters must be left arbitrary until a comparison
is made with experiment. Nonetheless, even during this
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stage it is possible to explain the qualitative and in some
cases also the quantitative characteristics of the in-
elastic processes and to connect them with the proper-
ties of the amplitude of the shadow elastic scattering.
This connection turns out to be very fruitful, since the
characteristic of elastic scattering (and of the associat-
ed optical theorem for the total cross section) are
known most accurately and can be used to determine
the parameters of the model. All the predictions con-
cerning the inelastic processes can now be made using
already a much smaller number of free parameters. At
present, to prove the viability of one multiperipheral
model or another it is necessary not only to describe
the main qualitative features of the experimental data,
but also to compare a large number of theoretically
calculated quantitative characteristics with experiments
on elastic and inelastic processes.

1. CORRESPONDENCE BETWEEN VARIOUS
MULTIPERIPHERAL SCHEMES

The connection between various multiperipheral mod-
els will be demonstrated within the framework of a
single approach, based on the Bethe—Salpeter equation.
We consider for simplicity the interaction of two pions.
The elastic-scattering amplitude A satisfies the
equation

As, b, L a)= s 8, pT.a) —ﬁ j A (81, 8 DY, 3, KL 0)
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which is shown graphically in Fig. 1, where all the
particle momenta p; are indicated; s=— (p, +b,)%
t==(p, +_}'_’3)2; S;== (P, =R,V 8= = (P + &y ; ky=1,
+p, —k,; A stands for the irreducible (in the ¢-channel)
part of the amplitude®’; D(k%) are the propagation func-
tions [D(k*)= (k*+ p?)?, where p is the pion mass].

Expanding the amplitude in partial waves in the /-
channel:
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FIG. 1. Diagram form of the equation for the elastic-scatter-
ing amplitude.
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FIG. 2. Equation for the total cross sections; a) diagram
representation, b) iteration solution.

(the expansion for A is analogous) and regularizing the
behavior of the partial waves at the threshold by in-
troducing the functions

= B = AT (3)

it is easy® to obtain from (1) an equation for the partial
amplitudes; at /=0 this equation is
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where p?=p2=p%; R*=kI=FZ; I is the isospin in the ¢-
channel.

Using the inverse Sommerfeld-Watson transformation
i {.-’qn’»‘)’f{_':— \ AL O, (2) da. (5)
“min
it is easy to obtain the following equation for the
imaginary part of the amplitude at {=0:
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The integration region in (6) is determined by the
conditions

a

=k (s pR— B —APUC) (8 - PP PP P (s R )
(31 PP R (32 - B2 — ) (s - p? - p?) S (7)
s, ViV e -V
With the aid of the optical theorem
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we obtain from (6) an equation for the total cross sec-
tion o(s, p?):

(s, p?)=a(s, p*)
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where
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(10)

Equations (4), (6), and (9) are the fundamental equa-
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tions used in the theoretical description of the inelastic
processes (9) and the singularities of the partial am-
plitudes of the shadow elastic scattering in the crossing
channel (4).

Equation (9) was first derived in Ref. 8, although its
representation in the form of an iteration series was
used even earlier. '® The diagram representation of
this equation for inelastic processes, and also its itera-
tion solution, are given in Fig. 2. The rectangles in
this figure show the irreducible term and the kernel of
this equation, which describe non-one-meson nonperiph-
eral processes.?’ The integral term of the equation is
the total cross section of the peripheral processes,
i.e., processes due to one-meson exchange.

Usually Eq. (9) and the method of its derivation raise
a number of questions, principal among which are the
following: Why is the pion chosen as the exchanged
particle, rather than some other particle (possibly also
a reggeized one), and in what form should one choose
@ (or, equivalently, A,)?

It must be stated that various multiperipheral models
differ precisely in the fact that their answers to these
two questions are different. Their assessment can
therefore establish the correspondence between the
various schemes.

In principle, an equation of the type (9) can be written
down purely formally by choosing as the basis diagrams
with exchange of any mesons. Such an equation, how-
ever, would have two unfavorable features in compari-
son with (9): First, the kernel of the equation would be
determined by the cross section for the interaction of
those mesons about which we know much less than about
pion interaction. Second, the presence of a much larger
mass than the pion mass in the propagators in the in-
tegral term would greatly reduce the role of this term
and make the conditions of the problem worse, since
the total cross section would be specified to an ever in-
creasing degree by an inhomogeneous term of the equa-
tion, which would be chosen ad hoc. Allowance for non-
one-pion exchanges will therefore be made in @, and by
the same token the entire problem will be reduced to the
second question.

The choice of a reggeized exchange pion, while some-
times useful, does not change the main results. It does,
however, complicate Eq. (9) appreciably, since this
equation goes over into the so-called Chew—Gold-
berger—Low equation. ' The only noticeable difference
between the results and those obtained in the case of
nonreggeized exchange lies in the distribution with

. respect to the Treiman—Yang angle, !* which now be-

comes anisotropic.

All the other distributions in which integration is
carried out with respect to this angle can be made the
same in both cases by suitable choice of the behavior
of @ off the mass shell. '+

The quantity 0 is the stumbling block of all the multi-
peripheral schemes. All we know about it is that it is
necessary to take into account here all the nonperipher-
al (non-one-meson) diagrams. This requirement, how=-
ever, is not too specific and affords a great leeway in
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the choice of the form of the function o(s, p?, k). This
function is chosen phenomenologically. The difference
between the numerous models lies in the differences in
the behavior of @ as a function of s and k?. The main
parameters that arise in this case are connected with
the asymptotic form with respect to s and with the rate
of decrease as a function of A2,

In particular, if

T~ as s-—oo0, ) (11)

then one of these parameters is I, which in the language
of partial waves is connected with the approximation of
the irreducible partial amplitude in the form of a pole at
the point !=1. The multiperipheral equations can be
made self-consistent only if /< 1 (we shall return to
this question later).

