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Based on the formalism proposed in a previous paper, simple methods are suggested to test the
content of hadronic clusters. The usefulness and the limitation of such methods are also discussed.

I. INTRODUCTION

This is the second of a series of two papers in which we
discuss production and decay of hadronic clusters in
high-energy collisions. In the first part' we introduced a
few new concepts and proposed a statistical method, with
the help of which useful information on cluster properties
can be extracted from multiplicity distributions and mul-
tiplicity correlations of hadrons observed in different ra-
pidity windows.

In this part, we discuss further applications of this
statistical-based formalism. ' Model-independent meth-
ods are suggested to test the hadronic content of the clus-
ters. It is also pointed out that, while many of the clus-
ter properties can be tested by these statistical methods
(in analyzing the experimentally observed multiparticle
final states), it is difficult to obtain reliable information on
the process of cluster formation. A possible scenario is
discussed to describe the dynamics of the formation pro-
cess.

II. MODEL-INDEPENDENT TESTS

We show in this section that the following methods are
helpful in testing the hadronic content of the clusters.

(a) Measurements of multiplicity distributions of nega-
tively charged hadrons in different rapidity intervals.

Experimental data and many theoretical models sug-
gest that most of the clusters produced in high-energy
hadron-hadron collisions are charge neutral. They decay
into two, four, or six charged hadrons, where clusters
which decay via known resonances are also taken into ac-
count. If this picture is correct, there should not only ex-
ist short-range correlations between positively and nega-
tively charged hardrons, but also this kind of correlation
between two positively or two negatively charged ones.
Hence measurements of multiplicity distributions of neg-
atively charged hadrons in different rapidity intervals for
different collision processes wi11 be very helpful. In these
experiments, we shall be able to see whether such correla-

while the number of clusters can be written as

c/2
N= g Nn, (k~X) . (3)

The average probability for any one of the N~(k~N) clus-
ters to exist is denoted by p~(k), and it is taken to be in-

dependent of N. The dash on the summation sign in Eq.
(1) indicates that the conditions given in Eqs. (2) and (3)
should be satisfied.

By analogy to the moments for n ~ discussed in Part I,
a set of relations between the moments of n and those
of N can be derived from Eq. (1). The first three of them
are

tions indeed exist. In particular, we shall be able to ex-
amine the properties of the four-charged-hadron clusters
compared to those of two-charged-hadron clusters (their
statistical weight, their rapidity dependence, etc.).

According to Eq. (4) in the first part' of this study
(hereafter simply called Part I) the probability P (n )

of observing n negatively charged hadrons inside a

given rapidity window 8'can be written as

c/2
-(n -)=g'P(N) N! g N (klN))

k=0

c/2
X g Ps, (k)

k=0

Here, P(N) is the multiplicity distribution of the neutral
clusters which decay at most into c/2 positively and as
many negatively charged hadrons; N~(k ~N) is the num-
ber of clusters which contribute k negatively charged
hadrons to the rapidity window 8' in such an ¹luster
event. Hence, the number of negatively charged hadrons
in 8'is

c/2

n~ = g kN~I(k~N),

c/2
(n ) =(N) g kP„,(k), (4)

c/2 c/2
(n (n —1))=(N(N 1)) g kP~(k) —+(N) g k(k —1)P~(k),

k k
(5)
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c/2
(n (n —1)(n —2) ) = (N(N 1—)(N —2) ) g kP~(k)

k

3

c/2 c/2 c/2
+3(N(N I—)) Q kPs, (k) g k(k —1)Ps,(k) +(N) g k(k —l)(k —2)P~(k) .

k k k

(6)

Next, we use a method of successive approximation,
similar to that discussed in Part I, to determine Ps (1)
and Pz (2) from the measured multiplicity distributions
for negatively charged hadrons inside different rapidity
windows. At present, the only available data of this kind
are those given by the NA22 Collaboration for n.+p and

pp collisions at p„„=200 GeV/c (Ref. 5). The corre-
sponding results we obtained are shown in Figs. 1 and 2.
(For details, see Ref. 6.)

