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Multisource model for particle production in high-energy hadron-nucleus collisions
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A multisource model for particle-production processes in high-energy hadron-nucleus collisions is

presented. The model is an extension of the statistical model proposed some time ago by the Berliner
group to describe such processes in hadron-hadron collisions at comparable as well as at higher ener-

gies. The concept of the effective target turns out to be very useful for this generalization to nuclear
targets. The result shows in particular that the observed characteristic properties of multiplicity dis-
tributions, rapidity distributions, and correlations can be understood in terms of a physical picture in

which the dynamical details of hadronic interactions do not play a significant role.

I. INTRODUCTION

Experimental results' for high-energy hadron-
nucleus collisions on multiplicity distributions, rapidity
distributions, and correlations are now available for a
large number of nuclear targets. In these experiments a
number of new features have been observed and it is ex-
pected, ' in particular, that they can be used as critical
tests for the existing hadron-nucleus collision models.
The most striking new features are the following.

(a) The ratio D /( n ) between the dispersion
D = ( (n —( n ) ) ) '~ and the average multiplicity ( n ) is
a function of the number Nz of identified protons which
correspond to the grey tracks measured in emulsion exper-
iments. For small Nz this ratio is close to the value for
proton-proton reactions, but it decreases with increasing
X~. (The data points are shown in Fig. 1.)

(b) The ratio R (y) between the rapidity distributions for
the produced particles in hadron-nucleus collisions and
that in the corresponding hadron-hadron collisions de-
pends not only on the rapidity y, but also on the atomic
number of the target nucleus A and/or on the number of
identified protons, X~, mentioned in (a). This ratio is
significantly greater than unity in the target-fragmentation
region, and these large values are mainly associated with
large-N~ events. (The data points are shown in Figs.
3—5.) We note that the X~ dependence in the above-
mentioned experimental results is of particular interest,
because the number N~ is intimately related to the num-
ber of nucleons inside the target nucleus which interact
with the incident hadron.

(c) The two-particle correlation function

p(yi y2)
R 2 (y j,y 2 ) = —1

p(y~ )p(y~)

for y =y& ——yz, measured in proton-proton and proton-
xenon reactions at the same incident energy (p&,b ——200
GeV/c), shows that they are qualitatively different from
each other. While R2(y, y) for p-p reactions is peaked at
y&,b

——3.03 [corresponding to proton-proton center-of-
mass-system (c.m. s.) rapidity zero at this incident ener-
gy], R2(y, y) for p-Xe reactions increases for decreasing y

in the rapidity region y~,b & 3. Its value becomes as large
as 1.5 in the region —1&y~,b &0. (See the data points
and the dashed curve in Fig. 6. )

(d) Measurements of multiplicity distributions of
charged particles in different rapidity intervals in proton-
proton, proton-argon, and proton-xenon collisions at
p~,b

——200 GeV/c have been reported, where the corre-
sponding results for negatively charged particles are also
given. [The data are shown as dashed curves in Figs. 7(a),
7(b), 8(a), and 8(b).] Although the data are given in a spe-
cial reference frame (c.m. s. of the proton-proton system
for proton-nucleus reactions), by using a special parame-
trization (negative-binomial distributions) a great deal of
useful information can be extracted from this experiment.
In particular, the similarities and the differences between
p-p and p-nucleus collisions in different rapidity intervals
have now become more evident.

An attempt has been made to understand these (new),
as well as other ("old" ) characteristic features in high-
energy hadron-nucleus collisions. This attempt is
motivated by the following observations.

(i) It is now a well-known fact that, in high-energy in-
elastic hadron-nucleus collisions, the time needed for par-
ticle production to take place (after the incident hadron
collides with one of the nucleons in the target nucleus) is
much longer than the time interva1 for the incident had-
ron to interact with the nucleons it meets inside the target
nucleus. Taken together with the fact that the average
binding energy of nucleons in nucleus is negligibly small
compared with the incident energy, this implies that the
nucleons hit by the incident hadron —they are called the
"effective target nucleons" —will be pushed out of the
target nucleus and that the production processes take
place after these nucleons have left the rest of the nucleus.
This implies in particular that geometrical concepts are
very useful in describing such processes.

