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Possible Manifestation of Quark-Gluon Plasma in Multiplicity Distributions
from High-Energy Reactions
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%e show that in order to explain the observed dependence of multiplicity distributions on energy
and shifts of the centers of rapidity bins it is sufficient to assume the existence of two sources. One
source is concentrated at small rapidities and has properties of a thermally equilibrated system as
could be expected from a quark-gluon plasma. The other one, contributing to the whole rapidity
region, displays characteristics of bremsstrahlung emission.

PACS numbers: 13.85.Hd, 12.38.Mh, 12.40.Ee

The first dependence is what one would expect from
a thermally equilibrated source with an equation of
state in which pressure is equal to one third of the en-
ergy density; a QGP is expected to satisfy such an
equation of state (see Carruthers3). The second de-
pendence is again what one would expect, this time
from a coherent emission mechanism. Furthermore, a
rather generally accepted picture of hadronic collisions
in terms of quarks and gluons4~ asserts that in each
event there are leading particles due to the throughgo-
ing quarks and a central blob formed by the interacting
gluons. It has been shown very recently7 that such a
model can explain not only the leading-particle effect,
but also reproduces the inelasticity distribution and its
energy dependence. A straightfoward and most natur-
al extension of this model is the assumption that the
throughgoing quarks independently radiate gluons,
part of which hadronize directly. If the hadronization
process does not change the form of the gluon multi-
plicity distribution, P2(n2) can then be assumed to be
Poisson-type. The rest of the gluons, as well as the
primordial gluons, presumably equilibrate. This com-
ponent is most naturally described by a thermal (e.g. ,
negative-binomial) distribution.

We write the total multiplicity as

The search for the quark-gluon plasma (QGP) is in
the center of interest of strong-interaction physics at
high energies. While heavy-ion reactions may provide
a way to obtain this new state of matter in the labora-
tory, this approach is by far not the only one possible.
Indeed, already before the establishment of a heavy-
ion "industry, " it had been advocated' that hadronic
reactions, too, provide interesting information about
QGP. In this Letter, we present new evidence, based
upon multiplicity distributions, which supports this
point of view. We show that a consistent picture of
multiparticle (nondiffractive) phenomenology emerges
if one assumes that in multiproduction processes there
are two types of sources: Qne of them gives rise to a
negative-binomial multiplicity distribution Pi ( ni ),
while the other one follows a Poisson distribution
P2(n2). This assumption is enough to provide a
description of the multiplicity distributions in the
whole rapidity range as well as in restricted rapidity
windows, and their dependence on energy and on the
position of the rapidity bins. 2 We further assume as a
first approximation that the partition of energy be-
tween the two sources is independent of the total ener-
gy available for particle production W= KJs, where K
is the inelasticity. Thus W= Wi+ W2, where Wi and
W2
data
sub
ties
W'l
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are the energy contents of the two sources. The n= n~ n2,n=n +n,
then reveal a very striking behavior for these two

systems: The first is concentrated at small rapidi- and P n as a convolution

y and its mean multiplicity (ni) behaves like P(n) = X Pi(ni)P2(n2),
; the second populates mainly large y and its mean ni+ n2 n

tiplicity (n2) behaves like 1ns. with Pi(ni, (ni)) given by the generalized Bose-
Einstein (negative-binomial) distribution with kcells,

P, (n, , (n, ) ) = [(n, + k —I)!/n, !(k—I)!][k/((n, ) + k)]"[(n,)/((n, ) + k)]"', (3)

and P2(n2, (n2) ) of Poisson shape,

P2(nq, (n2) ) = e "' (n2)"'/n2!.
We then have three parameters which characterize