It should be mentioned in this connection that the
average probability a~(1) for having a cluster which can-
tributes exactly I charged (that is either positively or neg-
atively charged) hadrons can be obtained by the method
given in Part I. An attempt has been made to determine

az (1) and a)r(2) from the corresponding set of rr+p and

pp data. No solution has been found under the condition
that all high aa, (1)'s [that is, a~(3), a~(4), etc.] can be
neglected. Since the error bars in the presently available
data are still too large to allow a reliable estimate of
a)r(3) and a~(4), we decide to postpone this calculation
until more precise data are available.

This result, taken together with the fact that Ps (1)
and P~(2) are significantly diff'erent from zero (except for
extremely small rapidity windows) which we have seen in
Figs. 1 and 2, leads to the following conclusion: In con-
trast with e+e -annihilation processes, the ~+p and pp
multiplicity distribution data for different rapidity win-
dows strongly suggest that in such processes there is a
considerably large percentage of neutral clusters which

decay into more than two charged hadrons
(b) Measurements of multiplicity distributions of

charged hadrons in different rapidity intervals under the
condition that the total number of charged hadrons in
the fu11 rapidity space is fixed.

We recall that the application of the general formula
for P~(ns, ) given in Eq. (4) of Part I, as well as that for
P~+(n~+) given in Eq. (1) in this part of the paper are

limited by the following condition: The average probabil-
ities a~(l) and Ps, (k) are taken to be independent of the
cluster multiplicity of the emitting system. This is an ap-
proximation which needs to be improved when we wish
to extract more precise information about the cluster
properties from the experimental data. Such an improve-
ment can be achieved in the following way. We recall
that experimental data for multiplicity distributions in
different rapidity windows irrespective of the number of
charged hadrons observed in the full rapidity space, and
measurements of rapidity distributions, not confined to
given rapidity windows, in different ranges of multiplici-
ties (for example, n &10, 11&n &20, 21 &n &30, . . . ) ex-
ist for various reactions at different incident energies. In
order to learn more about hadronic clusters, it would be
helpful to measure multiplicity distributions in different
rapidity windows for fixed numbers of charged hadrons
observed in the full rapidity space (for example, in the
same n intervals as those for rapidity distributions men-
tioned above); and use this kind of multiplicity distribu-
tion data to carry out the analyses mentioned in Part I as
well as that discussed in (a) of this section.

The results of such analyses are expected to yield more
accurate information about the clusters for the following
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FIG. 1. The probabilities p~(1) (dashed curve) and p~(2)

(solid curve) calculated by using the measured (Ref. 5} multipli-
city distributions for negatively charged hadrons in difFerent ra-
pidity windows for m. p collisions at p&,b =2$) GeV/e. The in-
put is P~,„(1)=0.55, P~,„(2)=0.45.

2
Vw

//

full

FIG. 2. The same as Fig. 1 for pp collisions at the same ener-
gy (Ref. 5).
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It has been known already for a long time that the ex-
isting experimental data on short-range rapidity correla-
tions, rapidity gap distributions, multiplicity distribu-
tions, forward-backward multiplicity correlations are
consistent with the following "cluster picture. " The ob-
served hadrons in the central rapidity region of hadron-
induced reactions are decay products of small hadronic

-5 -4 -3 -2 2 3 4 5

FIG. 3. p„(y)=(1/o. , )(do.„/dy) for a fixed number (n) of
negatively charged hadrons in the full rapidity space.