(ii) There is strong evidence that high-energy
nondiffractive hadron-hadron collisions (which constitute
the predominating part of the inelastic hadron-hadron re-
actions) are statistical processes. That is, the dynamical
details of such processes do not play a significant role in
understanding the characteristic features of such process-
es.
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In this paper we propose a multisource model for
particle-production processes in high-energy hadron-
nucleus collisions. The model is an extension of the sta-
tistical model proposed some time ago by this group to
describe such processes in hadron-hadron collisions at
comparable as well as at higher energies. The concept of
effective target turns out to be very useful for this gen-
eralization to nuclear targets. The result shows, in partic-
ular, that the observed characteristic properties of multi-
plicity distributions, rapidity distributions, and correla-
tions can be understood in terms of a physical picture in
which the dynamical details of hadronic interactions do
not play a significant role.

II. MULTIPLICITY DISTRIBUTIONS

We recall that the basic idea of the proposed statistical
model for hadron-hadron (h-h) processes is the following.
In a high-energy nondiffractive h-h collision event the pro-
jectile (P) and the target (T) go through each other and
lose a considerable part of their energies and momenta. A
part of the "lost energy" materializes into clusters which
later decay into hadrons. This part of energy is distribut-
ed in three systems C*, P*, and T* which are located in
the central, projectile, and target rapidity regions, respec-
tively. The average size of the three systems relative to
one another is determined by an energy-dependent param-
eter a as follows:

(nc) =a&n,„),
(2)

cleus hit by the incident hadron as it "goes through" the
target.

Suppose v of the vE& nucleons inside the ET interact
with the incident hadron h nondiffractively and every one
ef the v nondiffractive collisions can be described by the
statistical model given in Ref. 9. Then, the multiparticle
production process in such an h-ET collision can be en-
visaged to take place as follows.

After the v nondiffractive collisions between the in-
cident hadron h and v of the nucleons in the ET, one
P'-system, one C* system, and v T* systems will be
formed. The formation and the decay of the P* and the
T* systems are exactly the same as those in hadron-
hadron collisions. That is, the materialization energy of
each system is randomly obtained from two energy
sources. Hence, the distribution for the materialization
energy and the distribution for the multiplicity of the
charged hadrons (taken together with the assumption
that the multiplicity of the produced charged hadrons
and the materialization energy are proportional to each
other) are also given by Eq. (3), where in this case i
stands only for P* and for any one of the v T' systems.
Since the C* system obtains its materialization energy
randomly from 1+ v sources, the corresponding multi-
plicity distribution for charged hadrons is

(v+1)+' 1 nc
Pc(nc

~

1+v)=

nc
X exp —(v+ 1)

&nc &.

where (n~q ), (nc), (np), and (nr) are the average
charge multiplicity for the nondiffractive h-h process and
the average multiplicities of the charged hadrons pro-
duced by the C *, P *, and T* systems, respectively.

Each system (C*, P*, T*) obtains its materialized en-
ergy (that is, the sum of the masses of the produced clus-
ters) randomly from two energy sources. (For details see
the third paper in Ref. 9.) Under the assumption that the
number of produced hadrons is proportional to the ma-
terialized energy of the system, we obtain the following
expression for the multiplicity distribution of the charged
hadrons produced in each system:

n; n;
(n, )P(n;)=4

& &

exp —2
&

(3)

Here, i =C*, P *, and T* [as in Eqs. (1) and (2), the as-
terisks in the subscripts are omitted]; n; is the number of
charged hadrons produced by the system i and ( n; ) is
the average of n;. The rapidity distribution of the pro-
duced clusters in these emitting systems are assumed to
be Oat.

In hadron-nucleus (h-A) collisions, the incident had-
ron, in general, hits more than one nucleon inside the tar-
get nucleus (of atomic number A); and the final states de-
pend on how many nucleons the incident hadron meets
and how it interacts with these nucleons. In these connec-
tions it is convenient to use the concept of effective target
(ET), which is the group of nucleons inside the target nu-

Furthermore, since the P', the C', and the v T* systems
are independent of one another, the probability for observ-
ing n charged particles in such an event is

P(n
~

1+v)

=&'Pp(np)Pc(nc
l

+v)Pr(nr&)Pr(nrz) ' ' ' r("r )

where the prime on the summation means that the sum
over np, nz, nz&, nz-z, . . . , nz-~ should be taken such that
the condition

n =np+ng+n7"]+n72+ ' +n7.

