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1. Introduction

For more than 50 years statistical models of strong interactions [1 — 3] kawedsas an important
tool to investigate high energy nuclear collisions. The main subject of thespaty has been the
mean multiplicity of produced hadrons (see e.g. Refs. [4—7]). Only theelne to a rapid devel-
opment of experimental techniques, first measurements of fluctuatiorsstafigp multiplicity [8]
and transverse momenta [9] were performed. The growing interest ifuthe af fluctuations in
strong interactions (see e.g., reviews [10]) is motivated by expectaticasonfhalies in the vicin-
ity of the onset of deconfinement [11] and in the case when the expangstens goes through
the transition line between the quark-gluon plasma and the hadron gadnl@rticular, a crit-
ical point of strongly interacting matter may be signaled by a characteristierplaw pattern in
fluctuations [13].

There is a qualitative difference in the properties of the mean multiplicity ancceiedsvari-
ance of multiplicity distribution in statistical models. In the case of the mean multiplicitytees
obtained with the grand canonical ensemble (GCE), canonical ensenibleaft@ micro-canonical
ensemble (MCE) approach each other in the large volume limit. One referschtre thermody-
namical equivalence of the statistical ensembles. It was recently fodnd$] that corresponding
results for the scaled variance are different in different ensembiedsthais the scaled variance is
sensitive to conservation laws obeyed by a statistical system. The ddésrane preserved in the
thermodynamic limit.

We calculate the multiplicity fluctuations in central collisions of heavy nuclei withénMICE
formulation of the hadron-resonance gas model [16]. Fluctuationsuametifjed by the ratio of
the variance of the multiplicity distribution and its mean value, the so-called scafethee. The
model calculations are compared with the corresponding preliminary re$u]teffNA49 on cen-
tral Pb+Pb collisions at the CERN SPS energies.

2. Statistical Models

The mean multiplicities of positively, negatively and all charged particlesefinat as:
<N—> = z <Nl> ) <N+> = z <NI> s <NCh> = z <Nl> ) (21)
i,gi<0 i,g>0 i,0i#0
where the average final state (after resonance decays) multipli¢\kleare equal to:

(N} = <Ni*>+Z<NR><ni>R~ (2.2)

In Eq. (2.2),N" denotes the number of stable primary hadrons of spgdiee summatiory  runs
over all types of resonanc&and(nj)r =5, erniFfr is the average over resonance decay channels.
The parametersR are the branching ratios of thieth branchespR is the number of particles of
species produced in resonand® decays via a decay mode The indexr runs over all decay
channels of a resonanée with the requiremeny er = 1. In the GCE formulation of the hadron-
resonance gas model the mean number of stable primary parti§fés,and the mean number of
resonancegNR), can be calculated as:

N R\ _
(Nj) = %mpﬁ = 27T2/o pedp(np,j) , (2.3)
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whereV is the system volume arg] is the degeneracy factor of particle of the spegi¢sumber

of spin states). In the thermodynamic lim\t,— o, the sum over the momentum states can be
substituted by a momentum integral. T{rg ;) denotes the mean occupation number of a single
guantum state labelled by the momentum veptor

1
expl(&j — i) /T] — aj

(Np.j) = ; (2.4)

whereT is the system temperature; is the mass of a particlg, &;j = p2+rnj2 is a single
particle energy. A value ofrj depends on quantum statistics, it4d for bosons and-1 for

fermions, whileaj = 0 gives the Boltzmann approximation. The chemical poteptiaif a species
j equals to:

Hj = dj Hg + bj Us + Sj Us, (2.5)

whereq;j, bj, s; are the particle electric charge, baryon number, and strangenessctresly,
while g, U, Us are the corresponding chemical potentials which regulate the averages valu
of these global conserved charges in the GCE. In the Nmnit « , Eq. (2.3-2.5) are also valid
for the CE and MCE, if the energy density and conserved charge denaitethe same in all
three ensembles. This is usually referred to as the thermodynamical leqoivaf all statistical
ensembles. However, the thermodynamical equivalence does not afipistt@tions.

In statistical models a natural measure of multiplicity fluctuations is the scalechgarid the
multiplicity distribution. For negatively, positively, and all charged particlesgbaled variances
read:

__((aNL)?) R\ en _ ((ANey)®)
B S R R 29
The variances in Eqg. (2.6) can be presented as a sum of the correlators
(AN_)?) = (ANANS) , (AN} )?) = (AN.AN;)
i.J; qi;ij<O J ’ i, Qi;,QPO J
((ANeh)?) = ; (ANAN) (2.7)
i,j; 47#0,q;7#0

whereAN; = N; — (N;). The correlators in Eq. (2.7) include both the correlations between primor-
dial hadrons and those of final state hadrons due to the resonarae dezsonance decays obey
charge as well as energy-momentum conservation).