reasons. First, it has been observed a long time ago that
high-multiplicity events are associated with events in
which the observed charged hadrons are more concen-
trated in the central rapidity region, while low-

multiplicity events are those in which the observed
charged hardons are located in the fragmentation re-

gions. Hence, by studying multiplicity distributions in

different multiplicity ranges one can obtain information
on multiplicity distributions for different kinds of events.
That is, by analyzing the data for different groups of
events one may in fact be investigating the clusters pro-
duced by different emitting systems. Second, this kind of
multiplicity distributions is very helpful in finding out the
cluster composition (that is, the percentage of each possi-
ble kind of clusters). In order to demonstrate this point,
we consider the following idealized case.
We show, for a given rapidity distribution p„(y)
=(1/o „)(do„/dy) for a fixed number (n) of negatively
charged hadrons in the full rapidity space, such as the
distribution shown in Fig. 3, different cluster composition
yields different results for P~(1) and P~(2). In Figs.
4(a) —4(d), we show the results obtained under the as-
sumptions that there are 0%, 30%, 70%, and 100%
two-negative-charged-hadron clusters, respectively, while
the rest are assumed to be single-negative-charged-
hadron clusters. We note that this example shows in par-
ticular that by using the statistical method discussed in
this paper the cluster composition can be determined,
provided that multiplicity distribution for charged
and/or negatively charged hadrons in different rapidity
windows, under the above-mentioned condition, are mea-
sured.

III. DYNAMICAL CONJECTURES
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FIG. 4. Calculated f3~(1) (dashed curve) and /3s, (2) (solid
curve) for different cluster compositions. (For details, see text. )

clusters. Such clusters are charge neutral and they decay
on the average into 2.2 —2.6 hadrons; these properties de-
pend neither on the incident energy nor on the quantum
numbers of the incident particles. While some of the
above-mentioned properties (for example, charge and size
of the clusters) can be tested with the methods discussed
in Refs. 1,2, and/or those in the present paper, these sta-
tistical methods are less helpful in answering questions
concerning the formation stage of the clusters: in partic-
ular, "Why do clusters exist in high-energy hadron-
induced reaction?" "Why are they charge neutral?"
Why are they so small?" "Why are the properties of such
clusters independent of the incident energy, and indepen-
dent of the quantum numbers of the incident particles?"

In this section we discuss a possible scenario for the
production and decay of clusters. This scenario is based
on a set of dynamical conjectures. The purpose of this at-
tempt is to offer a simple and natural answer to the
above-mentioned questions. The basic assumption is the
following. The hadronic clusters are nothing else but
color-singlet gluon clusters. ' Such gluon clusters are in
general extremely short lived. That is, they are metasta-
ble objects, the decay widths of which are in general
much broader than those of ordinary resonances. There
are mainly two types of them, the C, type and the C
type, and each type is characterized by its specific decay
mode. Type-C, clusters decay into two mesons while
type-C„clusters decay either into baryon-antibaryon
pairs or into three mesons.

It is the following facts and open questions which have
led us to this assumption.

(i) Deep-inelastic lepton-proton collision experiments"
indicate that the gluons in a fast moving proton carries
about half of the total momentum. What kind of role do
the gluons in hadrons play in high-energy hadron-hadron
collisions? How do the gluons in the colliding hadrons in-
teract with one another, especially in ordinary soft/gentle
process?
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(ii) A major difference between photons in QED and
gluons in QCD is that the gluons are not only responsible
for the confining (color) force, but they also carry them-
selves (color) quanta. If this is indeed the case, why is it
so dificult to find in nature color-singlet objects consist-
ing of gluons only? In particular, if the colliding hadrons
are indeed made out of few valence quarks and a large
number of gluons (which carry on the average approxi-
mately as much momentum as do the valence quarks),
why do we not see many such objects in high-energy
hadron-hadron collision processes?

(iii) Elementary perturbative QCD calculations show
that, ' especially at large scattering angles (that is, in the
central rapidity region), the contribution to hadron-
hadron cross sections from gluon-gluon subprocesses is
much larger than from gluon-quark and that from
quark-quark subprocesses. Nonperturbative considera-
tions' also show significant domination of gluon-induced
effects. What are the reasons which force us to believe
that gluon-gluon processes do not give a significant con-
tribution to the central rapidity region in high-energy
hadron-hadron collisions?