The dependences on s and k? are usually chosen either
factorized, of the type

o G(s, k) =0 (s, K- — PN F(RY), (12)

where F(k?) is assumed to decrease with increasing k2,
or else in schemes with exchange of reggeized particles
in the usual Regge form

2 (h2)

G (s, k?) ~ 5 ~ exp [a (k*) Ins], (13)

where a(k?) is chosen such that ¢ decreases with in-
creasing k% at large k®. Over a small interval of varia-
tion of s, the difference between (12) and (13) is also
small. Therefore the main parameter in (12) and (13) is
the effective value of k% over which a noticeable de-
crease of the kernel 7 takes place with increasing k2.

The simplest model was proposed first by Amati

et al.® The main results of the model (Regge behavior,
scaling, etc.) are well known. In this model the periph-
eral processes consist only of low-energy pion interac-
tions, and in particular, of the production at each node
of the diagram of one resonance, namely the p meson.
The necessary condition of the model is that the cross
section 0 be integrable with respect to s:

=

S G (s)ds < oo, (14)

*min

i.e., I<0. Owing to such a rapid decrease with energy,
the dependence on %#? was neglected, i.e., it was as-
sumed that F(k?)=1, meaning that the interaction off the
mass shell is the same as for real pions.

The main shortcoming of this model is that the total
cross section decreases with increasing energy (asymp-
totically not slower than s™*7), in contradiction to the
experimental data at high energies. As shown in Ref. 9,
this is due to the smallness of the numerical factor in
front of the integral term of the equation for the total
cross section, a factor that appears as a result of the
propagation function of the exchanged virtual particle.
Constancy of the total cross section can be attained only
if 7 is large enough even outside the region of the
resonances at s~10 GeV?, i.e., if a noticeable contri-
bution is made by events with production of large-mass
pion systems (approximately up to 3 GeV). Since such
pion systems have been observed in the interaction of
cosmic rays, !° the theoretically observed pion groups
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were called fireballs, in accord with the terminology
used in cosmic-ray study.

A detailed investigation'® has confirmed the conclusion
that the sum of all resonances, when substituted for
T in (9), cannot ensure a constant total cross section. In
Ref. 16 it was assumed that

=35, (15)

where G, is the resonance production cross section and
the summation is over all the resonances.

At the present time allowance for the high-energy in-
teraction of the pions in the blocks of the multiperiph-
eral diagrams is universally recognized, but the partic-
ular ways of making this allowance differ noticeably
from one another,

Thus, in some papers'’™ it is proposed to add to the
sum of all the pion resonances the cross section of only
the elastic interaction of the pions at high energies,
i.e., to assume that

A (16)

where 0, is the cross section for the elastic diffraction
scattering at high energies. In this case, by suitable
choice of the parameters, it is possible to obtain practi-
cal constancy of the total eross section in a wide energy
interval.!” We note, however, that the form factor

F(%k?) [see (12)] chosen in Ref. 17 is much larger than
unity in a wide range of values of k%, and differs in its
behavior from all the experimentally known form fac-
tors. Nevertheless, even with such a “growing” form
factor it is impossible to obtain the required value of
the total cross section (the value =12 mb which is the
starting point in Ref. 17), and a low average multiplicity
of the processes is obtained.

Consequently, the non-one-pion inelastic processes
should become important, i.e., at high energies ¢
should receive contributions not only from elastic
scattering but also from the inelastic interactions®:

(1n

RN,

where 0, is the cross section of inelastic non-one-pion
processes. We note that it is precisely this contribution
0, which was set in correspondence with the fireball-
production processes in Ref. 9. In connection with the
experimental indications that the angular distribution of
the fireball decay products is nearly isotropic in the
fireball proper reference frame, the hypothesis was
advanced (to which we shall return later) that the cor-
responding inelastic processes in ¢ have a statistical
character, and if their contribution ¢, does depend on
the energy at all, the dependence is extremely weak.

Another assumption used in Refs. 21—23 is that the

g
LL\Y__ ”
1
Pi : FIG. 3. Example of diagram with

o non-one-pion exchange.
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FIG. 4. Dependence of the total pp-interaction cross section
on the energy. The figure shows the pp-interaction cross
sections at energies up to 70 GeV: 1—CERN—Rome;
2—CERN—Rome (Coulomb); 3—Pisa-Stony Brook; 4—NAL:
5—Serpukhov; ----—0¢= 38+ 0. 68 In(p/100); —— —o=60[1
—3/(Inp+ 3)1.

inelastic processes that enter in 0, are due to single-
particle (but not to one-pion) exchange, and that the
interaction of the virtual exchanged resonances, which
are assumed reggeized in Refs. 21—25, leads to the
production of single real particles or resonances. The
diagram form of this hypothesis is shown in Fig. 3,
where one of the diagrams contributing to -0, in the case
of 77 interaction is shown by way of example. We note
that as a result of this assumption the elastic scattering
of the pions makes no contribution to @ at high energies,
i.e., 5,=0in (17).