In the MCE, the energy and conserved charges are fixed exactlgdbrraicroscopic state of
the system. The primordial (before resonance decays) microscopétators in the MCE has the
form [16]:

2 \2

2 Up.JVk.i
(Anp jAngi)mce = Upjij Spk — |,A = [ GigjMqq+ bibjMpp + SSjMss
+ (GiSj+djS)Mgs — (aibj +ajbi) Mgy — (bisj + bjs) Mps
+ &j&iMee — (0i&j+aj&i) Mge + (bigpj + bjéxi) Mpe — (SSpj—l—SjSki)Msg], (2.8)
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where|A| is the determinant anldl;; are the minors of the following matrix,

B(?) B(bq) A(sq) B(ea)

| a(ab) a62) Asb) Aeb)

A= 1 A(g9) Albs AS) Aes) | 29
M) Albe) A(se) A(E?)

with the elementsA(q?) = 59505 A(gb) = 3 qibjug . A(GE) = 3 0j&pjU5 » €tc. The
sum,y, ; , means integration over momentymand the summation over all hadron-resonance
speciesj contained in the model. The first term in the r.h.s. of Eq. (2.8) correspuntise
microscopic correlator in the GCE. Note that a presence of the terms cogtaisimgle particle
energy,&j = 1/p2+mj2, in Eqg. (2.8) is a consequence of energy conservation. In the CE, only
charges are conserved, thus the terms contaiginin Eq. (2.8) are absent. Thein Eq. (2.9)
becomes then thex33 matrix (see Ref. [15]). An important property of the microscopic cotoela
method is that the particle number fluctuations and the correlations in the MCE,alt@ough
being different from those in the GCE, are expressed by quantitiedatdwvithin the GCE. The
microscopic correlator (2.8) can be used to calculate the primordial particiglator in the MCE

(orin the CE):

p?

A second feature of the MCE (or CE) is the modification of the resonanzayd=ontribution
to the fluctuations in comparison to the GCE results of Ref. [18]. In the MC&aids [16]:

<ANi ANj>m.c.e = <ANi*ANik>m.c.e + ;<NR> <Ani Anj>R + Z<ANi* ANR>mc.e. <nj>R

+ Z(ANT ANR)mce (Ni)R + z (ANR ANR )mce (N)R (Nj)g - (2.11)
RR

Additional terms in Eq. (2.11) compared to the GCE results [18] are due toothelations (for
primordial particles) induced by energy and charge conservations M@te The Eq. (2.11) has
the same form in the CE [15] and MCE [16], the difference between thaseasembles appears
because of different microscopic correlators (2.8). The microscapielators of the MCE to-
gether with Eq. (2.10) should be used to calculate the correlélM{SAN;‘}mc.e , (AN* ANR)mc.e. »
<AN;‘ ANR)mce » (ANRANR)mce entering in Eq. (2.11) .

The microscopic correlators and the scaled variance are connected evitlidtin of the mul-
tiplicity distribution. It has been shown in Ref. [19] that in statistical models trenfof the
multiplicity distribution derived within any ensemble (e.g. GCE, CE and MCE) @gghes the
Gauss distribution:

2
Ps(N) = N - <N;) ] (2.12)

1 (
V2mw (N) p[ 2w (N
in the large volume limiti.e{N) — c. The width of this Gaussiam, = \/w (N), is determined by
the choice of the statistical ensemble, while from the thermodynamic equieadétice statistical
ensembles it follows that the expectation va{li remains the same.
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3. Multiplicity Fluctuations at the Chemical Freeze-out

Once a suitable set of thermodynamical paramefefgg, ys, is determined in central nucleus-
nucleus collisions for each collision energy, the scaled variance otinelyapositively, and all
charged particles can be calculated using Egs. (2.6-2.7).«¥hand w* in different statistical
ensembles are presented in Fig. 1 for different collision energies. dlhes/of,/Syn marked in
Fig. 1 correspond to the beam energies at SISG2V), AGS (11.68\ GeV), SPS (28, 30A, 40A,
80A, and 15& GeV), colliding energies at RHIC (Syn = 62.4 GeV, 130 GeV, and 200 GeV), and
LHC (y/Snn = 5500 GeV). The mean multiplicitieglN;), used for calculation of the scaled variance
(see Eq. (2.6)) are given by Egs. (2.2) and (2.3) and remain the sarti¢hirea ensembles. The
variances in Eq. (2.6) are calculated using the corresponding corsgladAN;) in the GCE, CE,
and MCE. For the calculations of final state correlators the summation in B4.) @ould include
all resonanceR andR which have particles of the specieand/orj in their decay channels.