is satisfied.
The corresponding mean multiplicity ( n )„and the

dispersion D„are

&n &.=(np& +( n)c, + &vn)r,

D =[d (P)+d„(C)+vd (T)]'

respectively, where (np), (nr) and d(P), d(T) are the
mean multiplicities and dispersions contributed from P'
and T' systems. They are taken to be the same as those
in h-h collisions. The contributions from C, (nc)„
and d„(C) are

&nc&.= &nc&
v+1

2
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and

d, (C)= d (C), (10)

b (vET) —b (vET+1)
F~(vET)=

b (vET= 1)

Hence, the v distribution for the target nucleus A is

(17)

(n ).= +'&

respectively. Here, (nc ) is the mean multiplicity and
d (C) the dispersion of the corresponding C* systems in
h-h collisions. It follows from Eqs. (1), (2), (7), (8), (9),
and (10),

vET(max)

W„(v) = — g F„(vET)B ( vET, v),
VET=V

where vET(max) is the integer closest to —', (A ' +x), and

VET(max)

D

(n&,
2

v+1

1/2

(12)
Fw (vET)[1 —(1 —p) ] (19)

where (nqi, ) = (np ) + ( nc ) + (nT ) is the mean multipli-
city and d = ( d p +.dc +d r )

' is the dispersion for h-h

collisions.
The results given in Eqs. (11) and (12) are the charac-

teristic properties of the proposed model. In this model,
the linear dependence of (n ) „on v and the behavior of
D, /(n ) are due to the increase in the number of ener-

gy sources in the C' system and the increase in the
number of T* systems in hadron-nucleus collision pro-
cesses.

To compare these results with experiment, we note that
the experimental data are the average of events associated
with different v. Hence, we need to know the distribution
of v, w (v) when we calculate the multiplicity distribution,

P(n)= g w(v)P(n
l
1+v), (13)

and, from P(n), the corresponding mean multiplicity
and the dispersion. In practice we take into account the
fact that the number of recoiled protons Nz observed in
experiments is related to vET in by

vET ——QN~ (14)

and that the simplest distribution of the number of
nondiffractive collisions is a binomial distribution:

&n)= & &+1
2

(20)

where ( n ) and ( v ) stand for the average values in the
case of a fixed number of recoiled protons %~ as well as
for the corresponding average values in the case of a tar-
get nucleus of mass number A.

Second, we consider D/(n ). The calculated depen-
dence of D/(n ) on N~ is plotted together with the ex-
perimental data in Fig. 1. We note that the ratio
D/(n ) shows the same kind of dependence on Nz as
those of D /(n ) given in Eq. (12). Furthermore, as we
can see in Fig. 2, the calculated multiplicity distributions

is the normalization constant. Hence, the multiplicity dis-
tribution for a target nucleus with a fixed atomic number
A can be obtained by inserting Eqs. (15)—(19) and (5) into
Eq. (13).

The results can be summarized as follows.
First, we consider the mean multiplicity. Here, both

in the case of fixed X~ and in the case of fixed A, the
well-known linear relationship between the mean multi-
plicities (n ) and the mean number of collisions (v) is
obtained. That is

~ET(v) B ( vETr v
l p ) =

vET
v(1 )

ET (15)

where p (set to be 0.75) is the probability of a collision be-
ing nondiffractive. That is, the multiplicity distribution
P(n) for events characterized by a fixed number of
recoiled protons can be obtained by inserting Eqs. (14),
(15), and (5) into Eq. (13).

If we wish to obtain the average over a target nucleus of
atomic number 3, the geometry of the nucleus has to be
taken into account. The number of nucleons in the
effective target vET is a function of the impact parameter
b. Under the assumption that the density distribution in
the nucleus can be considered as a constant, we have

b( vE)T=[(A ' +x) —9VET ]' ro (16)

where ro is the nucleon radius and (A ' +x)ro is the
eff'ective radius of the target nucleus A. (In our calcula-
tion we have chosen ro ——1 fm, x=0.3 to fit the mean
number of collisions for both Ar and Xe targets. ) The
probability of having vET nucleons in the effective target is
therefore