(iv) Monte Carlo lattice calculations' show that there
can be confinement in gluon plasma without quarks.
Such calculations also indicate the existence of glue-
balls. '

(v) Based on the experimental fact mentioned in (i), a
quark-gluon picture for nondiffractive hadron-hadron
collisions was proposed many years ago by Pokorski and
Van Hove. ' In their picture, the valence quarks of one
hadron penetrate the other hadron and become the con-
stituents of the corresponding leading particles, while the
remaining energy-momentum is arrested in some collision
volume by virtue of the much stronger interactions be-
tween the gluons.

(vi) The quark-gluon picture of Pokorski and Van
Hove' is very useful in describing gentle (soft) hadron-
hadron collision processes. For example, Pokorski, Van
Hove, and their collaborators' have used this picture to
describe particle production in fragmentation regions.
Carruthers and Ming Doung-Van' and Shuryak' have
used this picture in connection with the Fermi-Landau
model to calculate the energy dependence of the average
multiplicity and the gluon mean free path in exci.ted
quark-gluon matter. It has been shown' that the statisti-
cal model proposed by the Berlin group to describe multi-

plicity distributions, rapidity distributions, long-range
multiplicity correlations, and short-range ra-
pidity correlation in such processes, can also be intepret-
ed in terms of this quark-gluon picture.

The above-mentioned facts and questions strongly sug-
gest that gluon-gluon interaction should play a dominat-
ing role in high-energy nondiffractive hadron-hadron col-
lisions.

Now, we recall that in QCD, gluons are color octets;
and when two gluons interact with each other, the only
two-gluon states in which the gluons attract each other
are color singlet and color octet. Hence, it seems natural
to assume that the proposed C,-type gluon clusters are
due to the collision of two gluons with exactly the oppo-
site color, and that a C,-type gluon cluster is due to the

collision of a gluon and a member of a two-gluon color
octet C8 mentioned above. The formation and the decay
of such gluon clusters are illustrated in Fig. 5. Here, it is
envisaged that once a color-singlet gluon cluster is
formed, it remains a color singlet when it interacts with
other color objects. That is, the formation and decay of
C,- and C -type gluon clusters are assumed to be irrever-
sible processes. We note that it follows (for details see
the Appendix) from this assumption and the well-known
properties of interactions between different color multi-
plets in the QCD framework that the chance for color-
singlet gluon clusters larger than those of type C to exist
is neglegibly smal1. That is to say, in a sufficiently good
approximation, the color-singlet gluon clusters produced
in the central rapidity region of high-energy
nondiffractive hadron-hadron collisions are either of type
C, or of type C„,.

It is clear that the proposed scenario is only an exam-
ple which can give answers to the questions discussed at
the beginning of this section. However, this scenario not
only offers a simple, natural explanation for the experi-
mental fact that there is local charge compensation, and
that there is a short-range rapidity correlation among the
observed hadrons, but it also has a number of other
consequences which can be checked experimentally.
Some examples are given below.

First, it suggests a simple solution for the puzzle con-
cerning the double role of the gluons in QCD. According
to this model, there should be plenty of gluon clusters in
hadron-induced multiparticle production processes.
While the decay widths of these metastable objects are in

general broader than those of ordinary resonances, some
of the gluon-clusters may have widths which are
sufficiently narrow to be identified as resonances with
reasonable lifetime. It is extremely interesting to see that
a large number of such objects have indeed been ob-
served ' for example, the new 0++ resonance observed
by Tanimori et al. , the three 0++ resonances found by
Au et al. , etc. In fact, this seems to give a simple and
natural explanation for "the chaotic situation" that
there are too many candidates for the glueballs.

