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Multiparticle production processes at high energies are treated as two-stage processes with the formation
of bunches of nuclear matter, or clusters (first stage), which decay into the final hadrons (second stage).
The main methods of analyzing such processes are presented. It is shown that in addition to resonances
clusters with large mass must be produced. A theoretical scheme is considered in which clusters with a
wide spectrum of masses are generated. The physical nature of the clusters is discussed.
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INTRODUCTION

The problem of clusters in hadron-hadron collisions®’
arose in theory in the thermodynamic models of Heisen-
berg,! Fermi,? Pomeranchuk,® and Landau® (1936-1953);
experimentally, it arose in the assertion that at ener-
gy® Vs ~20-100 GeV in typical collisions of nucleons
(at a multiplicity of the order of or greater than the
mean multiplicity, n= (n)) the production of new had-
rons proceeds through an intermediate stage of forma-
tion of one or two bunches of nuclear matter, which
then decay into hadrons (cosmic rays—Miesowez et al.,°
Niu,® Cocconi,” 1958; Dobrotin, Slavatinskii and col-
laborators,® 1960).

The cited theoretical models suffered from a common
shortcoming, in that they considered “central” colli-
sions of nucleons, in which the initial particles belong
on an equal footing with the final particles to a common
thermodynamic system (using modern terminology,
this would entail abandonment of asymptotic freedom,
as was recognized, for example, by Landau®). But it
was even then clear (from cosmic-ray experiments'®)
that “peripheral” collisions were at the least predomi-
nant (and nonperipheral collisions were even possibly
entirely absent). Attempts were made by Fermi'*
and Heisenberg'? to take into account this periph-
eral nature of the collisions in the framework of the
same quasiclassical models, but these attempts either
violated the relativistic condition of a finite velocity of
propagation of the interaction' or the uncertainty rela-
tion for time and energy.'? This was noted in Ref. 13,
in which it was also suggested that multiparticle pro-
duction should be regarded as decay of thermodynamic
subsystems formed in a peripheral collision as a result
of a quantum process (pion exchange, etc.; “peripher-
ally thermodynamic” or “statistically peripheral” pro-
cess). In what follows, we shall adhere to such a mod-
ification of the thermodynamic models. Essentially, it
is realized in multiperipheral schemes with the parti-
cipation of clusters (if the decay of these clusters is
treated thermodynamically). In the current conception
of clusters, it is necessary to distinguish a number of

'We shall not consider the problem of clusters in hadron—nu-
cleus collisions.

D5 {is the total c.m.s. energy of the colliding particles; for
a collision of two nucleons of mass my each, s=2myE,, ,
where Eyy, is the energy of the incident nucleon in the labora-
tory system.
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stages or elements.

1. The assertion that multiparticle production of had-
rons occurs in two stages. First, on the collision of
the initial particles intermediate unstable formations
arise (and in what follows we shall refer to these as
clusters generically), these then decaying into the final
hadrons; the generation and decay of the clusters are
basically independent and can be separated, perhaps
even in time. (This separation is called factorization;
in particular, the clusters formed in NN, 7N, or KN
collisions are basically the same when the effect of
leading particles is ignored.)

2. The intermediate formations may be either had-
ronic resonances (known or as yet unknown) or nonres-
onance hadronic entities of a special kind.

It is the choice between the two possibilities (or a
combination of them) that is the essence of the prob-
lem. Corresponding to this alternative, two approaches
are possible.

3. If the clusters are resonances, it must be as-
sumed—trivially—that these are simply few-particle
resonances of the type of p and w particles (original
multiperipheral model'* or its subsequent modification
taking into account other light mesonic resonances on
an equal footing with the p mesons!®),

4. If the clusters are not resonance objects, two im-
portant questions arise:

a) What are these objects? Do they, for example,
have a place in quantum field theory?

b) How do they decay into the final hadrons—thermo-
dynamically, through a cascade (tree-like diagrams, as
in the statistical bootstrap'®), or in some other way?

Anticipating the exposition that follows, we should
like to give our opinion as to what answers to these
questions currently appear most justified (if we are
considering collisions with multiplicity that is not par-
ticularly small, n>1, n= (n)).

1. The production process does indeed take place in
two stages. The clusters really are formed. In this
form, the thesis is generally accepted.

2. If the collision energy is sufficiently high (and the
corresponding phase space is not very small), then in
the initial stage there are formed few-particle reso-
nances (p, w,...) and heavy clusters (mass M, ~2-3
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GeV), which (to make a distinction from the word
“cluster,” which can be applied to any intermediate
formation) we shall call fireballs. It is very probable
that these are not resonance objects, but the possibility
cannot be ruled out that we have here a superposition of
many, still unknown heavy resonances with a wide
spectrum. Already at Vs ~10 GeV they play a very im-
portant part, and at higher energies this increases even
more. In processes with (n)~3-4, there is hardly any
prospect of finding fireballs.

3. The suggestion that fireballs should be identified
with a superposition of just few-particle resonances
appears satisfactory only if it is confronted with a lim-
ited group of experiments. If all available data are
taken into consideration, it meets serious difficulties
and is implausible.

4a. A fireball could be any hadron (i.e., a hadronic
object with the quantum numbers of some stable had-
ron) in a state very far from its mass shell (but it
could also be an object that does not have a definite
spin, ete.). If one discounts the possible existence of
such a nonresonance object, one actually assumes that
the spectral function of the propagator in the Lehmann
expansion consists solely of resonance peaks of Breit—
Wigner type and that there is no smooth background.
For this special assumption there are no g priori
grounds. A fireball could be a bare hadron or a “part-
ly dressed” hadron, in particular a Feynman parton.

4b, The assumption of a thermodynamic nature of the
decay of the fireball into the final hadrons gives a re-
markably good description of the final mass composi-
tion of the particles and their distributions with respect
to the transverse momenta, The possibility that a dy-
namical system goes over into a thermodynamic system
is supported theoretically by weighty arguments. How-
ever, this still does not permit one to assume that such
a nature of the decay is proved.

The picture we have outlined in 2)-4) is by no means
generally accepted, although it is steadily gaining
ground. As we shall see below, many papers have been
published whose authors attempt to show that all pro-
cesses can be encompassed by the production of the or-
dinary light resonances. Therefore, at the present
time the problem now revolves around the question of
the existence and the nature of fireballs, i.e., clusters
significantly heavier than “ordinary” light resonances
(with mass 0.5-1.3 GeV for pion resonances and 1-1.2
GeV for baryon resonances).

1. SOME BASIC METHODS FOR ESTABLISHING THE
EXISTENCE OF CLUSTERS EXPERIMENTALLY

There have by now been developed in detail, and are
still being developed and applied, special statistical
methods of evaluation of experimental data that employ
inclusive and semi-inclusive distributions. The semi-
inclusive approach is characterized by, for example,
its consideration of events of only a given multiplicity
1, (“topological” correlation coefficients, etc.). In the
first place one studies the binary (but also the ternary)
correlation coefficients (or definite combinations of
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them) as functions of the rapidities of the particles and
the azimuthal angles of their momenta for different
combinations of the charges; one studies the distribu-
tion and correlation of the rapidity intervals between
“neighboring” and “non-neighboring” particles, the
correlation of the total electric charges on either side
of certain points on the rapidity axis (“the flux of elec-
tric charge along the rapidity axis” and its correlation
functions), etc. The aim is to establish the size of the
clusters, i.e., the number of (relativistic) particles K
or the number of charged (relativistic) particles K,
produced by the decay of one cluster and, through this,
the mean number of clusters (n,) in one event. At-
tempts are also made to determine the mass M, the
electric charge @, and even the spin of the cluster. We
hasten to mention other designations for these quanti-
ties, which were proposed in Ref. 17 and which are be-
ing used more and more widely. Quantities referring
to a cluster as a whole are designated by means of a
single bar above the symbol, while those designating
the products of one cluster are designated by means of
two bars:

ng EE — is the Tunber of clusters in the event; ; (1)

K=n, K., = ng,— is the number of particles in the cluster, etc.

More than a hundred papers have been devoted to de-
tailed investigations of this kind. Many of the authors
of these papers do not wish to prejudge the question of
the existence of a real decaying object and prefer to
speak of a cluster interpretation of the experiments,
calling it a convenient and exceptionally “economic”
parametrization of the experimental data. Since the
main experimental justification for the idea of cluster-
ing is the existence of a strong binary correlation at
small rapidity intervals between the particles of a pair,
one frequently speaks of the directly observed phenom-
enon of short-range ordering, preferring this phenom-
enological terminology to a concrete model. But for all
that, the cluster model is in mind, the results are
compared with model calculations, and it is established
that the results agree with some particular physical
model of clusters.

The process of looking for such short-range ordering
effects or (in the model representation) clustering has
recently also been undertaken in terms of the “local
compensation” of different physical quantities, for ex-
ample, the electric charge or the transverse momen-
tum. Here, one studies the statistical characteristics
of so-called zones.'® By zones, the following is meant,.