our system, viz. , (n), k, and P
—= (ni)/(n). In quan-
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Comparison of two-component model distributions with experimental data at Ws =52.6 GeV (CERN 1SR
«f.13) and ~~ = 540 GeV (CERN pp collider SppS, Ref. 14) with p estimated from Eq. (5). For compactness of presentation,
&s well as in order to minimize the influence of bin-to-bin correlations, the probabilities (given as percentages) for Observatjon
of n particles have been grouped in multiplicity intervals (d, n = 3 at 52.6 GeV, hn = 6 at 540 GeV). The theoretical probabili-
ties have been computed ~ith k fixed at either 1 or 2. Of the corresponding X values, the first line includes the lovrest-
multipiicity bin (Ref. 15), while the second one has this bin excluded (Ref. 16). Note that two constraints (viz. , (n) and P es-
timated) affect the number of degrees of freedom.
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turn statistics (QS), a negative binomial corresponds to
a purely chaotic source with k cells and a Poisson dis-
tribution to a purely coherent one. The parameter p is
then the effective amount of chaos and I —p the
amount of coherence of the system. In this interpreta-
tion, k is an integer and represents the number of in-
dependent quantum states (e.g. , charges). Note that
the effective measure of chaos p introduced here
differs from the measure of chaos used in one-
component QS approaches, s 9 where coherent and
chaotic amplitudes (rather than probabilities) are ad-
ded. The need for a convolution jEq. (2)) arises be-
cause of the dependence of the effective p on the
shifts of centers of rapidity windows. It was argued by
Fowler and Weiner'0 that the parameters of QS distri-
butions should not depend on rapidity, and therefore
the generalization represented by Eq. (2) seems neces-
sary.

Now we proceed to apply this formalism to experi-
mental data. We estimate p for various k from the
second normalized moment Cz= (n2)/(n)2 of the
multiplicity distribution:

P = [k(C, —I - I](n) ) ]»2,

and then calculate the distribution P(n) using Eqs.
(2)-(4)." By doing this at various energies, we get
the energy dependence of p and hence (n~) ( W~) and

Finally, by consideration of the data for various po-
sitions of the centers q, of the pseudorapidity bins, the
rapidity dependence of (nt) and (n2) can be deter-
mined. It is important to mention that the possibility
of using the same mathematical form for P&(n&) and

P2( n2) both for the total rapidity range and for narrow
q windows is given only for the class of "reproduci-
ble" distributions to which the negative binomial and
the Poisson distributions belong. '2 The results are
represented in Table I and Figs. 1 and 2, and they

30

20-

20
I

50
I I

100 200

ys ((;eVj

I

500 1000

FIG. 1. Dependence of the estimated mean multiplicities
(n~) and (n2) of the two components on Js. The chaotic
component ( n~) is represented by circles; the coherent com-
ponent (n2) (squares) is shown here on the same log-log
scale as (n~) for the sake of comparison. Js is expressed in
gigaelectronvolts. The C2 moments needed to estimate p
were taken from Ref. 17. The s dependences of (n~) and
(n2) are similar to those on W~ and 8'2, respectively, be-
cause of the ~eak s dependence of the inelasticity and be-
cause of the assumption of constant partition of 8'into 8 ~

and H2.
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FIG. 2. (a), (b) Dependence of the estimated values of
(ni) and (n2) on the center g, of pseudorapidity windows
each 0.4 units wide. (c) Dependence of the effective mea-
sure of chaos p on q, . The C2 moments used to evaluate p
come from Ref. 18, with use of nonoverlapping windows in
order to ensure statistical independence of the moments.

show the following.
(1) At fixed s the multiplicity distributions P(n)

calculated from our theoretical expressions (2)-(4)
with P determined from the second moment [Eq. (5)]
are in reasonable agreement with the experimental
values.

(2) The effective measure of chaos P increases with
v s from =40'/o at Js =30 GeV to =80% at
Ks = 900 GeV. This conclusion is in qualitative agree-
ment with the result of Ref. 8, where a QS approach
with a partially coherent single source was found to ac-
count for the multiplicity distributions, provided that
the corresponding measure of chaos also increases
with energy.