Thus, the number of models used in the multiperiph-
eral approach is large. We have touched upon here only
on those that claim to describe at least the main quali-
tative regularities that are deduced from the experimen-
tal data. In the next section we consider the conclusions
and results of these models and their agreement with
experiment.

2. EXPERIMENTAL DATA AT HIGH ENERGIES
AND THEIR DESCRIPTION BY THE
MULTIPERIPHERAL THEORY

Energy dependence of the total cvoss sections. At the
present time the behavior of the proton-proton interac-
tion cross section® is known over a very wide energy
interval (Fig. 4). The decrease of the cross section in
the interval from 10 to 30 GeV gives way to a plateau at
energies 30—70 GeV, and at high energies the cross
section is seen to have an increase, which reaches ap-
proximately 12% of the plateau level at 1500 GeV. The
behavior of the cross section of the other processes
(pion-proton, kaon-proton, ete.), which is known up to
70 GeV, is similar to the proton-proton cross section
and is usually attributed to exchange of the leading poles
in the f-channel and to cuts in conjunction with a family
of poles at ;= 0.5 in the I plane. This explanation pre-
dicted also (see, e.g., Ref. 25) a pre-asymptotic
growth of the cross section which was much less than
that observed in experiment (compare the coefficients
of the terms of type In"'p in Fig. 1 with those in Ref.
25). At the same time, in some theoretical models
(e.g., in the eikonal model with exchange of vector or
tensor particles®®), an asymptotic growth of the total
cross sections was predicted.
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It is therefore of interest to ascertain whether the
asymptotic region has been reached with the CERN
colliding beams, or whether these are still pre-
asymptotic data. In my opinion, there are enough con-
vineing arguments for assuming that the asymptotic val-
ues have not yet been reached. The simplest argument
is that the observed growth is still much smaller than
the cross section in the region of the plateau, i.e., in
all the theoretical approximations with increasing cross
section the term that is leading from the point of view
of increase with energy has not yet become numerically
the principal one [as e.g., in the formula that yields a
cross section that increases as In’p (see Fig. 4)]. It
is therefore still impossible to speak of the asymptotic

" region in the rigorous sense. One can imagine, how-

ever, a situation in which there is a dependence of the
type shown in Fig. 4 both in this energy region and at
still higher energies, i.e., the formula

0 =38+ 0.681u® (p 100) ; (18)

will hold true also in the asymptotic limit.® In this case
the asymptotic formulas should hold true at these values
of the energy also for other quantities, for example for
the slope of the diffraction peak. There is, however, a
close connection between the behavior of the total cross
section and the slope of the diffraction peak. If we de-
fine the slope b(s) of the peak by the relation

do di = (dodi), qexp |b(s)1], (19)

where do/dt is the differential cross section for elastic
scattering, and if it is recognized that the optical the-
orem leads to the relation

(do df)y o- 0 (1 \?) 16, (20)

[where A is the ratio of the real elastic-scattering
amplitude to its imaginary part at /=0], then integra-
tion of (19) yields:

167t (5) 60~ - 0% (1= A2). (21)

where ¢, is the total elastic-scattering cross section.
Owing to the obvious relation o, <o we have

@ < 16ab (s). (22)

Although this limitation is very weak numerically, it
does follow from (22) that the slope of the peak b(s) can-
not increase asymptotically more weakly than the total
cross section, i.e., if the asymptotic behavior already
sets in in the total cross section and terms of the type
In®p do appear, then the same regularities should ap-
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FIG. 5. Energy dependence of reciprocal diffraction=peak
width: 1) Beznogikh et al. ; 2) Amaldi ef al.; 3) Barbiellini et al.
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pear also in the b(s) dependence. Experiment points to
the opposite situation (Fig. 5): if the slope increases
logarithmically to 70 GeV, then at higher energies this
growth not only fails to increase, but even slows down.
It follows from all this that the energies attained at ISR
are still pre-asymptotic.

How is this pre-asymptotic behavior to be treated and
what behavior of the cross sections can be expected
here?

The most detailed quantitative estimates have been
made in the Regge approach mentioned above. Here the
growth of the cross sections in the pre-asymptotic re-
gion is due to the damping out, like In"'p, of the nega-
tive corrections to the main term. But the growth of the
cross sections turns out to be much larger (if the ex-
perimental data do not change) than the theoretically ob-
tained result.?® Asymptotically, on the other hand, the
total cross sections decrease here in power-law fashion,
with a small exponent. A regime of this type appears
also in the multiperipheral theory. We shall discuss it
later, and note here only that in the eikonal approxima-
tion there is an example of a very interesting regime, *
where the total cross section in the pre-asymptotic re-
gion increases like In®s, but in the asymptotic region
this regime turns into a superweak growth of the Inlns
type. The slope of the diffraction peak increases weak-
ly here even in the pre-asymptotic region, and becomes
almost constant. This picture agrees qualitatively with
the experimentally observed results.

It is impossible to distinguish, by means of the ener-
gy dependence, the asymptotic predictions of the Regge
approach, with allowance for cuts, from the superweak
regime obtained in the asymptotic region. There is,
however, a numerical difference, owing to the different
behavior in the pre-asymptotic region. Namely, where-
as in the Regge approach the cross section at 10° GeV
is approximately 60 mb, in the eikonal variant it rises
to 100—120 mb at the same energies. Thus, the predic-
tions in these cases differ significantly from each other,
and in principle this is experimentally verifiable.