Second, the proposed model can be used to obtain a
new lower limit for the meson-hadron collisions. To be
more precise, it follows from SU(3)-color symmetry and

C~ M+M

G+G

C ~ C4)

B+B
FIG. 5. Formation and decay of gluon clusters. Here, 6, I,

B, and B are gluon, meson, baryon, and antibaryon, respective-
ly, while Cz stands for color octet. (This is the only color multi-
plet that can be formed; see text for further details. ) C, and C
are the color-singlet gluon clusters which decay into hadrons.
Note that all processes are irreversible.
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the decay of C, and C that the meson-baryon ration
M/8 can be written as (the proof is given in the Appen-
dix)

is the Casimir operator of the uth gluon, and

8

C(1+2)= g [F,(1)+F,(2)]
j=l

(A5)

(7)

=12.3.
B

(8)

We note that this 1ower limit is more than twice as large
as that given in the literature. ' It is consistent with the
data at presently available energies and can be readily
checked in future (Fermilab Tevatron, Superconducting
Super Collider, etc. ) experiments.
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where r is the average production rate for C,-type to that
for C -type clusters. By taking into account the color
symmetry and by considering gluons instead of quark
pairs in a combination calculation analog to that of An-

isovich and Shekhter ' we obtain, from Eq. (7) (see the
Appendix for details),

is the Casimir operator of the compound system.
Two-gluon systems are associated with the SU(3) repre-

sentation 8 X 8 and hence belong to one of the irreducible
representations 1+8+8+8+ 10+10*+27. It can be
easily seen, by inserting the corresponding eigenvalues of
the Casimir operator on the right-hand side of Eq. (A3),
that attractive interactions occur only in the singlet (1)
and in the octet (8). Hence, two-gluon systems with rela-
tively stable binding are only possible in 1 and in 8.
These are the C, and the C gluon clusters, respectively.
We note that the C, clusters are more stable than the C8
clusters. This is not only because the color singlets are
color neutral (like a hadron), but also because the energy
level of C, is indeed lower than that of C8.

We now consider the interaction between a C8 cluster
and a gluon. Since both C8 clusters and gluons are
members of SU(3) color octets, a discussion similar to
that given above leads us to the conclusion that corn-
pound systems formed by the C8 cluster and a gluon can
only have relatively stable bindings when the three-gluon
system belongs to the singlet (1) or the octet (8). These
are called the C and the C8 clusters. For reasons simi-
lar to those in the C, and C8 cases, C„clusters are more
stable than C8 clusters.

Furthermore, since the interactions between three
gluons (denoted by 1, 2, and 3) are given by

APPENDIX

We recall that the Hamiltonian density which de-
scribes the color interaction between the quarks and
gluons can be written as

8 8

H;„,= Vo g F, (1)F,(2)+ g F.(2)F.(3)

8

+ g Fl, (3)Fk(1)
k=1

(A6)

H.i- X F, Fk
j=k

(Al)

we have

8

H;„,= VO g FJ(1) Fi(2), (A2)

where Vo is a positive constant. Equation (A2) can be
written as

Vo
H;„,= [C(1+2)—C(1)—C(2)], (A3)

where

8

C(a) = g [Fl(a)], a = 1,2 . (A4)

where the F 's are the generators of the color SU(3). This
form is based on an analogy in nuclear physics concern-
ing the isospin states in two-nucleon systems, and it is
valid in the ladder approximation. Since the gluons are
hypothesized to exist in color octet (8), the interaction en-
ergy E,„, between two gluons (denoted by 1 and 2) is the
expectation value of

~o
H;„,= [C(1+2+3)—C(1)—C(2) —C(3)] . (A7)