Moving along the rapidity axis, for example, from
right to left, we plot along the ordinate the total elec-
tric charge remaining to the right of the given abscissa
y. This leads to a histogram, as in Fig. 1. The length
of each small region in which the deviation has a defi-
nite sign is called the length of the zone, and the middle
of the region is called its center. It is obvious that the
presence of many such zones demonstrates the mutual
compensation of the investigated physical quantity (in
the given case, the charge) within an interval of rapid-
ities of the order of the length of the zone; it is merely
another expression of the phenoménon of short-range
ordering and corresponds to a model of clusters with a
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FIG. 1. Typical inelastic event at high energies (a) and repre-
sentation of it in a zone diagram(b). The particles are indi-
cated by the bars on the rapidity scale; their charges are given
above them. The charge is counted from right to left.

small, frequently zero, value of the charge. However,
although the detailed study does give a certain indica-
tion of an effect of local compensation, the departure
from a completely random distribution of the charges
of the particles with respect to y is relatively small at
the investigated energies (E,,,= 100-400 GeV), and the
qualitative conclusions drawn about the cluster proper-
ties depend strongly on the chosen model.

A considerable number of papers has been devoted to

the local compensation of the transverse momentum.
It should be noted that these characteristics of the

- multiparticle production process are very general and
can be reproduced in a number of dynamical models of
the process and therefore, taken by themselves, can
hardly serve as a critical test of a particular model.
In particular, they do not contradict the model of inde-
pendent emission of clusters and, moreover, give in-
formation on, for example, the possible exchange of
charge between clusters (see below).

In what follows, we shall consider more definite cri-
teria of particle clustering. To simplify the exposition,
we shall first interpret the obtained results in the
framework of the simplified model of independent
emission of clusters, despite the objection relating to
the possible correlation of the clusters and the asymp-
totic nature of the model (conservation laws!).

In the considered case this is admissible, since the
obtained qualitative results can be tested and confirmed
in the framework of a quantitative dynamical model that
takes into account fully both the conservation laws and
the multiperipheral nature of the cluster emission (see
Sec. 5).

The methods for identifying clusters have advanced
far from the original procedures that led to the asser-
tion that fireballs exist in cosmic rays.5"® Earlier, one
simply analyzed the groupings of charged particles on
the scale of (pseudo) rapidities in individual events,
high-multiplicity events (number of charged relativistic
particles n,, > 5) usually being specially selected, so
that one could speak in that case of the selection of only
relatively heavy clusters. As a result, everything was
done at superhigh energies (vV's= 100 GeV), at which one
could expect that such clusters are produced with ap-
preciable probability and in a significant fraction of
events are completely separated on the rapidity scale.

The new statistical methods are also much more ac-
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curate compared with the still used simple construction
of the distributions of pairs of particles with respect to
the total mass of the pair, which, for example, reveal
a weak maximum in the region of the mass m, of the p
meson and are used to attempt to estimate the fraction
of the particles due to the decay of p mesons, etc. (as
will be shown below, this method by itself does not give
unambiguous results).

The need for a more accurate approach is related to
the fact that the experimental material is known in suf-
ficient detail only for the current accelerators, i.e.,
for completely inadequate energies vs s 60 GeV, at
which the number (n,,) of produced charged particles
(in the majority of cases, it is just these that are de-
tected) (and, a fortiori, the number of particles with a
given sign of the charge, for example, (x")) is very
small ({n,,)= 10), so that heavy clusters cannot be nu-
merous.

In the interpretation of the experimental results it is
frequently assumed (explicitly or implicitly) that there
is some unified clustering mechanism, so that the
characteristics of the clusters are distributed fairly
closely around certain mean or most probable values,
i.e., the entire production occurs through clusters of a
particular kind. Sometimes, to simplify the calcula-
tions, it is assumed that all clusters are simply identi-
cal. It is obvious that these are crude assumptions. In
reality, there could be production of both heavy non-
resonance clusters and (directly) few-nucleon reso-
nances ( a corresponding model, worked out in detail
and giving a good description of the inclusive and semi-
inclusive data, exists'®; see Sec. 5). Of course, at the
present stage of the investigations such a simplification
is permitted, but its danger must not be forgotten. It
often leads to a lack of understanding of the essence of
the process; Sec. 5 is therefore devoted to this ques-
tion.

In analyzing the experimental data, we shall take into
account above all three important circumstances.

1. If an object decays isotropically in its rest frame
into K (=% ) particles, then irrespective of the number
of products their distribution dN/dy with respect to y
will be excellently approximated by a Gaussian curve;

G(y—ye)= 'ﬂ:'!fy): 1/‘-:_“0
where y, is the cluster rapidity before decay. Thus, on
the y axis the products of one cluster cover the region

exp[— (yza";“)? ]. o~0.7—0.8, (2)

by ~20~1—2(2(y)=2VTno~13) .” (3)

2, The total width of the region actually occupied by
all produced particles for investigations with current
accelerators is so far (Vs< 60 GeV) only (Fig. 2)

Dy<3—4 (4)

Indeed, the quasiplateau has width DW™!?l< 3  and the
curve of dn/dn falls to half the height of the quasipla-

This is true at least if the additional factor exp(— m?sinh®y/
(p%-)) is close to unity, which is well confirmed for pions
even for y(=|y—9.]) =1, but for the choice o~ 0.7 it is valid
up to y= 2 (see Fig. 9 in Ref. 20).
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FIG. 2. Inclusive and _semi-i.nclusive spectra of 7 - mesons in
pp interactions at 69 GeV. The vertical lines indicate the re-
gion of the quasiplateau and the half-width of the distribution.

teau at points separated by a distance D, ,,= 4 (note that
the quasirapidity satisfies n= —Intanf=y for p, ~ (p,)
and yz 0.5-1). All this is true, although the kinemat-
ically allowed region is much wider, 2¥= 8.

Thus, the products of only one cluster cover half the
entire observed interval of rapidities.*? Studying the
inclusive distributions and assuming that the clusters
are small (K << (»)) and that the number of them is ac-
cordingly large, we inescapably find ourselves in a sit-
uation in which the products of different clusters over-
lap on the y axis (this means that some products from
different clusters approach each other with very small
relative velocity); nevertheless, the interaction of the
products of different clusters with one another is ig-
nored, which, of course, is very bad®; but this is done
in many widely adopted theoretical schemes (Fig. 3).

3. There exist at least two different production
mechanisms: diffraction dissociation and the main
mechanism of multiparticle production—pionization,
whose cluster structure is the primary aim of the in-
vestigation. Their products (at least, at accessible ac-
celerator energies) cannot be separated in the inclu-
sive distributions over y. However, in, for example,
the total coefficient of the two-particle rapidity corre-
lation Cy(y,,y,), the inherently independent correlation
coefficients C4* and C? are mixed very oddly. Thus, the
integrals f,, f2, and f3 of these functions over all y,
and y, (see below) are related by the equation®

fa=cff8+(1—0) f§ +e¢ (1 —e) ((ndd)— (n))2, (5)

where ¢ is the relative probability of the dd process,
and n% and »® are the corresponding multiplicities. It
is obvious that even for small ¢, since (n®)> (ndd), the

L4y a

Yy
FIG. 3. Schematic representation of the overlap of the decay
products of clusters on the rapidity scale.

#Note that if the decay is not isotropic, 6y will be even larger,
Thus, for the decay of a p meson polarized strictly along the
longitudinal axis, the rapidity distance between the two final
pions is

8y~ 21n (2€,/m,) ~2In[2(m,/2)/m,]= 3.35.
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poor resolution of the two components can lead to a
strong difference between the directly measured C, and
the C? in which we are interested. But in the pioniza-
tion itself two mechanisms may be present, for ex-
ample, that of heavy resonance clusters and few-par-
ticle (p, w) resonances. This also leads to a mixing of
the correlation coefficients of the type (5). In particu-
lar, this explains why in the model of Ref. 19, which
allows both types of cluster, they both significantly in-
fluence the correlation coefficient even at energies
which are not high (E,,,~40-70 GeV) despite the small
cross section for the production of heavy clusters [the
coefficient analogous to ¢ in (5) is small].

Thus, it is very difficult to identify the clusters. In
analyses, one usually makes the justified assumption
that the emission of different clusters is weakly corre-
lated and, a fortiori, that the correlation between the
decay products of different clusters is weak. However,
this assumption is valid only to a certain extent (see
below).

We consider some of the main methods.

1. The simplest characteristic of the correlation
properties is the binary rapidity correlation coefficient

Cs (Y1, y2) = d%0 (Y1, Y2)/Oin dyy dys,
— (do (y1)/ow dys) (d0 (y2)/onn dys) (6)

(do (y)/dy and d%s/dy,dy, are the corresponding inclu-
sive cross sections).

The expected general behavior of C, is clear. As long
as |y, -y,| <0y, there is a probability that both parti-
cles belong to one cluster. Here a correlation can oc-
cur, since the momenta of particles from one cluster
must compensate each other (in the rest frame of the
cluster). In the case of sufficiently massive clusters,
one can assume this even if particles with definite
signs of the charge are selected, for example, if one
studies C;~, etc. For if the cluster decays isotropical-
ly with the rapidity distribution (2), then, as can be
seen, for these products

Ca (U1, ¥2) ~ exp [ — (y1— y2)?/40?] (7
and the mean for the cluster is
Uyi—p =02V n)o~08—0.9. : (7a)

When |y, —y,|> 8y, C, must be small if the mutual mo-
menta of the widely separated clusters are weakly cor-
related, which appears justified for a number of rea-
sons. However, if all the final particles were emitted
independently, we should have everywhere C,=0.
Moreover, even if they arise from the decay of inde-
pendently emitled p mesons and we detect particles with
only definite signs of the charge, we have C}*=C;"=0.