0.6-

0.5-

04-

0.3
0

I

10
p

FIG. 1. The ratio of the dispersion D to the mean multiplicity
(n ) as a function of N~, the number of identified protons. The
data are from Ref. 2. The curve is the calculated result.
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with the average of vET in this picture.
Third, a large number of experiments' on multiparticle

production processes in nondiffractive hadron-hadron col-
lisions suggest that a dominating part of the observed had-
rons are produced via clusters and that there are different
kinds of clusters. The result of more recent and more de-
tailed studies" of the cluster problems strongly indicates
that an appreciable amount of clusters decay into more
than two charged hadrons; this is particularly the case in
the central rapidity region, where the contributions from
gluon-gluon interaction are supposed to dominate. In
fact, this physical picture is in accordance with the ob-
served behavior of

10 15 20
t1

5 10 15 20 25
n

5 10 15 20 25
n

FIG. 2. Multiplicity distributions of the produced negatively
charged particles for p-3 and p-2 collisions. The data, given
by the histograms, are taken from Ref. 2. The solid curves are
the calculated results.

III. RAPIDITY DISTRIBUTIONS
AND RAPIDITY CORRELATIONS

In this section we show that the measured rapidity dis-
tributions and the observed short-range rapidity correla-
tions, in particular the striking features mentioned in
point (b) and point (c) in Sec. I, can also be understood in
terms of the proposed model. In order to see how the ob-
served phenomena are related to the physical picture of
this model, we think it is useful to point out the following
facts.

First, the generalization of the statistical model for
hadron-hadron collisions to hadron-nucleus collisions has
been made in such a way that when the target nucleus is
simply a nucleon (that is, when 3 =vET= 1), everything
that has been said in the preceding sections about the tar-
get nucleus and/or about the effective target should
reduce to that of a hadron in the hadron-hadron case.

Second, once we accept the interpretation that' the ob-
served particles are produced after the nucleons hit by the
incident hadron have already left the rest of the target,
then the c.m. s. of the h-ET system should be a very useful
reference frame in such production processes. This point
is of particular importance when we compare the results
obtained for different nuclear targets (different Nz and/or
different 3 ). In fact, the observed' shift of the peak posi-
tion in rapidity distributions for a different "average num-
ber of collisions v" can be understood by identifying v

of the negatively charged particles for hadron induced
reactions on proton, Ar, and Xe targets are in good
agreement with the data. Here, the large dispersion of
the multiplicity distribution is due to the large Auctua-
tion of the number of nucleons vET in the effective tar-
get, and this in turn is due to the significant change of
the impact parameter in such reactions.

Thus, we have shown that the striking N~ dependence
of D/(n ), mentioned in Sec. I [point (a)], can be under-
stood in terms of the proposed multisource model.

p~(y, y')
R, (y,y') =

pi(y)pi(y')
(21)

(vET —1)+(vET—2)+ +2+1= zvET(vET —1) (22)

secondary nucleons for an ET with vET nucleons. Since
the secondary nucleons do not obtain their energy and
momentum transfer directly from the energetic incident
hadron, they are —in contrast with the effective target
nucleons —less excited and rather slow in the laboratory
frame. Hence, we expect to see, in addition to those emit-
ted by C*, P*, T*, other charged particles in the neigh-
borhood of y~,b

——0. The number of such particles is
directly proportional to vET(vET —1).

A quantitative study in the framework of the mul-
tisource model has been carried out where these points are
taken into account. The method of calculation and the
result can be summarized as follows.

The rapidity distribution for nondiffractive hadron-
hadron collisions can be expressed as

p~(y ~

&)= g (n;)f(y —&;), (23)

where (n, ), i =C*,P*, and T*, are the average multipli-
cities of the charged hadrons produced by the emitting
systems C ', P *, and T, respectively. The function
f(y —b, ;) can be obtained in different ways. '2 Here we
adopt the expression used in Ref. 13:

—2

f (y) =E
T

(24)

where g' and T are parameters and K is the normaliza-

at y =y'. Hence pt(y) and pz(y, y') are the one- and two-
particle inclusive distributions, respectively. In particular,
it is seen that p2(y, y)/[p&(y)] in the central rapidity re-
gion for pp collisions at p~,b

——200 GeV/c has approxi-
mately a Gaussian-type distribution.