Here we note that, because of the fact that
C(l)=C(2)=C(3), the interaction is determined by the
multiplet associated by the compound system only. That
is, when the compound system is a given multiplet (an oc-
tet, say), the energy level is fixed —independent of the
possible states of any two of the three gluons in the sys-
tem. In other words, the energy level of a C8 cluster
(formed by a Cs cluster and a gluon) is the same as that
of a "compound" built by a C, and a gluon. Now, since
the latter "compound" is simply a color-singlet object
and an extra gluon which may readily leave the "com-
pound, " the C8 clusters are also unstable, and may also
easily decay into a C, clusters and a gluon through slight
perturbations. This is why C, and C gluon clusters are
the ones which manifest themselves in multiparticle pro-
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C,~M+M, (AS)

duction processes, while clusters such as C8 and larger
ones are negligible in practice.

The decay modes of the C, and C clusters are

formation rules mentioned in the text, we have

(N+1)aG(N+ 1)=NaG(N)

+ 15 + 61+ aG(N)+ as(N)

M+M+M, +a,(N)+a (N),

(N + 1)as(N + 1)=Nas(N)+ —aG (n)
1

2

(A12)

(A 1 1)

The SU(3)-color symmetry, together with the fact that
the irreducible representations of 3X3' and that of
3 X 3 X 3 are 1+8 and 1+8+8+ 10, respectively, re-
quires that the color weight for each meson is —,', and that
for each baryon is —,', . Since there are two possible ways

to form a meson by counting quarks and antiquarks origi-
nating from di6'erent gluons, the chance of having three
mesons to that of having a BB pair from C is ( —,

'
) X 2:—,',

which is 2:3; thus the corresponding normalized color
weights are —', and —,'.

Let us denote the average production rate of C, and
that of C„gluon clusters by C, and C„, and the average
rate for mesons and that for baryons by M and B, respec-
tively. Then, we have

M=2C, +3X—C
2 (A10)

8=—C=3
Q7

from which the relationship given in Eq. (1) in the text
follows.

While the formation and decay processes of gluon clus-
ters due to gluon-gluon collisions in real life are certainly
more complicated, we think the following idealized case
may not be too far off, at least in the high-energy limit
where the interacting gluons are moving fast and the
number of such gluons are large ())I). In this case we
assume that the interaction time is so short that every
gluon can only take part in one collision actiuely That is, .
during this period every gluon that enters the interaction
region can only hit once, either on another gluon or to an
N-gluon system in which the probability for finding a
gluon in single gluon, a C„a C, or a Cs state is aG(N),
a,(n), a (n), or as(N), respectively. According to the

64+ 63
64X32

(N + 1)a,(N + 1)=Na, (N)+ aG(N)
1

(A13)

+ as(N),63
64 X 32

(A14)

(N+1)a (N+1)=Na (N)+ as(N) .
3

Since N is usually a large number, the corresponding
probabilities for the (N+1)-gluon system a;(N+1),
(i =G, e, co, 8) can be considered to be the same as a, (N).
Hence the equations which correspond to Eq. (2) in the
paper of Anisovich and Shekhter ' are

17 63
(XG = CX8+ CX~+ CX~, (A16)

(A15)

64+63 1

64X 32 2

1 63
32

G+ 32X64

=3
QI 64 8

(A17)

(A18)

(A19)

These equations give

a, /2 =3.1 . (A20)
a„/3

It should be mentioned that another idealized case in
which the interaction time is long enough to allow
infintely many gluon collisions has also been studied. The
corresponding value for r is 3.7. Details on this, and on
related problems, will be discussed elsewhere.
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Ref. 5. The corresponding values on the right-hand side [ex-

pressed as (n &e, (n (n —1)&e, and

(n (n —1)(n —2))x] are calculated for

diiferent inputs of Ps,„(1)and P~,„(2) [the values of P~(1)
and P~(2) for full phase space] using the method of succes-

sive approximation described in Part I. The results shows in

Figs. 1 and 2 for P~,„(1)=0.55, Pn, „(2)=0.45 correspond

to the minimum value of the quantity.
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