1 [ + e ) i i
8 [ B T 8 S T
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[ f e
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Figure 1: The scaled variances for negatively (left) and positivelyw™ (right) charged particles. Both
primordial and finako* are shown along the chemical freeze-out line for centraFRb(AU+Au) collisions

as the functions of the c.m. energy of the nucleon pé&in. Different lines present the GCE, CE, and MCE
results. Symbols at the lines for final particles corresptorttie specific accelerator collision energies. The
arrows show the effect of resonance decays.

At the chemical freeze-out of heavy-ion collisions, the Bose effecpifons and resonance
decays are important and thus (see also Ref. [18]).e = 1.1 andwj .. = 1.2 atthe SPS energies.
Note that in the Boltzmann approximation and neglecting the resonance déeetyome finds
Wyce = wgfc.ei =1

Some qualitative features of the results should be mentioned. The effBosefand Fermi
statistics is seen in primordial values in the GCE. At low temperatures most iti/plyscharged
hadrons are protons, and Fermi statistics dominatgs, < 1. On the other hand, in the limit
of high temperature (lowug/T) most charged hadrons are pions and the effect of Bose statistics
dominates%#c_e > 1. Along the chemical freeze-out liney . . is always slightly larger than 1, as
- mesons dominate at both low and high temperatures. The bumf.in for final state particles
seen in Fig. 1 at the small collision energies is due to a correlated produdtmnton andrr™
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meson fromA™ " decays. This single resonance contribution dominatesgy_g at small collision
energies (small temperatures), but becomes relatively unimportant agthedilision energies.

A minimum in wg, for final particles is seen in Fig. 1. This is due to two effects. As the num-
ber of negatively charged particles is relatively sm@il, ) < (N.), at the low collision energies,
both the CE suppression and the resonance decay effect are small. ¥iéhsimg, /Syn, the CE
effect alone leads to a decreaseugf,, but the resonance decay effect only leads to an increase
of w;.. A combination of these two effects, the CE suppression and the resbaahancement,
leads to a minimum ofy_ .

As expectedwnce < Wre, aS an energy conservation further suppresses the particle number
fluctuations. A new unexpected feature of the MCE is the suppressioredfutttuations after
resonance decays. This is discussed in details in Ref. [16].

4. Comparison with NA49 Data

The scaled variance for the accepted particles is assumed to be eqeal dis(zission of this point
in Ref. [16]):

n2) — ()2

(n)

wherewyy; is the scaled variance for the fulldacceptance. In the large acceptance limit(1)
the distribution of measured particles approaches the distribution in the églptnce. For a very
small acceptancey( 0) the measured distribution approaches the Poisson one indepentient of
shape of the distribution in the full acceptance.

I [ + [
i i E
3 | GCE S8 | cC
T iy
095F 095F
0.90:- MCE 0.90:- MCE |
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Figure 2: The scaled variances for negative (left) and positive {jighdrons along the chemical freeze-out
line for central Pb+Pb collisions at the SPS energies. Thetpshow the preliminary data of NA49 [17].
Total (statistical+systematic) errors are indicated. 3tiagistical model parametefs g, andys at different
SPS collision energies are taken at the chemical freezd-eufrom fitting the hadron yields. Lines show
the GCE, CE, and MCE results. The NA49 experimental acceptaapproximately taken into account
according to Eq. (4.1).

The Fig. 2 presents the scaled varianaesandw™ calculated with Eq. (4.1). The hadron-
resonance gas calculations in the GCE, CE, and MCE shown in Fig. 1 eddarsthew;,. The
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NA49 acceptance used for the fluctuation measurements is located in therdoinemisphere
[17]). The acceptance probabilities for positively and negatively ggthhadrons are approxi-
mately equalg™ ~ q~, and the numerical values at different SPS energiesyare: 0.038 0.063,

0.085 0.131, 0.163 at,/syn = 6.27, 7.62, 8.77, 123, 17.3 GeV, respectively. Eq. (4.1) has the
following property: if wy,; is smaller or larger than 1, the same inequality remains to be valid for
w at any value of < g < 1. Thus one has a strong qualitative difference between the predictions
of the statistical model valid for any freeze-out conditions and experiaotaptances. The CE
and MCE correspond t@y; ¢ < wie < 1, and the GCE toyy;o > 1.