The equations of the multiperipheral approach, as
shown already in Ref. 8, admit of a power-law behavior
of the amplitude A, as a function of the energy s, and
consequently admit of a power-law energy dependence
-of the cross sections. From the point of view of Eq. (4)
for the partial amplitudes, this means that the solution
of this equation can have a simple pole at /<1. These
equations, however, admit also of the possible appear-
ance of multiple poles, and this leads to the presence
of logarithmic dependences in the behavior of the total
cross sections. The leeway is limited only by the ob-
vious requirement

(23)

It follows from the fact that the entire elastic scatter-
ing must (by definition) be included in the kernel of the
equation T, which at the same time is smaller than the
total cross section as a result of the fact that all con-
tributions to Eq. (9) are positive. This requirement
leads in particular to the result that the power depen-
dence of the cross section on energy turns out to be

T =0 o< 0.
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self-consistent in Eq. (9) only in the case when the
leading pole is located at I <1, i, e., strictly speaking,
an asymptotically constant cross section is inadmissible
in the multiperipheral model. T It appears that the same
requirement fobids also growing asymptotic cross sec-
tions in this theory.

In practice, however, the deviation of the pole from
the point /=1 may be extremely small. Thus, a self-
consistent solution of the multiperipheral equations®
has led to the conclusion that the principal pole lies
very close to unity at

(24)

71—, where & = 3-107%.

This means that the cross section will decrease asymp-
totically in power-law fashion, but with a very small
exponent e=5X10"%:

(25)

The question of the pre-asymptotic behavior depends to
a considerable degree on the parameters of the kernel
@ of the equation. But in this connection an important
role is played by a conclusion deduced in Ref. 20,
namely, that to reach the asymptotic regime (25) and to
describe the experimental data up to 70 GeV energy it
is necessary that @ decrease weakly with increasing
energy in the entire energy interval. This will cause, in
particular, all the iterations of ¢ to decrease asymp-
totically weakly with energy, but in the pre-asymptotic
region it is possible to have even an increase of the
iteration cross sections. This is due to a characteristic
feature of the integral term in (9), a feature noted
already in Ref. 10, namely that each successive intera-
tion leads to accumulation of one more degree of the
logarithm of the energy in the behavior of the cross
section. Although asymptotically this logarithm is not
important, owing to the additional weak power depen-
dence, in the pre-asymptotic region the logarithmic
behavior may turn out to be stronger and ensure an in-
crease of the cross section. An example of such a
growth was first given in Ref. 28 and was later in-
vestigated in detail in the review®® by Dremin ef al.

G~57F a3 §—>00.

Physically, the growth of the cross section is due to
the appearance of new reaction channels. Thus, where-
as in the interval from 10 to 100 GeV an important role
is assumed in pp interactions by events with two-proton
excitations, at energies approximately from 100 to 1000
GeV the contribution of the third-iteration processes,
with formation of one pion block between two excited
nucleons, becomes already important, and at energies
from 10° to 10* GeV processes with two pion blocks
come into play. The masses of these blocks are rela-
tively large, on the order of 3 GeV, and it is this which
causes this slow sequence of the iterations (see Ref.
11). These are precisely the pion clusters that were
named fireballs.® The appearance of one fireball
(energy ~ 100 GeV) opens up the pre-asymptotic region,
and one can expect three fireballs to be sufficient al-
ready to reach the asymptotic regime, which conse-
quently sets in at energies ~10° GeV. In this energy
region, one should expect a noticeably weakening energy
dependence, which flattens out and eventually decreas-
es. At the same time, the role of inelastic diffraction
also increases, and can contribute, from the multi-
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FIG. 6. Dependence of the growth
of the average multiplicity of the
charged particles on the energy.
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peripheral point of view, both directly to the irreducible
term of Eq. (9), and to its integral term (owing to the
contribution of the elastic scattering 7, to the kernel of
the equation).

Average multiplicily. The number of secondary parti-
cles produced in the collisions increases with increas-
ing energy. This growth is rather weak in comparison
with the maximum possible (~s/?) and is well approxi-
mated by a logarithmic energy dependence (Fig. 6).
This dependence is obtained naturally in the multi-
pheripheral theory, ® when the masses of the blocks are
strongly limited and each block emits a finite number
of particles. In this case the growth of the multiplicity
is due simply to the increase in the number of blocks
with increasing energy, which obeys a logarithmic law.

The total-multiplicity growth rate, determined by the
coefficient of In s, depends strongly on the model of the
process, i.e., on the mass of the block and on the
character of its decay. We note that models in which
the block breaks up into the “maximum” number of
particles (e.g., statistically with approximate energy
0.4—0.5 GeV per secondary particle in the rest system
of the block), lead to a coefficient on the order of 2.5
(Ref. 11), whereas the production of small-mass blocks
(say of p mesons) or “pheripheral” decay of the blocks
themselves (on account of single-particle but not one-
pion exchanges) leads usually to a coefficient smaller
than or of the order of unity. !%:22:23 Experiment favors a
coefficient noticeably larger than unity (see Fig. 6).
Therefore in the models of the second type the only way
out is to attribute the greater part of the effect to the
irreducible (nonperipheral) term, which is frequently
represented in the form of a simultaneous formation
of two or several parallel multipheripheral chains, and
this naturally improves the picture of the distribution
with respect to multiplicity.