Fourth, since each of the nucleons in the effective tar-
get obtains, in general, a small amount (compared to the
momentum transfer in the longitudinal direction) of
transverse momentum from the incident hadron, it will
usually leave the target nucleus with a small scattering
angle in the forward direction. Hence, the first nucleon
in the effective target of vET nucleons will meet on the
average vET —1, the second will meet vET —2 secondary
nucleons, etc. , on their way out. That is, there will on
the average be
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tion constant. ' The b„'s (i =C*, P*, and T*) are asso-
ciated with the positions of these emitting systems in the
rapidity space. In practice, we chose Ac ——0 and deter-
mined 6 ( = —b, r) from energy and momentum conser-P
vation.

The rapidity distribution, due to the corresponding C*,
P*, and T* systems in collision processes between a had-
ron and an effective target consisting of vE+ nucleons
where v of these nucleons interact with the incident had-
ron nondiffractively, can be written as

v+1
Pi(y i

vET v)=v&nr ~f(y y—r)+ ~nc, &f(y —yc)

100t

R

10

+( „)f(y —y ), (25)
01 t i I

2 3 4 5

+ vET( vET 1 )f (y ) (26)

where B (vET, v) is the binomial distribution given in Eq.
(15), pi(y ~

vET, v) and f(y) are the rapidity distributions
given in Eqs. (25) and (24), respectively. A comparison
between data and the calculated result, in terms of the
ratio p, (y

~
vET ——QN~ )/p, (y /h) which we call R, is

shown in Fig. 3.

100

Np&2
~ 2 &Np&4

Here, y&, the rapidity of C*, is taken to be the same as
the c.m. s. of the h-ET c.m. s.; and, the positions of the P*
and the T' systems are again determined by energy and
momentum conservation.

Hence, taken together with the contributions from the
excited secondary nucleons, the rapidity distribution for
collision events with a fixed number (N~) of identified
protons is

vET

pI(y
l

vET +~@) g B(vET, v)pI(y
i vEr v)

v=1

FICi. 4. The ratio R (y
~

A) =p~(y
~
3)/p, (y

~

h) for p+ Ar
collisions at pl,, b

——200 GeV/c. The data are from Ref. 2. The
rapidity distributions p, (y

~

3) and p~(y h) are obtained from
Eqs. (27) and (23), respectively.

The rapidity distribution for target nuclei with a given
atomic number 3 is then

1
~'ET( max

pi(y I

~)= g F~(vET)pi(y
I
vET»

N
vET ——1

where F~(vET), N, and p&(y vET) are given in Eqs. (17),
(19), and (26), respectively. The results of our calculation
for Ar and Xe are shown in Figs. 4 and 5, together with
the data. They are given in terms of the ratio
pI(y 3)/p(y

~

h) which is also denoted by R in the
figures.

To calculate the two-particle correlation function
R2(y, y vET ——QN„) for hadron-nucleus collision events
associated with a fixed number of identified protons, we
make use of the empirical fact, mentioned at the begin-
ning of this section, regarding the corresponding correla-

10

100I

R -Xe
Xe

10

0.1 0 2 4 6

FICx. 3. The ratio R (y
~
N~)=p&(y vE-r K~)/p&(y h) as a-—

function of y, for different sets of events characterized by
different values of N~. The single-particle inclusive rapidity
distributions pi(y/h) and p, (y

~
vET) are obtained from Eqs.

(23) and (26), respectively. The data, taken from Ref. 2, are for
p-Xe collisions at p~,b ——200 CxeV/c.

I

0 1 3 4 5 6 7 8 y

FIG. 5. The ratio R (y
~

A)=p&(y
~

A)/p, (y
~

h) for p+ Xe
collisions. The data are from Ref. 2.
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tion function R2(y, y I
h) for hadron-hadron processes,

namely, that it is approximately a Gaussian distribution
in y. By assuming that the correlations among the
charged hadrons emitted from each system C*, P*, and
T* are such that the corresponding R2(y, y I

h
I
i),

i =C', P*, T*, are Gaussian, that is,

R2(y, y I

h
I
i) =kg(y —y; ),

where A, is a constant and g (y) is a Gaussian distribution
iny; we have

R2(y y I

")=[pi(y I
")l ' & [~g (y —~ ) —1]

x [(;)f(y —&; )]', (29)

where the summation over i means taking into account
the contributions from the emitting systems C*, P* and

For h-ET collision processes, in which v out of the vET
effective target nucleons interact with the incident hadron
nondiffractively, we have