To reduce the influence of leading particles in pp col-
lisions, it is frequently suggested that one should study
the correlation C;~ of negatively charged particles. In-
stead of C,, one actually frequently uses

da do )_ Od?o dy,dy,

Ry (ys, y2)=Ca (41, y2)/( Oin 3Y: Omdyz ) (d0/dy;) do/dy,

The experiments show that C, not only does not van-
ish but is unexpectedly large: R$»°%0)= 0.6 and R;7(0)
= 0,3-0.4 (Fig. 4). This fact alone shows that the clus-
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ters cannot be only p mesons. Of course, even in the
multiperipheral model,'* which assumes the existence
of only p mesons, these have a correlation,® but of the
opposite sign: The particles of the “Feynman gas”?*
repel each other and, moreover, for Ay=0 the function
R has a dip (and not a peak).®

Taking into account the emission of many p ladders,®
one can obtain only a Ay-independent constant positive
component in the function R. To explain the peak at
small Ay, one must have recourse to a many-compo-
nent description in the framework of such a model,
introducing exchanges of different isospins with differ-
ent weights,* and taking into account the effects due to
the indistinguishability of particles for identical charges
or the possibility of the production in one resonance for
different charges. In the framework of the cluster hy-
pothesis, the peak at small Ay receives a unified de-
scription. Moreover, even when |y, - y,|> 8y [Eq. (3)],
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FIG. 4. Two-particle rapidity correlations of pions (v,= b) at
69 GeV (a) and 200 GeV (b).
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it is found that C, does not vanish. Although |C,| is
here smaller than C,(0,0), it is nevertheless not very
small. This, of course, contrary to the assumption,
may be a consequence of correlation in the emission of
the clusters themselves. Such a correlation unavoid-
ably exists through the restrictions imposed by the en-
ergy and momentum conservation laws for the process
as a whole. This correlation is fairly strong at current
accelerator energies, since the number of clusters per
event is still comparatively small, and the kinematic
bounds with respect to y are still close to the main rap-
idity region filled by the particles. It is to be expected
that with increasing s this effect becomes weaker.
Diffraction dissociation and its crossed effect with
pionization [see (5)] have a similar but even stronger
influence. For an appropriate choice of events with
weakening of the contribution of diffraction dissociation
this correlation becomes less, and the importance of
short-range correlation is indeed brought out more
clearly.?®

Besides C,, characteristic quantities are the already
mentioned integrals over y of the correlation coeffi-
cients:

i = ewdr= | o ay=my

1) = | Cayur y3) Ay dya = (n— 1) — )
3(6) = (n—1) (o — 20— i+ 1)

(p, is the density of particles per unit rapidity inter-
val). They are sometimes called “Mueller moments, 2
The experimental dependence of these integrals on

{n"), and therefore on s, is shown in Fig. 5. It can be
seen that, asymptotically, f, and f, become parallel.
This can be regarded as both an indication of the ab-
sence of correlation between the clusters and of fac-
torization of the production and decay of the clusters.
Indeed, if these properties hold, then any distribution
corresponding to one cluster [for example, f¢, which in
the given case must be written in the form f,; see (1)]
can be simply averaged over all clusters,

fa="Fifas

where s occurs only in £, =(n,).*® However, this last
assertion is true only asymptotically, when the energy
is sufficiently large for all the participating clusters to
have grown to their “normal” mean size (i.e., so that
fn does not depend on s). Otherwise, the “threshold ef-
fect” operates. This is particularly clear if there exist
heavy clusters with a broad mass spectrum; for then
heavier and heavier clusters are produced with increas-

ing s.»
Therefore, the turning point (the minimum) of, for

50ne of the clearest manifestations of the threshold effect can

be seen inthe growth of
o= 13y

with increasing energy (see Fig. 5b). Multiperipheral models
with the emission of resonances cannotexplain this growth at en-
ergies higher than 20 GeV; indeed, they predicta decrease of
p(0) with increasing energy.® But in models with the emission of
fireballs withmass up to 3 GeV this growth can continue up to

Vs ~ 100 GeV, being then replaced by a very weak decrease

at even higher energies.

I. M. Dremin and E. L. Feinberg 398



20

1.0

-1.0

f3 ~(pp- Annihilation )

{
2.0 }
bt

801

60

-
S
T

E d%/dp®, mb/GeVZ/c?

20+

L1 a1l

5, Gev?

IR R TET1 |

107 10% 10°
b

L1l

FIG. 5. Dependence of the Mueller moments on the mean num-
ber of 7~ mesons (a) and the energy dependence (b) of the
height of the “plateau” [i.e., p;(0)]. The curves are drawn
through the experimental data.

example, the curve f," is a measure of the number of
particles in the effectively participating clusters. The
fact that asymptotically f; " is not parallel to f, and f,
even at ™= 3 can be interpreted as an indication that
very heavy clusters make an important contribution to
the ternary correlations (for more details, see Sec. 6).
The data for f3" in pp annihilation,®® shown in the same
figure, also indicate that in annihilation heavier clus=
ters are formed than in pp collisions.
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2, Another method is to study the distribution P(Ay)
of the intervals between particles with neighboring rap-
idities, Ay= |y, —,|, in the resulting y distribution
(see Figs. 1 and 3). It can be shown® that in the case
of independent emission of clusters (the independent
cluster emission model) P(Ay) has the form shown in
Fig. 6, i.e., in the limiting cases Ay <1 and Ay>1 it
is described by exponential functions in which (when,
for example, only charged particles are considered)
the argument is the corresponding mean density of the-
total number of charged particles along the y axis (the
number of particles per unit rapidity), (p,,), and the
mean number density of the clusters, (p,).

The experimental data do indeed reveal such an in-
flection, and {p,,)=2 and (p,)=1. From this one can
find both (K) and (n,).

However, since in reality 6y and Dy (see Fig. 2) dif-
fer experimentally by only about a factor 2, the expo-
nentials cover only comparatively small intervals Ay.
For Ay~3, the conservation laws (which we have ig-
nored) begin to have an influence. When these laws are
taken into account, the curve sinks, so that here the
part played by clusters is somewhat underestimated.
As a result, this method is insufficiently accurate®?
under the actual conditions of an accelerator experi-
ment (for (K_;), the value 2 was obtained). It may be
that clustering is revealed more convincingly by a gen-
eralization of this method®»#®—the rapidity interval
method, in which one considers the distribution of rap-
idity intervals

= Ysa—uil, k<n—2, (9)

between particles in the rapidity intervals between
which there are k other particles, events with given n_,
being chosen (Fig. 7). The distributions of these quan-
tities P("r,) obtained from data on collisions at 200 GeV
are shown in Fig. 8 and compared with the expected
curves for independent pion emission and for indepen-
dent cluster emission with K, =2; events with =8
were collected (along the abscissa we have plotted, not
the ", themselves, but their normalized values —they
are divided by their maximal possible value ¥
=2In(vV's/m,).® The clustering is obvious. Similar dis-
tributions are constructed for other E, , and "eh/ (g
(see, for example, Ref. 29); at large n,,/(n,,) the max-
imum is shifted to smaller "r,, and this means that bet-
ter agreement with the curves is obtained for larger
K, (Ref. 30). ‘

Developing such methods -of evaluation for semi-in-

Play),

exp[~Cogpday]

1
1 2 4y
FIG. 6. Schematic representation of the probability of finding
a given distance (gap) on the rapidity axis between neighboring
particles in a given event and calculated in the independent
cluster emission model.

I. M. Dremin and E. L. Fe‘i‘nberg 399



!2’.4

| [

B i

FIG. 7. Examples of the definition of rapidity intervals.

clusive distributions, namely, determining C{"%x'(y,, y,)
for given n,, (under the same assumption of indepen-
dent cluster emission), one can also extract from ex-
periments the value of

Apgy = (Eon (Ken—1)Y(Ken) (10)

in events with different »_,.** In the evaluation of the
experiments, use is made of the formula

1 de
G50 = (52 3
1 1 dop _Ldan
et b b e )

where G is given by Eq. (2).

(10a)

As can be seen from Fig. 9, the experimental data
admit only at not very large multiplicities the still un-
realistic interpretation of the clusters as solely three-
pion resonances. For n.>(3/2)(n,), the contribution
of significantly heavier clusters becomes appreciable.

Thus, here too we find evidence that clusters exist
and that they cannot be reduced to only p and f mesons
(K,,=1); it is only at not very large n,y, that this experi-
ment does not contradict, for example, a purely w, 7,
4,, and f’ mesonic composition (K,,= 2-3). There re-
mains, however, in principle the possibility of a purely
B(1235) mesonic (B - wr) and (or) p(1700) mesonic (p
~4n) nature of the clusters. Of course, it is still hard
to see why these heavy mesons are produced exclusive-
ly, and not the lighter mesons, from p(765) to £(1260).
Allowance for the multiperipheral nature of the process
and the conservation laws leads (see Sec. 5) to the con-
clusion that the deductions drawn above can in fact be
strengthened, and the estimates we have made of the
sizes of the clusters are only lower bounds.

3. A new stage in the investigation of short-range
ordering was the already mentioned study of the local
compensation of the electric charge and, generally, the
zone structure of the rapidity distributions.'™!® We
note first the statistical properties of the total charges
of all particles situated on either side of a given y.