We note, however, that within the framework of the
multiperipheral theory there is also another possible
situation, wherein the masses of the blocks are weakly
bounded, and the decay of the block itself follows a
power law, i.e., the average number of particles in the
block increases with its mass in power-law fashion:

%, ~M°. In this case a power-law increase of the
average multiplicity with energy is possible. These
possibilities have not yet been investigated analytically
in detail.

Inclusive distributions with vespect to the longitudinal
momenium, A characteristic feature of inclusive dis-
tributions with respect to the 1ongit{1dina1 momentum,
one most extensively discussed of late, is scaling. This
property is manifest in the fact that at asymptotically
high energies (s — ) the invariant differential cross
sections should, in accordance with a suggestion by
Feynman, *° be functions of the ratio of the longitudinal
momentum of the secondary particle to the collision
energy in the c, m, s., but not of each of these variables
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separately, i.e.,

Ed%a/d3p, . wy = f (2, p.), (26)
where x=2p,/Vs, (p, E) are the momentum and energy
of the secondary particle. Instead of the distribution
with respect to the longitudinal momenta, one frequently
considers the distribution with respect to the rapidity »:

y=—5 W I(E +p)(E—p) 217)

or, if only the particle emission angles are measured
and not their momenta, one uses the distribution with
respect to the quantity

n=Inf(p - p)(p—p)l=Intg0:2. (28)

Therefore, whenever we refer to the quantity y, we
shall mean actually 7 if we deal with experiments in
which only the particle emission angles are measured.
Even from cosmic-ray experiments it followed that a
hierarchy exists in the establishment of scaling at high
energies. 3! This has now been confirmed by the CERN
colliding-beam experiments. ** The experiments indicate
the presence of three types of secondary particles, ®
resulting from pionization, fragmentation, and diffrac-
tion. By diffraction particles one means quasielastical-
ly scattered primary particles with 0.95<x<1. Frag-
mentation particles are those carrying away a finite

(as s— «) fraction of the momentum of the primary
particles. At present-day energies, they are arbitrarily
defined as particles with 0.1<x <0.8. Pionization par-
ticles fill the region near x =0 and make the largest
contribution to the average multiplicity.

In terms of the variable y, the diffraction and frag-
mentation particles are at the outermost edges of the
distribution, whereas the pionization particles occupy
the bulk of the space in the y scale. In the fragmentation
region, the pions reach scaling most rapidly (already at
energies close to 30 GeV). In the pionization region,
however, at x=0, the pion distributions increase by
approximately a factor of two from 30 to 1500 GeV, and
it appears that they reach scaling at this energy with an
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FIG. 7. Approach to scaling of inclusive distributions of pions
at x=0: 1==Miick ef al. 7*; 2==Saclay=Strasbourg 7~; 3=-Miick
et al. w*; 4—Saclay—Strasbourg *.
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accuracy on the order of 10% (Fig. 7). % For heavier
particles, the approach to scaling is slower than for
pions. This is demonstrated in Fig. 8 for antiprotons.

Theoretically, the scaling property follows from
many model concepts, and can hardly be used to make
the choice between different models that describe in-
elastic interactions. It is interesting to note, however,
that this property was first demonstrated in the multi-
peripheral scheme® for fragmentation particles (con-
stancy of the inelasticity coefficient) and for pionization
particles, for which the distribution with respect to y
leads to a plateau: do/dy = const. The presence of this
plateau (again, accurate to about 10—15%), was dem-
onstrated in experiment (Fig. 9).

The most interesting problem that arises here is
whether the plateau is the result of summation of in-
dividual events, each of which has also a uniform dis-
tribution in the y scale, or whether the individual
events yield uneven distributions of the particles in this
scale (clusters or fireballs), which are summed and
lead, if the number of events is large enough, again to
a plateau, as a result of the differences between the
characteristics of the clusters (the uniform distribution
of the clusters with respect to y). The difference be-
tween these physically different possibilities can be
.ascertained by studying the correlations, and this will
be discussed below.

Inclusive distrvibutions with respect to the lransverse
momentum and large tvansverse momenla. Most
secondary particles are produced with small transverse
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FIG. 9. Plateau in the pion rapidity distribution.
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momenta (the average transverse momentum is on the
order of 0.4 GeV/c). In the transverse-momentum re-
gion up to 1.5 GeV/c, the differential cross section for
pion production decreases exponentially

Ed%o/dip ~ exp(—Gp_) (29)
(here p, is in GeV/c).

At higher values of the transverse momentum, the
number of pions produced turned out to be much larger
than expected from a simple extrapolation of formula
(29) in this region (Fig. 10).

A weaker decrease of the cross sections with increas-
ing p, was predicted theoretically®® (before the experi-
ments were performed), as a consequence of electro-
magnetic effects similar to those observed in deep in-
elastic interactions of electrons with protons. The ob-
served effect turned out, however, to be stronger by
approximately four orders of magnitude, thus indicat-
ing that it is of hadronic character.

Processes with large transverse momenta turn out
to have interesting properties:

1) The cross section decreases with increasing p,
like p;® (Refs. 33—35) or like exp(- 10Vp,) (Ref. 36).

2) No scaling is observed in this region even at ISR
energies (see Fig. 10).

3) There is no absolute predominance of pions (the
fraction of 7+ 7" is 55%, K*+ K~ —~27, p+p-~18%)
in the charged-particle flux in the transverse-moment-
um interval from 2 to 3.5 GeV/c.