'2

R2(y y I
vEr v) =[Pi(y

I
vET v)l [~g(y —yc) —I] (n. ~ f (y —yc) + [~g (y —yp) —1][(np &f (y —yp)]

—2 v+1 2

+ [~g (y yr ) ——I ][ &vn r 'lf (y yr )]'— (30)

By taking the contribution from the secondary nucleons into account we have

R2(yy
I
vET=&&, )=[pi(y IvET=&&, )] ' g&(~ET,v)R2(yy IvEr v)lpi(y IvET v)]'

1~

+ [~g (y) —1][—,
' vET(+ET 1)f(y)]' ', (31)

where a is a parameter. The correlation function R2(y, y I
3) for target nuclei with given atomic number 3 can be ob-

tained in a way similar to that for the rapidity distribution. It is

R2(y y ~) =& '[pi(y
I ~)] ' X +~ (~ET)[p~(y

I
vET)]'R2(y y I

vET)
ET

(32)

The calculated result is shown in Fig. 6, together with
the data taken from Ref. 2. The following remarks
should be made in connection with the numerical results
obtained in this section.

The numerical result depends on several parameters.
But, all parameters except one —the ratio between ~ and
A, in Eqs. (30) and (31)—are determined by comparison
with experimental data independent from those we wish
to understand in this paper. Besides, explicit calcula-
tions have shown that the parameters that cannot be ac-
curately determined in hadron-hadron experiments are
not sensitive to the data for hadron-nucleus collisions ei-
ther. For example, a in Eqs. (1) and (2) is determined by
fitting the multiplicity distribution data in nondiffractive
hadron-hadron collisions. But, as we have already point-
ed out in Ref. 9, the multiplicity and rapidity-
distribution data in this energy region (total c.m. s. ener-
gy &s & 100 GeV, say) is rather insensitive to the a
values. That is, we are not sure whether the relative
weight of the contribution from the central system C*
should be exactly —,

' at p~,b
——200 GeV (1 2=20 GeV).

Analyses of the CERN-pp-collider data' show, howev-
er, that the C* system should become the dominating
part at higher energies (for example, v's & 100 GeV).
What we found through this calculation is that the
description of the hadron-nucleus collision data is not
sensitive to the a value either. What we expect to see is
that the central system C* will play the dominating role

15-
~ pXe

1.0-

0.5-

0-

-05-

-1.0-2
y 6

FIG. 6. The two-particle correlation function Rz(y, y I
3) for

p-Xe collisions; and that for p-p collisions. The data are from
Ref. 2. (Those for p-p collisions are shown as dashed curve. )
The solid curve is the calculated result.
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IV. DEPENDENCE OF MULTIPLICITY
DISTRIBUTIONS AND MULTIPLICITY

CORRELATIONS ON RAPIDITY WINDOWS

In this section we show that the observed dependence
of multiplicity distributions on the rapidity intervals in
hadron-nucleus collisions is also in agreement with the
proposed model.

We recall that multiplicity distributions of charged had-
rons in limited rapidity intervals (windows) have been
measured by the UA5 Collaboration' for pp collisions in
the energy range &s =200—900 GeV. Similar measure-
ments have been made for e+e annihilation processes
&s =29 GeV by the High Resolution Spectrometer (HRS)
PEP group, ' for pp and vrp reactions at &s =22 GeV by
the NA22 Collaboration, ' and for p+p reactions for total
hadron final-state energies up to 20 GeV by the European
Muon Collaboration' (EMC). We performed an
analysis' of these data some time ago. The result has led
us to the conclusion that standard statistical methods, in
particular the binomial distribution law, can be used to
describe all of the observed rapidity dependence of multi-
plicity distributions mentioned above.

To be more precise, it is shown that the multiplicity
distribution P„(n„) for charged hadrons (produced at a
given total c.m. s. energy &s ), in a given rapidity window
m, can be written as

P (n =2N )= P (N)N! l[N !(N N)!I—
N =0, 1,

&& (1 —q ) q, (33)

provided that there is only one emitting system that con-
tributes to this window. Here, P(N) is the multiplicity
distribution of the neutral clusters that decay into one
positively and one negatively charged hadron, q
=(N )l(N)=(n )l(n), where (n ) is the average
multiplicity of charged hadrons observed in the rapidity
window w, and ( n ) is the average number of charged
hadrons produced by the emitting system.

also in hadron-nucleus collisions at higher energies.
The parameters A, and x in Eqs. (28), (30), and (31)

characterize the size of the clusters. The values are
chosen under the assumption that only charge-neutral
clusters that decay into two charged had rons exist.
While A, is determined by the short-range correlation
data on R & for proton-proton collisions, the relative
magnitude K/A. =2 is determined' by the fact that the
secondary nucleons (on the average 50% of them are
protons) and the produced charged hadrons (almost all
of them are pions) are located in the neighborhood of
y],b

——0 in rapidity space. Hence, not only the produced
pions, but also the secondary protons should be taken
into account when we consider the rapidity correlation
of two charged hadrons near y1,b ——0.