=i
500,
2 :
= 100
0 0z 04 0 0z 04 06 O 0.5 1.0
ayk/_aymu

FIG. 8. Distribution of the probability for finding given rapid-
ity intervals at E_, = 200 GeV, ny,= 8. The open circles are
the experiments; 1) independent pion emission; 2) independnet
cluster emission (K= 2).
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FIG. 9. Dependence of 4,, onn,/{,). The points were ob-
tained by analyzing the experimental data at Vs = 23 and 63
GeV in accordance with Eq. (10a); the hatched strip is the in-
terval of admissible values of 4, for E,,= 40 and 205 GeV,
according to experimental data with lower statistics; the curve
is A,,ch in accordance with Eq. (10) in the multicluster model.

One studies the difference of the charges of the parti-
cles on either side of the point y, @(y), its variance

D, (y) =(Q*(y)y—(Q (y))*
and the second moments of the distribution
D, (34, yB) = (Q (44) Q (1)) — (Q (¥4)) (Q (¥®)) (12)

(11)

[obviously, Dy(y)=D,(y,y)]. Assuming, for example,
neutrality of the clusters and using the general formula
(2) for the y distribution of the products of one cluster,
one can test experimentally the hypothesis of neutrality
(a correction for the contribution of leading particles
must be introduced in a definite manner). At low ener-
gies (E,,,= 24 GeV), a satisfactory result is obtained.
However, at higher energies, as can be seen from Fig.
10 (Refs. 31 and 20), the curves predicted by the hy-
pothesis of neutral clusters depart rather strongly from
the experimental points. This can also be verified in
another way. We have already spoken of the distribu-
tion of the rapidity gaps Ay between neighboring parti-
cles. According to Fig. 6, for small Ay the only impor-
tant thing is the total number density P,y Of particles
per unit rapidity interval, but for large Ay an important
part is played by the rapidity distribution of the clus-
ters themselves: the curve has an inflection and the
number density of the clusters replaces {p.p) in the
argument of the exponential. Accordingly, to establish
the charge of the cluster, one investigates the distri-
bution of the gaps Ay in the semi-inclusive case, name-

2.0
1.0

T

2
T
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0.5

T

o4

e I 1 L 1

W N f

0 i 1 1 1

P 0 7 3

ra .k
ay=y*-y®

FIG. 10. Second moment of the charge distribution at 102 GeV

(a) and 400 GeV (b). The curves are the predictions of the in-

dependent cluster emission model.
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ly, when the value of the transferrred charge Q(y) is
fixed. As can be seen from Fig. 11 (Refs. 31 and 20),
such an inflection is present when events with @=0 and
|@|=1 are chosen, and it corresponds to the inflection
in the inclusive distribution (see Fig. 6); however, for
|@| =2 there is no inflection. This (in conjunction with
Fig. 10) is interpreted as an indication that the clusters
may have charge 0 or =1 but not 2 or more. The clus-
ters can be neither exclusively neutral nor exclusively
charged. The results so far obtained agree best with
the assumption of a definite combination of charges 0
and +1, possibly even consistent with an isovector ori-
gin. In a comparison with the experiments, detailed
model calculations®? lead, for example, to the conclu-
sion that 50-60% of the clusters are charged and that
the charge transferred between neighboring clusters
exceeds +1. It is, however, clear that in Fig. 11 the
effect appears as yet as a qualitative indication.

4. The existence of binary rapidity correlations is of
course also predicted by the Kancheli-Mueller theorem
in the Regge approach to multiparticle production®
(see also Refs. 34 and 35). Sufficiently far from the
kinematic limits (i.e., for the region of the central

plateau)

Cs (¥4, y2) ~ exp [ — (ap (0)—ap (0) | ¥y — 2],

(13)

where ap(0) and «,.(0) are the intercepts of the P and
P’ trajectories. Thus, C,~exp(-|y, =y,|/2) and the
correlation range is (Ay)=( |y, =¥, |)=2. This differs
appreciably from the value (Ay)=0.8-0.9 [see (2)] ex-
pected for isotropic decay of clusters, but corresponds
reasonably to the experimentally observed decrease of
C, (see Fig. 4) at not too small |y, —y,|. However, one
cannot yet reckon with the applicability of Eq. (13) to
the region |y, —y,|<1-2. For in its derivation it was
assumed that in the inclusive diagram the interaction
between particles with given y, and y, is transmitted by

a single Regge pole, which is

at large |y, -y,

true only asymptotically

Similarly, the distribution of the gaps Ay between
neighboring (in rapidity) particles in the Regge ap-

gives exp(-Ay) for the same values a.(0)=1/2 and
ag(0)=1. This agrees well with the observed depen-
dence at Ay=z 1.5 (see Fig. 6), the argument of the ex-
ponential containing the density of clusters per unit
rapidity interval, (p,)~1. But the Regge formula (14)
too is valid only for Ay>1-2.

Thus, in both cases one can say that the Regge ap-
proach, which is valid only at large rapidity separa-
tions, gives results that in this region do not contradict
the cluster interpretation. This does not occasion sur-
prise if for no other reason that that in the ladder ap-
proximation of the reggeon (including the pomeron) the
rungs of the ladder in the elastic scattering amplitude
can be arbitrary. In particular, they can be any clus-
ters. Then the inelastic amplitude, obtained from the
scattering of the rungs of the ladder, will correspond
to the multiperipheral cluster model and give long-
range ordering, which, as we have already said, re-
flects the correlation of clusters and not of individual
particles in a cluster.

2. CAN CLUSTERS BE ORDINARY FEW-PARTICLE
RESONANCES?

There has been no lack of attempts to reduce the
clustering effect observed in the accelerator data to
the manifestation of the ordinary resonances: p,w,A,,
fy... . It is sometimes asserted rather categorically
(Refs. 23, 36, 37, and 38) that the experimental data
can be explained by just these particles and their de-
cay. These assertions are sometimes based on analy-
sis of experiments at the low energies E,,, =16 or 24
GeV. However, we already know how risky are the at-
tempts to extrapolate the low-energy results, when (»)
< 4-5, to an energy region exceeding the investigated
region by one or two orders of magnitude. For ex-
ample, ten years ago, when the accelerator data were
limited to the region E,, <30 GeV, many authoritative
experimentalists and theoreticians assumed that the
process of multiparticle production can be reduced to
the excitation and subsequent decay of two colliding
hadrons. It was regarded as admissible to discount the

proach, cosmic-ray results, according to which at genuinely
P (Ay) ~ exp [(2up —ap—1) dyl, (14) large multiplicities the overwhelming fraction of pro-
P E E
3 o 400 GeV/e : o 400 o 400
i o 200 o o 200 - o 200
oy x 100 -1.} i x 100 B x 100
E " 2.0 i
g=0 F lal-1 o 212
x2g0 r X220 - T2,0
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FIG. 11. Distributions of the rapidity gaps for different values of the charge transfer Q.
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ducts corresponds to the pionization region, and the
excitation and decay of the colliding particles—frag-
mentation—makes a small contribution. Time was re-
quired to establish the full validity of these results.

It is just as dangerous to extrapolate to the general
case conclusions about the production of few-particle
resonances obtained in processes of low multiplicity at
low energies. One must reckon with the possibility that
in processes of sufficiently high energy there are gen-
erated directly not only few-particle resonances but
also heavier clusters, whose nature must still be spe-
cially elucidated. At low energies, their production
probability is of course small. But they make a large
contribution to the inclusive distributions, as is shown
by detailed model calculations,'® already at E,,, ~40-70
GeV.

The investigations that reduce clusters to light reso-
nances usually employ a special device to separate a
smooth background, on which one identifies the contri-
bution of, say, the p mesons; the background is then
interpreted by means of certain model conceptions.
The difference between the methods of interpretation
sometimes leads to directly contradictory conclusions,
Let us consider some of the approaches.

1. In studies of this kind, a very common type of
analysis considers the integral of the correlation func-
tion C, at fixed mass of the particle pair:

Ca(M)= | Epidpad (V (i F P — M) Cs (P, o)
e ST BRI SRR UM,
where p, and p, are the four-momenta of the final particles
with rapidities y, and y, and transverse momenta p, ,
and p,,. Different charge combinations are studied,
i.e., C;~(M), C3*(M) and C;~(M).

For example, in Ref. 36 p}~(M) was studied at Vs
~50 GeV. The experiment gives a broad distribution
with a maximum at M ~0.5 GeV, and a weak shoulder is
found at the mass of the p meson, M ~m, With a defi-
nite method for subtracting the contribution of this
shoulder, one analyzes the remainder as the contribu-
tion of pairs of charged m mesons from three-particle
decays of the w, K*(890), and other such resonances.
In fact, the w meson, which decays into 7*7"7° and has
mass close to m,, gives 7*7” pairs of appreciably
smaller mass M,,,., with moreover a broad M distri-
bution, and can in principle explain the main broad
maximum. Indeed, by a choice of the corresponding
production probabilities (as an example, we note that
five coefficients are specified—the mean numbers of
the resonances p°, w, K*°+K*°, 1, f per event are taken tobe
equal o0 1,19+0.25,1.43+0.26,0.76+£0.23,0.22+0.14,
0.24+0.13, respectively) the experimental curve can
be well described (and a good p, distribution is also
obtained, if the resonances are distributed thermody-
namically with respect to p,). The conclusion of the
authors that more than 60% of the 7 and K particles
arise from the decay of the listed resonances at the
95% confidence level must be understood as the asser-
tion that the data of two or three investigated distribu-
tions do not contradict the assumption of a purely res-
onance (light resonances!) origin of the clusters.