4) Processes with large transverse momenta are
characterized by a large average multiplicity.

am—_—“‘____‘

s § L % FIG. 11. Dependence of the growth
afe o ] of the number of secondary parti=
e cles on the growth of the transverse

momentum of one of them.
45 1 s |
a 1 2 p,,GeVle
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5) The number of secondary particles produced in the
process is larger, the larger the registered transverse
momentum of one of them (Fig. 11).

6) The number of secondary particles increases in a
direction opposite to that of the emission of the
registered particle, and slightly in the same direction,
i.e., the difference between them also increases.

7) There is a noticeable excess of production of
positively charged particles over negatively charged
ones (their ratio is approximately 1.3 to 1.4).

The region of small transverse momenta, while un-
doubtedly of interest, has not been attracting much
attention by theoreticians, because in most methods of
describing the dependence on the transverse momenta
(including the multiperipheral theory) it is necessary to
resort to relatively arbitrary form factors and to the
parameters associated with them, i.e., the theoretical
results turn out to be strongly dependent in this region
on the choice of the particular parameters of the model.

At the same time, the description of processes with
large transverse momenta depends less on the choice
of the model. Although the proposed theoretical
schemes®~3" differ in their details, nonetheless most
of them lead to a description of the experiments with
the aid of the multiperipheral theory with allowance for
the parton structure of the particles, We emphasize
that a distinguishing feature of a process with large
momentum transfer is that in the multiperipheral the-
ory it is unnecessary in this case to resort to the use of
some concrete model for the kernel of Eq. (9), and all
the results can be obtained by using merely the prop-
erties of the total cross section off the mass shell, In-
deed, if at small transverse momenta we consider, for
example, one iteration diagram with three blocks, as
shown in Fig. 2, then in the case of large momentum
transfers, which have a low probability, it is necessary
to take into account the fact that this momentum can be
transferred by either the upper or the lower of the ex-
changed particles. Summation of all these possibilities
leads to the result® that the distribution with respect to
the squared 4-momentum transfers can be easily ob-
tained from the integral term in (9), in which T need
be replaced by o:

4o 1 1 JE o k) d
de " T e ) (0 K 0, (4, K dsy

X 5 (52 -+ K0y (520 K7) dis. _ i (30)

The role of the parton structure of the proton becomes
clear if it is assumed that the virtual pions behave off
the mass shell in analogy with virtual photons. Then,
using the known properties of the ¢ross sections for
interaction of the virtual photons®®+° we can write

i 1 1
Gy (8is k.',) = G“J‘a-i_flﬁi-—ﬁks'ﬁ\'_ﬁ'u‘ (31)

where 0,,~24 mb is the 7p-interaction cross section

on the mass shell; the parameters f=0.035 GeV and
Y=(s,—M?)"=3.3 GeV™ are known from ep experi-
ments, *¥:*° where we neglect the particle masses. From
(30) and (31), taking into account the condition that de-
termines the integration region

25 Sov. J. Part. Nucl., Vol. 6, No. 1

(81 = k%) (82 ) <sk?, (32)

we readily see that the distribution with respect to the
momentum transfers will decrease in power-law fashion
like (F*)™. Indeed, the (k%) factor is due to the prop-
agator, (k)™ to the product of the cross sections, and
(k?F to the phase space, i.e., the integration limits in
(32). Allowance for the decay of each of the blocks is
simple and leads to a pion distribution proportional to
p:®. Since all the parameters are specified, the absolute
normalization is also established. The result describes
adequately the experimental data (for details see Ref.
34) on the distribution of the pions with respect to the

_ transverse momenta (Sec. 1) and its energy dependence

(absence of scaling, Sec. 2).

The large fraction of the heavy particles can be ex-
plained by taking into account at large p, the exchange
of particles of this kind, inasmuch as the role of the
particle masses in the propagators is no longer small
(large %?!) and everything is determined by the vertex
parts [the cross sections under the integral sign in (30)]
and by phase space.

The picture developed above also explains naturally
the fourth and fifth properties of the process. The
presence of the factor s;/(s;+%?) in (31) suppresses the
small masses at large momentum transfers, i.e., in-
creases the multiplicity of the process the more, the
larger k%, and hence also p,.

However, the explanation of the last of the aforemen-
tioned properties leads to difficulties, since positively
charged particles can predominate in this model, with
equally probable exchange of all the charges only as a
result of the primary positive charge of the colliding
particles. It is not clear, however, whether this
circumstance can ensure the required ratio of the num-
ber of positive to negative particles, which equals 1.3
according to the preliminary data.

Processes with large momentum transfer are always
of interest, since they raise hopes of studying the
structure of particles at short distances. In Ref. 37 it
is shown, with the properties of multiperipheral models
of the Ap?® type as an example, that inclusive events
such as deep inelastic ep collision and production of
pions with large transverse momenta serve as a check
on the hypothetical existence of pointlike constituent
particles in hadrons (partons), whereas exclusive
processes such as elastic (hadron-hadron or lepton-
hadron) scattering with large |¢| are determined
mainly by the manner in which the hadron is made up of
these constituents. Similar conclusions follow from the
assumption that each hadron is a reggeizing bound state
of several elementary constituents and is described by a
ladder of the Ag® type. The physical cause of this cor-
respondence appears to be more general than the vari-
ous particular models. It lies in the fact that in inclu-
sive processes with large momentum transfer this
transfer is “felt” actively by a minimum number of con-
stituents, so that the type of these constituents is more
significant than their number.