(3) The mean of the chaotic component (ni) in-
creases with its available energy 8't like Wt with o.
close to —,', while the coherent one behaves like ln W2.
A more precise determination of a is not possible until
more accurate information about the inelasticity be-
comes available.

(4) At 540 GeV, the negative binomial source [Fig.
2(a)] is concentrated at low rapidities and has a shape
very reminiscent of the predictions of Landau's hydro-
dynamical model. '9 The Poisson component [Fig.
2(b) ] extends over the entire q range, although it con-
tributes more to large q, as one would expect, e.g. ,
from a bremsstrahlung mechanism. Another way of
expressing these last findings is to note that the mea-
sure of chaos P decreases with the shift of the center
g, of the rapidity window from P =0.7S at q, =1 to
P =0.63 at g, =3 [Fig. 2(c)]. This thus conflrms an
earlier observation concerning proton emulsion data

at Ks =20 GeV where, as far as we can gather, the
first measurement of multiplicity distributions in dif-
ferent rapidity windows was suggested and performed,
and where the important implications of this effect
for the understanding of nuclear transparency were
stressed ("self-induced transparency"). Although
other two-component models have been proposed, 2'

none of them addresses, proves, and exploits the ef-
fects discussed here.

(S) The number of independent quantum states k
turns out to be k =1 for the shifted rapidity bins [Eq.
(5) has unphysical solutions P & 1, for k ) 1]. On the
other hand, for the total rapidity region the X2 analysis
suggests a value k = 2, although the case k = 1 cannot
be excluded (at least at Js = 52.6 GeV). If k is inter-
preted as the number of independent charge states,
this suggests that we have local charge conservation in
the different rapidity windows, while in the full rapidi-
ty range the positive and negative charges appear (as is
to be expected) to be produced independently.

In the present approach, the forms for Pi and P2 are
two extremes of QS distributions (completely chaotic
and completely coherent). The dependences of (ni)
and (n2) on y (or g) suggest that we are dealing with
two sources, one in the center corresponding to the in-
teracting gluons from projectile and target, while the
other one corresponds to projectile and target fragmen-
tation. Finally, the Witt and ln( ~2) behaviors of
(ni) and (nz) are consistent with an interpretation of
the first source in terms of a thermally equilibrated
system (QGP?) and of the second source as due to a
bremsstrahlung mechanism. The well-known fact that
at low energies a logarithmic dependence on s of the
mean multiplicity is consistent with the data, while at
high energies a stronger s dependence is observed,
thus gets a natural explanation.

The model suggested here is an oversimplification.
Among other things, the role of a finite correlation
length in rapidity'0 as well as the fluctuation in the en-
ergy partition between the two sources (i.e., in P)
have been ignored. However, preliminary estimates of
these effects suggest that the qualitative conclusions
obtained here are not altered. These conclusions can
be summarized as follows.

(1) The mean multiplicity at small rapidities in-
creases with energy much faster than at large rapidi-
ties, suggesting the existence of two physically separat-
ed sources.

(2) The central source is predominantly chaotic
(thermal~)2 while the peripheral one could be viewed
as essentially coherent.

(3) The relative amount of chaos increases sharply
with energy. This is in agreement with the conclusions
of Fowler et al. ,23 where a single-source QS formalism
with inclusion of the finiteness of the rapidity correla-
tion length was applied to the global multiplicity distri-

2121



VOLUME 57, NUM@BR 17 PHYSICAL REVIEW LETTERS 27 OcToBER 1986

butions and forward-backward correlations. If we add
the observed23 dramatic increase with energy of the
correlation length, these facts hint at a possible ap-
proach to a phase transition. In particular, the central
source with its II'ti2 dependence is a most natural can-
didate for the expected QGP. To check this possibili-
ty, the whole arsenal of "signals" developed for the
field of QGP could be applied to this kinematical re-
gion, although the heuristic value of such signals is an
open question.
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