(15)

We must draw attention to the following feature of
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such an approach. Frequently, the experiments give
the curve of Fig. 12, in which one can discern the sta-
tistically confirmed shoulder at M,, _=m,. How can the
contribution of the p mesons be extracted from this?
Two approaches are possible. If one simply straight-
ens the curve smoothly (the dashed curve in Fig. 12)
and ascribes the remaining bulge to the p mesons, their
contribution is small. The remaining “background” can
be ascribed, for example, to heavy clusters decaying
thermodynamically. Their products will of course be
grouped in the region of masses ~0.5 GeV. In the other
approach one assumes g priori an appreciable admix-
ture of, for example, w mesons, which, as we have al-
ready said, give the necessary maximum in a broad re-
gion around the same mass ~0.5 GeV. A specific point
here is that if we ascribe a large contribution to w me-
sons, then we also obtain a large contribution of p me-
sons.

The authors of Ref. 36 and papers of that ilk adopt the
second approach. As we have already emphasized,
their conclusion is that the M distribution does not con-
tradict the selected “cocktail” of the known light reso-
nances. But this ignores the results of the analysis of
other correlation characteristics of the process (for
example, curves such as those of Figs. 5, 6, 8, and 9);
there is no analysis with selection of different n,,, etc.
(we note also that, because of the experimental condi-
tions, pions with small |y*| in the center-of-mass sys-
tem were eliminated from the analysis of Ref. 36; but
the contribution of heavy, and therefore slowly moving
(in the center-of-mass system), clusters must here be
especially large).®

AN/dMyt,-, mb/40 MeV
S o= Coy
= =Y R ™
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P
%
x
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N
2
2

FIG. 12. Number of pion pairs with given mass of the pair
M,y (m"p, 40 GeV/c). The black circles are the experimental
points, and the crosses correspond to the multicluster model.

#In some of the studies that reduce everything to light reso-
nances other arbitrary constructions are encountered. For
example, the two-particle correlations are interpreted in the
spirit of an appropriately complicated formula (5) as the
superposition of many components:

Cz @[ » yz) =2 anchcgch(yisyg)‘!' F(}’p)’z),
fch i

where F(y;,,) is some very complicated combination of the
quantities C3?, and a,, is the relative weight of the events
with given 7. The first term on the right-hand side is
understood as the expression of the short-range ordering,
while the second describes the long-range ordering, Such a
definition is of course arbitrary. It is not surprising that
after this the comparison with the experiments leads to an
absurd conclusion—the maximum at ¥1= ¥, in Fig. 4 is a con~
sequence of the “long-range correlation” F(yy, ¥5).
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All this renders the final conclusion conditional, and
it cannot be regarded as unambiguous or binding, This
is especially emphasized by analysis in the framework
of the multiperipheral cluster model'® (see Sec. 5), in
which this “p shoulder” can be readily explained by a
small relative contribution of resonances, while the
main peak in the region of masses ~0.5 GeV/c? is due
to pions from the decay of fireballs,

The p peak’is more pronounced in the C;"(M) curve
(Fig. 13), and this offered hope for success of the con-
ception we are discussing.®® However, when it was im-
plemented with allowance for the effect of the Pauli
principle,*® Thomas® did not regard it as possible to
ascribe high probabilities to the production of light res-
onances, these explaining not more than 30% of the area
under the curve. At the same time, as was demon-
strated in Ref. 42, the histogram of Fig. 13 for C{” can
be explained well solely by clusters with (M)=1.3 GeV
(it was assumed that their decay has a tree-like nature,
as in the statistical bootstrap) with (K )= 2.1.

Nor can we fail to point out the following fact. In the
histogram in Fig. 13, the correlation of particles with
opposite signs, C;~, has a peak at the p-meson mass.
It is interpreted as indicating appreciable direct pro-
duction of p mesons. But there is a similar peak for
C3~, in which such an interpretation is impossible. In
both cases, the deviation is within <3 standard errors,
and it demonstrates how carefully one must approach a
suggestive interpretation.

2. Strong evidence against the reduction of clusters
to few-particle resonances and in favor of heavy clus-
ters is provided by measurements of the azimuthal cor-
relation. Besides the older papers,*® we must draw
particular attention to the investigation of Ref. 44 made
with colliding pp beams and with very high statistics
(>10° events). If at each point of the axis of the rapid-
ities y=(1/2)In[(E+p,)/(E - p,)], which are above all a
characteristic of the longitudinal motion of the final
particles (of energy E and momentum p), we imagine a
plane perpendicular to that point, the azimuthal angle
¢ of emission of a particle with transverse momentum
p, is measured from a fixed direction (Fig. 14). The
subject of study is the dependence on ¢= ¢, — @, of the
number of pairs with y=1v,(p=¢,) and y(¢=¢,),

&
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B ¥ I TR S T v Y Y T

Myta GeV/ic?

FIG. 13. Mass correlations of 7“7 = (a) and 7 *7 = (b) pion
pairs at E_ = 200 GeV in pp interactions. The histograms are
the experimental data and the points were obtained by calcula-
tion.
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FIG. 14. Projection of the momenta of the decay products of
clusters onto the azimuthal plane.

|y1 =y.|=4Ay. The simplest measure is the difference
between the numbers of particles with 0< |¢ | <7/2 and
with 1/2<gp<m

ran- SR 1o

Figure 15a shows some results of measurement of the
azimuthal asymmetry from Ref. 44, and Fig. 15b shows
the previously obtained results® for 7°p collisions. The
few-particle resonances must give some almost con-
stant (or slightly decreasing with increasing Ay) back-
ground, and at small Ay the Pauli principle must cause
the curve to sink. This is observed for 7** and 7°~
pairs at low energies (see Fig. 15b); however, for dif-
ferent particles, m*n", there is here a slight rise in the
region of small Ay. It is a remarkable fact that at high
energies (see Fig. 15a) in the region Ay =< 0.5 there is a
clear excess of B above the background for all pairs,
m*r*, w77, and 777" (under the sampling conditions de-
scribed in Ref. 44).

A feature of Ref. 44 was that to eliminate the region
subject to the influence of the Pauli principle, pairs
with Ay <0.8 were taken into account only if for them
Ap, > 0.2 GeV (it was confirmed that there is then a
strong decrease of the difference between the curves
for 7*7* and 7"7" on the one hand and 7*7~ on the other;
the remaining small difference lay entirely in the re-
gion of the light resonances and could therefore be as-
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t b {
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FIG. 15. Data on azimuthal correlation in pp processes at

Vs=52.56 GeV ny = 6 (a) and in 7 " processes at E,,= 40 GeV

®).
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cribed to them; it follows in particular that for the
chosen 5, > 6 the contribution of light resonances is
small). Such a rise indicates that for Ay<0.5 both par-
ticles lie in the region of a single cluster, where the
transverse momenta of the particles must compensate
each other.

The qualitative difference between the curves in Fig.
15a and 15b again demonstrates the danger of extrapo-
lating results obtained at low energies to higher ener-
gies (where heavy clusters, if they exist, must become
more important). The results of Ref. 44 can be re-
garded as evidence in favor of heavy clusters. In Ref.
44, they are called superclusters, evidently to distin-
guish them from few-particle resonances.

Indeed, the fact that B(0) differs a little (but reliably)
from the “pbackground” B(Ay>0.5) indicates that there
are many particles in the cluster” and that fixing the
momentum of one particle imposes a fairly weak con-
straint (since it derives from the necessity of mutual
compensation of the momenta of all particles of the
cluster) on the chosen second particle.

It is not fortuitous that these clusters could be identi-
fied in precisely the high-multiplicity events, n_ = 6.
Moreover, the comparatively small rapidity interval of
the correlation, Ay<0.5 [whereas the decay products of
the cluster cover the much larger interval (2)], means
that the products of different clusters overlap on the
rapidity scale. Only a few particles (two or three
charged particles according to a rough estimate) do not
“overlap.”

3. The accumulation of experimental data makes it
possible to consider the analysis of many-particle cor-
relations. The rapidity interval method, presented in
Figs. 7 and 8, essentially already uses a certain com-
bination of higher correlation moments. But one can
also measure directly Cy(y,, y,,y;) or its integrated
measure f,(s), shown in Fig. 5. It can be seen that f,
is on the whole smaller in modulus than f,. At the
first glance, it would seem that this smallness of C,
implies small clusters; for if the clusters are small,
then in a combination of three clusters one particle will
very often belong to a different cluster. In Ref. 46 at
E, =200 GeV it was found that C,(0,0,0) really is very
small (typical value (5-6) X 10™%), and accordingly one
might conclude that the clusters are small. However,
if the calculation is made under the assumption of in-
dependent cluster emission, then for K ;=3 and n,
=6-10 the value of C,(0,0,0) is found to be of the order
of the measured value (or even smaller): (2-1)x10°*
(Ref. 47).

Summarizing, we conclude that it is hardly possible
to explain the complete data by the assumption that the

Din the case of production of few-particle p resonances, one
could expect B(0)~ 0.2 (Ref. 48). With increasing number of
particles in the cluster, the value of B(0) must decrease (as
1/K at large K). This decrease can be noted in Fig. 20,
which shows data at 40 and 200 GeV, analyzed as in Ref. 44
and described by the multicluster model ' For comparison,
Fig. 20b gives the curve corresponding to the data of Ref. 44
at Vs = 52.5 GeV.
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clusters are the known few-particle resonances decay-
ing into two or three pions.

3. NATURE OF THE HEAVY CLUSTERS

The need to include heavy (M= 2 GeV) clusters be-
sides the known few-particle resonances to interpret
the multiparticle production data appears, on the
whole, justified. However, the question of their nature
is still very debatable. Two cases are possible.