In exclusive elastic-scattering processes, to the con-
trary, it is important that the initial bound particle,
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FIG. 12. Correlations between neutral and charged pions:
1) V5=230.6 GeV; 2) Vs=53 GeV; 3) charged particles;
4) neutral particles;

after acquiring the large momentum, be “gathered
together” again, and this is more difficult, the larger
the number of constituents, i.e., the character of the
elastic scattering depends on the internal structure of
the bound state, and in particular on the number of its
constituent partons.

Thus, further study of these procesées will undoubt-
edly add much to our understanding of the internal
structure of the particles.

Two-particle correlations. The single-particle inclu-
sive distributions serve as information, averaged over
many parameters, concerning the processes. More
detailed information can be obtained by studying the
correlations between the produced particles. But this
raises a problem connected with the large number of
possibilities, for even a system of two particles in-
volves already six variables dependent on the moment-
um alone, in addition to requiring information on the
particle charges, their nature, etc.

At present the most popular activity is the study of
the correlations between the longitudinal momenta of
two secondary particles” by comparing the two-particle
distributions d20/dy, dy, with the corresponding single-
particle distributions do/dy, and do/dy,. This compari-
son is made most frequently with the aid of the correla-
tion function

d2g/dydyd
R (y1.42) = Oin da7dy;-dojdys 1.

(33)
The experimentally measured correlation functions are
given in Fig. 12, which shows the correlation between
the charged pions and neutral pions (decay y rays) at
energies Vs =31 and 53 GeV. The rapidities of the
charged pions were fixed (y, =0 and - 2. 5). We see that
in both cases the neutral pions are emitted predominant-
ly with the same values of rapidity. Effects of this type,
when particles with close values of rapidity are cor-
related, are called short-range correlations. At the
same time Fig. 12 shows a noticeable difference be-
tween the correlation function for small rapidities
(v,=0) and the case when the charged-pion rapidity is
taken in the fragmentation region (y,=-2.5). This is
the consequence of the long-range correlations.

Usually the function R is approximated in the region
of the short-range correlations by an exponential with
a correlation length A=2. This picture appears,
naturally, in the reggeon technique developed by Mueller
and Kancheli, where the quantity A =2 is determined by
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the intersection of the trajectories closest to the vacuum
trajectory.

It must be emphasized that the correlation function in
the neutral region is equal to approximately 60—70%
(i.e., R=0,6—0.7). This is a rather large value.

All these characteristics are quite important for the
choice between the various theoretical schemes. Thus,
the limiting-fragmentation model*® leads to a constant
number of clusters whose dimensions increase appre-
ciably with increasing energy. In this case the two-par-
ticle correlations should increase with increasing en-
ergy, since the particle density increases in definite
regions on the rapidity scale. Since in experiment the
pionization component plays clearly a significant role
and the indicated growth of the correlation function is
not observed, it follows that the simplest model of
limiting fragmentation does not agree with experiment,

In the multiperipheral models the number of produced
blocks (clusters) increases with energy. It can be shown
that the correlation function should approach a constant
limit, as is indeed noted in experiment. But different
models yield different values of the cluster mass, and
hence of the correlation function. Thus, if we take the
simplest model® with p-meson production, then it turns
out! that (on top of the shortcoming connected with the
asymptotically rapid decrease of the cross section) this
model leads to too small a value of the correlation
function, only about 10% at the maximum. To obtain the
required value (~60—7T0%) it is necessary to postulate
the presence of clusters that decay to produce approxi-
mately five charged particles. ! This is approximately
the number obtained from fireball theory,!! where the
conclusion that such clusters (fireballs) are produced
followed from the requirement that the total cross sec-
tion be practically constant at very high energies (that
the leading singularity in the I plane be close to unity).

Part of the formation of the correlation-function
maximum is attributed in Ref. 41 to the presence of
long-range correlations connected with inelastic-dif-
fraction processes. However, even at the maximum
possible correlations of this type it is impossible to
obtain the required value of the correlation function
without assuming the production of clusters that break
up into several particles.

Thus, the data on the correlations of secondary parti-
cles seem to favor the picture in which clusters are
produced and break up into a rather large number of
particles, and the number of these clusters increases
with inereasing energy. The question of the degree to
which these clusters coincide with the fireballs ob-
served in cosmic radiation [see (15) and (31)] is un-
doubtedly worthy of further research.

One of the most essential questions here involves the
role of the long-range correlations and the determina-
tion of the correlation function from formula (33). The
point is that, as will be discussed in greater detail be-
low, processes in which practically no secondary parti-
cles are observed at large angles (with small longitu-
dinal momenta or x) also become significant in this
case. Therefore the registration of one of the particles
at a large angle already predetermines the choice of
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FIG. 13. Proton spectrum at p, =0.8 GeV/c.

some class of processes from among all the possible in-
elastic events (long-range correlations), so that it is
quite possible that we must choose as the normalization
coefficient in (33) not the total inelastic cross section,
but only a fraction of it. We see therefore that the ques-
tion of the reality of the clustering, the size of the
clusters, and their description in the multiperipheral
model is closely related with other processes and with
the determination of the correlation function. Indepen-
dent methods of investigating this problem would be
quite desirable.®

Inelastic diffraction, Inelastic diffraction processes
are usually defined as processes in which one of the
colliding nucleons remains unexcited, and the other
goes into an excited state having the same quantum num-
bers and decaying subsequently with emission of a rela-
tively small number of secondary particles. The exist-
ence of such unexcited nucleons is clearly seen in the
nucleon spectrum at ISR energies, in which a quasi-
elastic peak is clearly pronounced at x > 0.95 (Fig. 13).
In principle it is possible to have diffraction processes
in which both nucleons are excited without a change in
their quantum numbers, but it would be appreciably
more difficult to observe them and to separate them
from the remaining events.