In summary, we have demonstrated in this section that
the striking new features observed in rapidity distribu-
tions and correlations [in particular those mentioned in (b)
and (c) in Sec. I] can be understood in this model.

The fact that the above-mentioned hadron-hadron,
lepton-lepton, and lepton-hadron collision data can be de-
scribed by such a simple standard distribution has to be
considered as a strong indication of the stochastic nature
of these processes. It is therefore of some interest to see
whether the corresponding hadron-nucleus data can be
understood in a similar manner.

We recall that the presently available data on rapidity
dependence of multiplicity distributions in hadron-nucleus
collisions are those given by Dengler et al. for p-Ar and
p-Xe processes at incident laboratory momentum

p1,b ——200 GeV/c. All charged particles and the negative-
ly charged particles produced in selected rapidity win-
dows have been analyzed separately in the "forward" and
in the "backward hemisphere, " where the two hemi-
spheres are defined with respect to the p-p c.m. s. The re-
sults are presented in terms of empirical fits. (Values
with error bars for the parameters of negative-binomial
fits for the rapidity intervals Ay=0. 5, 1.0, 1.5, 2.0, 2.5,
3.5 are given. )

Now, if the observed particles in the "forward" ("back-
ward") hemisphere can indeed be considered as products
of one emitting system (which emits neutral clusters de-
caying into one positively and one negatively charged had-
rons) then we should expect to see separately for the "for-
ward" and for the "backward hemisphere" the following:
The multiplicity distribution P (n ) for negatively
charged hadrons observed in the rapidity window w can
be calculated from Eq. (23) by inserting the experimental
value of q (that is, take (n ) and (n ) from Ref. 4
and calculate q = (n ) l(n ) ) for all given rapidity
windows and by inserting the empirical curve for P(N)
[that is, identify the measured multiplicity distribution for
negatively charged hadrons observed in the corresponding
hemisphere with P(N)=P(n ) because each cluster has
only one negatively charged hadron).

The calculated results are shown in Figs. 7(a), 7(b), 8(a),
and 8(b). As we can see, they are in fairly good agree-
ment with the data. The discrepancies are expected.
They are caused by the following facts.

First, the division of the entire rapidity space of
proton-nucleus collision processes at a given incident
momentum into the "forward" and the "backward hemi-
sphere" is made with respect to the c.m. s of proton-
proton collisions at the same incident momentum. In our
model, such a division is only a rough approximation
which is valid when the central emitting system C* is
negligibly small. In fact, we know that at p1,b ——200
GeV/c, the corresponding a value [which is a measure of
the average relative importance of C* see Eqs. (1) and (2)]
can indeed be small ~ Hence, the observed discrepancy be-
tween the data and our calculation simply reAects the
limitation of this approximation.

Second, for the sake of simplicity, the calculation was
performed under the assumption that in these multiparti-
cle production processes there are only neutral clusters
which decay into one positively and one negatively
charged hadron. Hence, the number of observed negative-
ly charged hadrons was set to be identical to the number
of produced clusters. Also this approximation has to be
considered as rather crude. In fact, a recent systematic
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es. We think it is worthwhile to measure multiplicity dis-
tributions in various rapidity intervals at higher incident
energies (for example, in Fermilab Tevatron energies). In
particular, such studies for different sets of events that are
characterized by the numbers (Nz) of the "gray prongs"
and/or "identified protons" would be useful. Also
correlation measurements, for example, the multiplicity
correlations proposed in Refs. 19 and 11 for different Xz
sets of events can yield useful information on questions
such as whether or not (if yes, how) cluster formation de-
pends on the number of nucleons which interact with the

incident hadron in high-energy hadron-nucleus collision
processes.
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