1. The heavy clusters are as yet undiscovered reso-
nances of essentially the same type as the known few-
particle resonances p, w,... . They may be situated
on the same Regge trajectories and, in view of the con-
siderable widths of these resonances, may overlap on
the mass scale, so that effectively their spectrum will
appear as continuous and fairly smooth. This idea is
supported by recent results of an analysis of data on a
different but similar process—coherent 7 - 37 produc-
tion on nuclei. Until recently, only a general, compar-
atively broad distribution with respect to the masses
M, of the final state, peaking around M, =1.1 GeV, was
observed. However, the accumulation of higher statis-
tics makes it possible to undertake a decomposition of
the final state into partial waves, determine from M,
the energy distribution of the amplitudes of these par-
tial waves, and measure the relative phases. This
analysis is very complicated (one must take into ac-
count up to ten partial waves) and contains significant
uncertain elements. For all that, the result of Ref. 49
appears important; according to it, the distribution can
be decomposed into the contribution of the two reso-
nances A,(1070),JP=1*(I'= 0.3 GeV) and A,(1650),J 7
=27 (I'= 0.4 GeV) and a small nonresonance background.
However, the 0° state also makes appreciable contribu-
tions to both peaks. In addition, the relative phase
changes in the necessary manner on passing through the
middle of the resonance.

This example shows that heavy clusters in incoherent
production could also be a superposition of broad reso-
nances (heavier than the known ones). However, no ad-
ditional arguments in favor of this possibility (apart
from the dual resonance concept with an infinite series
of narrow resonances on each trajectory) are as yet
known.

2. There is, however, a different possibility: The
heavy clusters are nonresonance hadronic formations.
From the theoretical point of view, there are sufficient
grounds for their occurrence. Let us consider this in
more detail.

If we remain in the framework of traditional quantum
field theory, information about the amplitude of multi-
particle production can be extracted from the imaginary
part of the elastic scattering amplitude. Let us adopt
the ladder approximation for the latter (Fig. 16a). Then
the inelastic process (Fig. 16b) is determined by the
imaginary parts of the propagators D(k?). For example
(ignoring the spin relations),

oo

D"‘”):Ff?’sﬁ*“iﬁfk—ﬁ; (17)

Im D () = —nb (k*+ :n“)—ﬂp(kz) . (48)
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a b

FIG. 16, Ladder diagram of elastic scattering (a) and the in-
elastic process determining it (b).

where the spectral function p(#?) is positive and must
decrease sufficiently rapidly as »®*-, ensuring con-
vergence of the integral. From it, one term, corre-

sponding to the lightest of the possible particles with

the given quantum numbers, is separated; Z, is a re-
normalization constant,

Zy=1— § p (x?) do, o)

3

For the particle with the internal quantum numbers of

the pion m=m, and #,=3m,. Further, %* is the square
of the mass of the produced cluster. In Fig. 16b, p(k?)
determines in accordance with (18) the mass spectrum
of these clusters.

The assumption that only (known or still unknown)
resonances are directly produced implies in accordance
with (17) that p(k® is a collection of individual peaks
(Fig. 17a). However, it must be emphasized that there
are no g priori grounds for this; it is a special hypoth-
esis. In general, it is no less probable that p(»?) has a
smooth structure or, at least, a smooth background be-
sides the peaks (see Figs. 17b and 17¢). This would
mean that the steps in the amplitude of the inelastic
process (see Fig. 16b) have a continuous mass spec-
trum v'%2 and that they decompose into a corresponding
number of final hadrons.

The physical interpretation of the spectral function is
suggested by the fact that the integral of p(k?)k? deter-
mines the difference between the mass m, of the bare
particle and the mass m of the physical particle:

4 (20)

12 2
mi—m 4 | () (2—m?) e, S (.

mé

Since p(#?)>0, the mass of the bare particle is greater
than that of the physical one. Indeed, m is the mass of
the lowest stable state of the particle with the given
quantum numbers. The contribution to the integral
from larger and larger masses » must be interpreted
as the contribution of ever deeper parts of the particle-

L M

o
(1] vﬂ'

2 o2

mZ x

FIG. 17. Form of the spectral density: a) only resonances;
b) smooth structure (background); ¢) combination of reso-
nances and background.

o
<
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field system.

An example of the use of the concept of a bare parti-
cle is provided by the parton scheme.® It is customary
to regard a parton as some point-like object of a defi-
nite kind.

However, it follows from (17) and (18) that in reality
it may be necessary to take into account unstable had-
rons of different masses as particles that to various
degrees are dressed and are manifested in processes
of lepton-hadron scattering to different degrees at dif-
ferent momentum transfers. But it can already be seen
from (17) that if #* is very large, much larger than the
»? for which p(+® is nonzero (see Fig. 17), then (17)
with allowance for (19) reduces to D(k?)=1/k?, which
corresponds to asymptotic freedom and, hence, to a
completely bare particle—a true “point-like” parton.
In this case, the mass spectrum of the clusters, g(M)
~p(M?), will end at the corresponding mass of the bare
particle, i.e., the parton.

Thus, the nonresonance cluster—the fireball—could
be simply a particle very far from the mass shell, a
‘half-naked, or, in the limiting case, bare parton in the
sense of Bjorken and Feynman. Of course, this is just
one, albeit very plausible possibility and is attractive
because it finds a simple expression in field theory.

In contrast to this, a fireball could be a formation with
indefinite spin (in particular, it could be decomposable
into states with definite spins, as is apparently possible
for the diffraction dissociation process 7 - 7* — 37 men-
tioned above*®). We shall not consider here what its
relationship to quarks could be.

4. DECAY OF CLUSTERS

Reflecting the two ideas about the nature of the clus-
ters there are two approaches to the mechanism of
their decay into final hadrons.

When the known comparatively light resonances de-
cay, this occurs through a cascade, for example,
B (1235) = wm, w—3m; A, (1640)—fm,f (1260) - 77; etc.
A similar scheme is well justified for the decay of co-
herently produced clusters in, for example, the pro-
cess m—n*—37; evidently, the process proceeds
through the stages 7* -~ pm, p— 27, etc.’® Such a “tree-
like” decay (Fig. 18) is assumed in the dual resonance
model, in which each heavy resonance goes over into
the neighboring, lighter resonance with the emission of
one particle, and also in the statistical bootstrap mod-
el,'® in which at each vertex there is emitted, not one,
but, on the average, 1.4 light final particles.

/ FIG. 18. “Tree” diagram
L e \ of fireball decay.

8We may recall that, in introducing patrons, Feynman argued
that since the only good relativistically covariant theory is
quantum electrodynamics, it can be.taken as a convenient
paradigm and a parton can be understood as a bare particle
corresponding in electrodynamics to a bare electron
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In the traditional thermodynamic model, which takes
into account the strong interaction of the particles in
the final state, the process is regarded as the expan-
sion in space and subsequent cooling to the final critical
decay temperature T,=m, of the original nonresonance
hadronic bunch. If the mass of this bunch is very large,
the process can take a long time and may need a hydro-
dynamic description; the decay of the different ele-
ments of the bunch into the final hadrons then takes
place at different times, when the temperature of a giv-
en element in its associated rest frame has sunk to T,
Thus, in thermodynamic decay too the final particles
are actually emitted, not simultaneously, but succes-
sively. It is hardly surprising that the momentum
spectra in the statistical bootstrap, which is based on
the concept of a limiting temperature, and in the ordi-
nary thermodynamic model, which allows an arbitrarily
high temperature at the start of the process, come out
to be virtually identical.®

In the dual resonance model with heavy resonances
of zero width, the spectrum is exponential in the ener-
gy.'d.:
i L. (21)
AN ~exp[—E (p)/0]d°p, 0= - Ve @D

where a’(0) is the slope of the trajectory, assumed
constant, a’(0)~1 GeV "2, and D is the number of di-
mensions of the oscillators in the theory. If D=4-T7,
we obtain 8=0.18-0.15 GeV=m,.

In the thermodynamic model, neglecting the hydro-
dynamic motion, a distribution of exactly the same type
is obtained from the Bose and Fermi formulas, since
in them one can usually ignore the term 1 in the de-
nominator. Indeed, because T, is small, ~m,_, this is
always possible for particles heavier than the pion. In
addition, it is permissible for relativistic pions with
energy E= (2-3)m, (unfortunately, there do not yet ex-
ist sufficiently accurate measurements for the spectra
of nonrelativistic pions, when the difference between
the Bose and Boltzmann distributions should be mani-
fested; there are only some unpromising indications).
Thus, the coincidence of (21) with the thermodynamic
distribution
dN ~exp(—E (p)/Ty)d*p, Ty~ ms (22)
is a consequence of the fortuitous numerical coincidence
of the dynamical quantity @ and the thermodynamical
quantity T,. [It is well known that (22) describes excel-
lently the p, and mass distributions of all particles,
from the m mesons to the § and §’ particles, produced
in high-energy collisions.??]

Note that if we regard the heavy clusters as nonreso-
nance particles and describe them as bare or half-bare
particles of large mass, then the thermodynamic, i.e.,
quasiclassical, picture of expansion and decay is com-
pletely natural. As was shown earlier,* a (half-)bare
electron restores, in accordance with guantum electro-

9Note that in such an approach it is of great importance to
justify the application of the concept of thermodynamic equi-
librium, the possibility of a classical description of the hy-
drodynamic stage in the expansion of the bunch, and so forth;
we shall not consider these questions here.