The problem of excitation of even one of the nucleons
cannot be regarded as solved, since usually no com-
plete study is made of the quantum numbers of the ex-
cited state. Therefore not all the events that contributed
to the quasielastic peak can be attributed to inelastic
diffraction, and measurement of the total cross section
in this region yields only the upper bound of the cross
section of the inelastic diffraction interaction. An
estimate given in Ref. 24, which involves furthermore
a certain leeway in the extrapolation of the experimen-
tal data to the region of small transverse momenta,
yields for this limit a value equal to the total elastic
cross section of the scattering. It should be noted that a
noticeable contribution to this cross section is made
also by processes with relatively large excitation mass-
es of the second nucleon (approximately up to 10 GeV).
One cannot therefore say that the excitation spectrum is
strongly bounded in diffraction processes, although the
multiplicity in these processes is still patently less than
average.

Such processes lead to a strongly collimated jet of
secondary particles, 2* with practically no particles
having small values of x and y. As already mentioned,
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the determination of the role of these processes is im-
portant also for the solution of the problem of particle
clustering.

The investigation of these events is important also
from the theoretical point of view for the determination
of the pomeron interaction parameters. In diagram
language, the inelastic-diffraction process is due to
pomeron exchange between the quasielastically scat-
tered nucleons and the diffraction-excited system. At
high energies, when the excitation masses are large,
the size of the quasielastic peak is connected with a
three-pomeron interaction vertex. An estimate* based
on experimental data and on the use of formulas that
follow from the reggeon technique developed by Mueller
and Kancheli, has led to a small value of this vertex at
t=0, namely g,(0)=0.2 GeV™ (for example, the
pomeron-particle interaction constant is of the order of
the square root of the total cross section, i.e., about
5—10 GeV™).

In the multiperipheral theory this quantity can be
calculated from other considerations. ** If the entire
“ladder” constructed for the nucleus without allowance
for elastic diffraction, i.e., 0=}0,+7, is compared
with the leading pole, and the diffraction term is re-
garded as a perturbation, then this perturbation cor-
responds to a cladding of the leading singularity, i.e.,
to a three-pomeron vertex:

) .

if = E s then i ’;g"(ﬁ
P P

;—1;,(1‘)

The use of the equations given in Sec. 1 and of the
ensuing parameters of the behavior of the total cross
sections allows us to estimate the three-pomeron
vertex* as g,(0)=0.15 GeV™. It follows therefore that
the multiperipheral theory describes correctly also the
quasielastic peak in the proton spectrum. The differ-
ence between the three-pomeron vertex and zero is
uniquely connected with the asymptotic decrease of the
cross sections, and the smallness of the vertex is due
to the weakness of this decrease (smallness of €!), as
already discussed in Sec. 1.

CONCLUSION

The purpose of this review was to demonstrate the
correspondence between different models within the
framework of the multiperipheral approach and to com-
pare them with the experimental data at high energies.
For the sake of brevity, all mathematical derivations
were omitted and the emphasis was on a clarification
of the qualitative consequences of the theory and their
agreement with experiment. The reader can find the
details of the calculations in the references. Practically
no references are made to experimental work, since
the author has guided himself mainly by the results of
encounters between experimenters and theoreticians
at CERN, which were reported in Jacob’s review, %

The status of theory and experiment at present is still
such that many premises are still not rigorously proved
or verified, and further work is needed to clarify the
characteristic features of inelastic processes. It is
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nevertheless obvious that the main qualitative features
known from cosmic-ray physics’'3 are confirmed and
further developed by the ISR experiments. The immea-
surably abundant information obtained in these experi-
ments permits a deeper knowledge of the processes and
can lead to a qualitatively new stage. The multiperiph-
eral theory does not encounter here any difficulties when
it comes to describing the main qualitative characteris-
tics of the processes, although there is still a long way
to go before it can be quantitatively compared with all
the data.

i, e., the part that does not contain two-particle intermediate
states in this channel.

2)We shall not discuss here the role of the interference terms,
referring the reader interested in this problem to the
review, 11

30ther parameters were given in the fit formulas of certain
papers, but the constant term varied in all of them within
about 1—2%, and the coefficient of the square of the logarithm
ranged from 0.4 to 0.68.

YWe shall return to the question of pion clustering in the sec-
tion devoted to the correlation of secondary particles.

5)Tt should be emphasized that this subdivision is still quite
arbitrary and has no distinct boundaries (see below).

6)We shall not dwell in detail on the character of the approach
to scaling, which has been analyzed in many papers. From
among the latest papers, in which this problem was connected
with clustering, we mention Refs. 46 and 51.

NDstudies were made also, e.g., of the correlations between
the particle emission angles in a plane perpendicular to the
direction of the primary-particle collision. Since these
studies, however, led to the conclusion that these correla-
tions are due to phase space and are not too critical to the
dynamics of the process, we shall not stop to discuss them
here.

8)We note in this connection a method proposed in Ref. 42 for
the study of correlations by determining the squares of the
4-momentum transfers: this method calls for the perfor-
mance of exclusive experiments with complete information
on the momenta of all the secondary particles and is particu-
larly effective if any one particular mechanism predominates.
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