406 Sov. J. Part. Nucl. 10(5), Sept.-Oct. 1979

dynamics, its normal clothing by quantum decay into

a dressed (physical) electron and a corresponding pho-
ton. In classical electrodynamics, the same process
takes place differently®*: The self-field grows steadily
as the front of the increasing field, moving with the ve-
locity of light, moves away from the electron and forms
a light wave. A similar picture must apply for the de-
cay of a hadron far from the mass shell, bare or half-
bare, in particular for a parton. Indeed, if it decays
into many hadrons, then this decay can be described
quasiclassically as steady expansion from an initial
small volume (which may have characteristic dimen-
sion ~M ™, where M is the mass).

5. DEVELOPMENT BEYOND THE SIMPLIFIED
SCHEME OF PRODUCTION OF IDENTICAL
(“AVERAGE") CLUSTERS

The experimental data, which have only partly been
discussed above, give a clear indication that clusters
heavier than the known meson resonances participate in
multiparticle production. It is also highly probable that
ordinary resonances are also produced directly in the
collision process. The participation of p mesons is al-
ready indicated by the corresponding peaks in the ex-
perimentally obtained pair mass distributions of the
produced pions (Refs. 36-38).!" There are no grounds
for thinking that direct production of other ordinary
resonances is absent either. On the other hand, it does
not seem possible to explain the complete data by them
alone (see Sec. 2).

Numerous evaluations of different correlation data
obtained at the accessible accelerator energies, Vs
< 60 GeV, are made on the basis of the model of inde-
pendent emission of clusters of some common “aver-
age” mass. An invariable deduction from these eval-
uations (see, for example, Refs. 20, 32, 42, 43, 55,
and 56) is that this “average” cluster has the mass

(Mg) m 1.3 — 2.0 GeV (23)
and decays into
(K) = 4 pions. (24)

However, this concept of an average cluster can, per-
haps, be allowed as a first step in order to get one’s
bearing, but it is inadequate for understanding the
clustering mechanism and in many respects is confus-
ing. Let us consider this question in more detail.

If we assume that not only heavy clusters but also
light p and w mesons are directly emitted, it follows

10jowever, this is not quite conclusive. It is possible that
initially there are produced only heavy clusters, the p me-
sons arising from their decay. In thermodynamic decay, the
admixture of p mesons would be small because of the com-
paratively high mass; at the decay temperature T, ~ m , we
obtain

() . 11/_2 m, 3/2 g a0

(f is the spin of the p meson). However, in tree-like decay
(see Fig, 18) the contribution of the resonances may be great-
er. In any case, the above-mentioned observation that in co-
herent 7 —7*—= 37 production the decay takes place preferen-
tially as m*— pr — 3x (Ref. 50) indicates such a possibility.
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from (23) and (24) that much heavier clusters, fire-
balls, must also be emitted. Symbolically, we can
write

(cluster)= (light resonances)+ (fireballs) (25)

(and we need not prejudge the question of the nonreso-
nance nature of the fireballs).

An averaging of the type (25) has in fact a quite dif-
ferent nature for different investigated effects. For
example, two components can occur together very oddly
in the binary correlation, as we have already said in
connection with Eq. (5). With regard to the mean multi-
plicity, fireballs with (K*®*)=8, “added” to p mesons
({K°)=K*=2), give, for example, the relation (24):
(K)=4 if the relative contribution of the p particles is
a=2/3:

(K)=20+8(1—a)=4. (26)

In other words, it is sufficient if one fireball of eight
particles is produced for two p mesons.

In the light of this circumstance, we must above all
recognize the importance of the results of early cos-
mic-ray investigations in which a special choice of
events of not too small multiplicity was made. For
example, it was found that in events with n, > 5 (i.e.,
n=T-8) at energies above the currently available ac-
celerator energies (we recall that at Vs~50 GeV, ()
~12) there are produced two fireballs with K=7-10
(Refs. 5-7). At V's=15 GeV with a different experimen-
tal technique the production on the average of one such
fireball was established.®

These results were sharply criticized, but it can now
be seen that in many respects at least the criticism
was unjustified. For example, doubt was expressed
concerning the employed methods of identifying nucle-
on-nucleon collisions in experiments with a nuclear
target [emulsion,®"” or LiH (Ref. 8)], but they were
sufficiently reliable. The observed fact of weak ab-
sorption of fireballs in nuclei was correct; this was
already long ago interpreted as a sign that the fireball
interaction cross section directly after production is
small.® Correct too was the distribution, found admit-
tedly with large errors, of the inelasticity coeffi-
cients,” etc.

The accelerator data on the inclusive distributions
[see Fig. 2 and Egs. (2) and (3)] enable one to under-
stand why it is not possible that there are produced only
light resonances or light partons decaying into two or
three pions.* If only light clusters were produced,
then because of the rapidity overlap of pions from dif-
ferent clusters they would have to enter into multiple
interaction with one another, so that their decay pro-
ducts would be emitted from a small volume, of the or-
der of a single hadron: 47/3m?. With high probability,
such a system can be regarded as a heavy fireball. In
other words, the purely p-mesonic (and w-mesonic)
multiperipheral model (and also the parton model, if
the partons are light, i.e., if they decay into only two
or three pions) is not self-consistent.

To get an idea of the consequences that could be ob-
tained from a more realistic scheme of multiparticle
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production (involving light resonances and fireballs),
we turn to the concrete multiperipheral model already
mentioned earlier.'® Here, in 7N and NN collisions one
assumes at the vertices of the chain production of not
only p and baryon (at 7N vertices) resonances, but also
fireballs with some continuous mass spectrum, M

z 2-3 GeV (Fig. 19). Of course, it is necessary here to
fix a number of parameters, and for the fireballs it is
also necessary to select a definite type of decay (Pom-
eranchuk’s statistical model is adopted). However, the
simple requirement that this model reproduce the cor-
rect behavior of the total cross sections o, ,(s) and
oyx(s) for Vs < 15 GeV already strongly restricts the
arbitrariness. In particular, it is impossible to
achieve this without a significant admixture of clusters
with mass M= 2-3 GeV. This concrete, analytically
and numerically developed model describes very well
with a single set of parameters all the available and,

in recent years, newly published inclusive and semi-
inclusive data, and also the binary correlation coeffi-
cients for 7N and NN collisions at E, =40, 70, and
200 GeV. The complete listing of all confrontations
with the experiments would occupy too much space. We
restrict ourselves to pointing out that for the chosen
set of parameters a computer was used to generate (at
a given E, ;) 50000 exclusive events. They constitute a
fund of events from which even now one can extract all
inclusive and semi-inclusive distributions. Moreover,
one can now see which particles arose from clusters

of a given mass, which from p mesons, and so forth.
Therefore, one can see what contribution to any par-
ticular characteristic is made by resonances (p,A**,
etc.) and fireballs of any mass. One can sample events
corresponding to the conditions of a definite experi-
ment, etc. Many of the confrontations with the experi-
ments have been carried out (and are being carried out)
on the publication of the corresponding experimental
data on the basis of the same fund of computer-simu-
lated events (and therefore, without any change of the
parameters). Note, in particular, that the points in
Fig. 2 give the inclusive and topological rapidity dis-
tributions calculated in this manner for pp collisions
with energy 70 GeV (the histograms correspond to an
experiment at 69 GeV); the points in Fig. 4 give the
binary correlation coefficients (the “wings” of the
curve, on which C,<0, were obtained in the model of
Ref. 19 before they were discovered experimentally and
at first, when the experiment had only low statistics,
were taken to contradict observation); and the points in
Fig. 12 are the distributions C{~(M,,) and C;"(M,,) re-
cently extracted from the same fund for E, =200
GeV.*" In this last case, a peak was not found at M=m,,
but it is also insufficiently confirmed experimentally.

A
—>
_é fb

———c

P P

FIG. 19. Example of a multicluster diagram.
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All this enables us to assume that a physical world in
which the model of Ref. 19 is exactly valid (see Fig. 19)
would not differ too strongly from our actual world, and
this model can (on the basis of the 50000 simulated
events corresponding to it) be used to test various hy-
potheses about the process of multiparticle production
of hadrons.

Recently, after the publication of the data given above
on the azimuthal correlations*® (see Fig. 14) there was
extracted from the same fund, for the same data selec-
tion as in Ref. 44 (n,,>6, Ap,>0.2 GeV/c if Ay<0.8)
but at lower energy v s=20 GeV a curve B(Ay) analo-
gous to the one shown in Fig. 14. It is shown in Fig. 20
(Ref. 47). The curve is of the same kind as the experi-
mental curve in Ref. 44. It was noted above (in connec-
tion with Fig. 15) that the small deviation at Vs=52.5
GeV of B(0) from the background can be explained if
the clusters are heavy. This can, even if only very ap-
proximately, be verified as follows using the material
of the simulated events and Fig. 19 (Ref. 47).

Suppose that in a cluster of (K) particles, half of
them are emitted into one hemisphere, and the other
half into the other. Further, suppose that in the limit
Ay —0 particles of only one given cluster play a part.
Fixing one particle with given y, and ¢,, for the parti-
cles with y,=y, + Ay and @,= @, + ¢ We obtain (K)/2 par-
ticles with ¢>7/2 and (K)/2 -1 particles with p<7/2,
1.e:,

(K)2—(K)2—1) _ 1 (27)
(K)2+-((K}2—1) — (K}y—1~

Therefore, B(0)=0.22 (see Fig. 20) implies (X)=5.7.
On the other hand, having a set of exclusive events for
which we know from which cluster a given particle
arose, we can determine (K) for the events included in
a given sample n,, > 6, etc. We find (K)=5.5, which
agrees well with the number (5.7) extracted from the
curve in Fig. 20. Of course, such a close coincidence
is fortuitous; in fact, particles of not just one cluster
play a part in B(0); at such small B, we cannot re-
strict ourselves to only the mean (K), and fluctuations
are important, etc. Therefore, applying formula (27)
to Fig. 14, where B(0)=0.10, and obtaining (K)=11, we
must not ascribe too much significance to this number.
It is, however, clear that (K) is here large, and one
can understand why the word “supercluster” was used

B(0)=
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FIG. 20, Data on azimuthal correlation at 40 and 205 GeV/c
with ny, > 6 sample.
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in Ref. 14. The same theoretical fund of events was
also used to calculate? the dependence of (K(K —1))/
(K)|, on n/(n) in semi-inclusive pp collisions at 205
GeV. It was found to be fairly close to the value ob-
tained by analyzing the experimental data in the frame-
work of the independent cluster emission model (see
Fig. 9), although it is evident that the estimates ob-
tained by means of this model slightly underestimate

_ the number of particles in a cluster.

Recalling again the old cosmic-ray data,*”” in which
under the condition n_, > 5 (and not n,, > 6 as in Ref, 14)
but at much higher energy the existence of fireballs
with (K)=~8-10 was indicated, we can regard the re-
sults of the experiment of Ref. 44 and the investigations
of Ref. 47 as a confirmation of them.

In turn, all this demonstrates once again how impor-
tant it is to take into account a nonuniform mass com=-
position of the clusters, and how imporviant it is to go
beyond a model with some average cluster (23),(24),
(K)=4.

What is the contribution of the fireballs at different
energies? From cosmic-ray data 20 years old,”"® in
each event there is produced on the average at E,,,= 200
GeV one fireball, and at E,,,~(2-10) x 10° GeV, two,
these having approximately the same characteristics.

We can now base ourselves on the data of the model
of Ref, 19 and the fund of events simulated by means of
it, according to which the cross section for the produc-
tion of a pion fireball with Mz 2-3 GeV at E, ;= 30 GeV
(in NN collisions) is only 1.5 mb.*® However, massive
fragmentation clusters play an important part at these
energies, and their contribution cannot be ignored in
the study of many inclusive and semi-inclusive charac-
teristics.”’ Already at E,,,= 200 GeV a pion fireball is
present on the average in the amount ~1.3 per event,
which agrees well with Ref. 8.

From the analysis of the simulated events it follows
that in the E,,, range from ~40 to 2000 GeV the contri-
bution of the diagrams in Fig. 19 with a small and
weakly E, , -dependent number of vertices 3-4 make the
dominant contribution. But at low energies we have al-
most exclusively resonances, while with increasing en-
ergy the mass of the clusters increases.

CONCLUSIONS

Numerous analyses of the extensive data on multipar-
ticle production of hadrons in hadron-hadron collisions
obtained in the last six or seven years with accelera-
tors at E, ,=40-2000 GeV are compatible with the con-
clusion that the production process can be divided into
two stages (“factorized”). The two stages are the pro-
duction of clusters and their subsequent decay into the
final hadrons.

111 this energy region, fragmentation fireballs,® i.e., highly
excited states associated with colliding nucleons, play an
important part. The velocity of the fragmenting nucleons is
low (y,<1.5). The pions from their decay can simulate a
central pion cluster, since they are not separated in rapidity.
Thus, one can explain®® the assertion that at 28.5 GeV pion
fireballs are already manifested.’®
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The usual methods for revealing this process use the
concept of a certain average cluster, for which one ob-
tains the mass value (M_)~1.3-2.0 GeV, multiplicity
{K)=3-4 of the hadrons (almost exclusively pions) into
which it decays,® and electric charge @=0 and +1 (the
data do not contradict the assumption of almost equal
contributions of these charges, but they must be re-
garded as preliminary). The nature of the decay of the
cluster is not particularized, but the total (inclusive)
mass and transverse momentum distributions of the
products (in the region of the principal peaks) agree
with the thermodynamic formulas (these two distribu-
tions are insensitive to the longitudinal motion, which
could only be taken into account by particularizing the
model and introducing new and not definitely known pa-
rameters). This, of course, rules out neither the pos-
sibility of a different type of decay nor a resonance
nature of even the heaviest clusters.

However, the concept of an average cluster is not
satisfactory. One must include among the clusters not
only the known resonances, but also heavier formations
which could be either as yet unknown resonances or
nonresonance objects with a broad mass spectrum, M,,
Z 2 GeV. The heavy clusters are called fireballs. One
can hope to explain the observed characteristics of the
processes (the correlations, etc.) by light resonances
(p,w,...) alone only at low multiplicities, n< (n), and
at relatively low energy (tens of GeV). At larger (x)
and »n/{n) the important part played by fireballs is
clearly revealed. Because of the considerable width of
the fireball mass distribution, the characteristic multi-
plicity associated with fireball decay depends on the
event selection criteria. For events with n, >6 and
energy E, . = 200-2000 GeV, K may go up to ~10. Ob-
viously, it is meaningless to look for such fireballs in
events with low multiplicity.

Thus, let us now summarize the main evidence sup-
porting the existence of clusters considerably heavier
than three-pion resonances.

Indirect Evidence.

1. If the mean multiplicity increases logarithmically
with increasing s and we restrict ourselves to the sim-
ple multiperipheral model (ladder approximation), then
in the formula (n)=qln(s/s,)+ b the coefficient g is di-
rectly related to the mass of an individual rung (and
hence to the multiplicity on its decay).®® The experi-
ments give g~ 2.5, whereas the resonance ladders lead
to = 0.9-1.2 (Ref. 49).

2. I the total collision cross section g,,,~s* is de-
scribed by the same (as in 1)) simple model, the small-
ness of A requires large masses of the rungs® (it is
well known that if this simple model is given up, in
Regge field theory the smallness of A can also be en-
sured otherwise, for example, by summing a series
of branching combs®?).

3. The rapid growth of the pion spectra with energy
in the central region cannot be explained as a threshold
effect in the multiperipheral models with emission of
light resonances,*® and requires for its explanation the
introduction of fireballs,®°
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4. The model of Ref. 19, which takes into account
the emission of heavy clusters, gives a good descrip-
tion of all the inclusive and semi-inclusive data.

“Direct” Evidence. By this we mean the extraction
of information about clusters from the experiments de-
scribed in the present review, and others like them.

1. The strong maximum of the two-particle rapidity
correlation R,(0,0) (see Fig. 2).

2. The presence of an inflection in the distribution of
rapidity gaps (see Fig. 6).

3. The results of the analysis of the rapidity inter-
vals (9) at 200 and 69 GeV (see Fig. 8), which show that
K % 2, this value increasing with increasing n,,/(n,,).

4. The results for the semi-inclusive hko-pa.rticle
rapidity correlation, which show that K, > 2 for n_,/
()2 3/2, the value then increasing with a further in-

crease of this ratio (see Fig. 9).

5. The azimuthal correlation (see Fig. 15a) mea-
sured with high statistics for Vs=5.25 GeV with samp-
ling of many-particle events (1, > 6), which indicates
the existence of heavy clusters, in agreement with the
old cosmic-ray data®"" obtained with a »,, > 5 sample.

The Absence of Contradictions with Data Successjfully
Interpreted without Heavy Clusters. The absence of
such contradictions can sometimes be established only
by taking into account the possibility of a spread of the
masses (and K, =n,,) of the clusters—from light reso-
nances to fireballs.

1. The C,(M) curves (see Fig. 12)* can be inter-
preted*? for K, = (K, ,)=2.1.

2. The py(M) curves® can be interpreted equally suc-
cessfully by a set of five light resonances (with spe-
cially chosen weights)® and a model with the participa-
tion of heavy clusters,'®%

3. The smallness of the semi-inclusive two-particle
correlations does not contradict a significant role of
fireballs. In contrast, analysis in the framework of the
independent cluster emission model indicates the pres-
ence of such objects [see 4) in the “direct” evidence].

4. The smallness of the triple correlation
C;-(0,0,0),% interpreted as evidence for the absence
of many -particle clusters, can in fact be obtained in
the independent cluster emission model even for X,
=3 (Ref. 47).

We emphasize once more that the relative importance
of the directly produced few-particle resonances, on
the one hand, and of the fireballs, on the other, de-
pends extremely strongly on the nature of the studied
effect, on the sample of events (especially on the choice
of n,,), etc. :

At 200 GeV, the number of pion fireballs per event is
n,=n,~1.3 (Ref. 47) (in agreement with the old cosmic-
ray results, for which n =1 at the same energy?®).

As we have already noted, for some effects the con-
tribution of the fireballs must be taken into account
even when their number is small, for example, at
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40-70 GeV.

The existing experimental estimates of the cluster
charge give |Q |=0 and 1 (perhaps, in approximately
equal fractions), though the accuracy is as yet low and
there are as yet no data on the separation into charges
for light and heavy clusters.

Thus, summarizing, we can say that the experiments
on multiparticle production at high energies reveal the
existence of massive correlated groups of pions (fire-
balls), whose main qualitative characteristics are al-
ready fairly clear. Questions relating to the nature and
the decay of the fireballs require further investigation.
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