From Fig. 2 it follows that the NA49 data fao® extracted from 1% of the most central
Pb+Pb collisions at all SPS energies are best described by the resthis lb&ddron-resonance
gas model calculated within the MCE. The data reveal even strongeressmm of the particle
number fluctuations. The chemical freeze-out parameters found @tiddésion energy have some
uncertainties. However, the scaled varianags.. andwy.. calculated in the full phase space
within the MCE vary by less than 1% when changing the parameter set. In th8 Béceptance
the difference is almost completely washed out.

In order to allow for a detailed comparison of the distributions the ratio of the alad the
model distributions to the Poisson one is presented in Fig. 3.
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Figure 3. The ratio of the multiplicity distributions to Poisson orfes negatively (upper panel) and pos-
itively (lower panel) charged hadrons produced in centt&) Pb+Pb collisions at 20GeV, 30A GeV,
40A GeV, 8A GeV, and 158 GeV (from left to right) in the NA49 acceptance [17]. The jprehary ex-
perimental data (solid points) of NA49 [17] are comparechwiite prediction of the hadron-resonance gas
model obtained within different statistical ensembles, &CE (dotted lines), the CE (dashed-dotted lines),
and the MCE (solid lines).
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The results for negatively and positively charged hadrons At@8V, 30A GeV, 40A GeV,
80A GeV, and 158 GeV are shown in Fig. 3. The convex shape of the data reflects the fact
that the measured distribution is significantly narrower than the Poisson Tnis.suppression
of fluctuations is observed for both charges, at all five SPS enemie# & consistent with the
results for the scaled variance shown and discussed previously. CEeh@dron-resonance gas
results are broader than the corresponding Poisson distribution. fibéhas a concave shape.
An introduction of the quantum number conservation laws (the CE resulid$ leathe convex
shape and significantly improves agreement with the data. Further improvefriba agreement
is obtained by the additional introduction of the energy conservation lawM@E results). The
measured spectra surprisingly well agree with the MCE predictions.

5. Summary and Conclusions

The hadron multiplicity fluctuations in relativistic nucleus-nucleus collisiong lmeen predicted
in the statistical hadron-resonance gas model within the grand canordcalical, and micro-
canonical ensembles in the thermodynamical limit. The microscopic correlatoodhieés been
extended to include three conserved charges — baryon number, aetbetige, and strangeness — in
the canonical ensemble, and additionally an energy conservation in the caizomical ensemble.
The analytical formulas are used for the resonance decay contributichg correlations and
fluctuations. The scaled variances of negatively and positively ctigrggicles for primordial
and final state hadrons have been calculated at the chemical freieipecentral Pb+Pb (Au+Au)
collisions for different collision energies from SIS to LHC.

The effect of Bose enhancement and Fermi suppression can bangberprimordial (before
resonance decay) values of the scaled variances. The resultstpteseFig. 1 demonstrate that
the effects of quantum statistics are small at the chemical freeze-outn&esodecays included
into the GCE and CE lead to the enhancement of particle number fluctuatioivapartant feature
of the MCE is the suppression of the fluctuations after resonance dddzigss discussed in details
in Ref. [16].

A comparison of the multiplicity distributions and the scaled variances with the pralignin
NA49 data on Pb+Pb collisions at the SPS energies has been done fantpkes of about 1%
of most central collisions selected by the number of projectile participants. séltection allows
to eliminate effect of fluctuations of the number of nucleon participants. Thaet®f the limited
experimental acceptance was taken into account by use of the untaxnedaticle approximation.
The measured multiplicity distributions are significantly narrower than the Rossmand allow to
distinguish between model results derived within different statistical enlssmbhe data surpris-
ingly well agree with the expectations for the micro-canonical ensemblexatate the canonical
and grand-canonical ensembles. Thus, this is a first experimentalatise of the predicted sup-
pression [14 —16] of the multiplicity fluctuations in relativistic gases in the theymaahical limit
due to conservation laws.

A validity of the micro-canonical description is surprising. In fact, significevent-by-event
fluctuations of statistical model parameters may be expected. For instahgce, mart of the total
energy is available for the hadronization process. This part shoulsdekin the hadron-resonance
gas calculations while the remaining energy is contained in the collective motioatbér. The
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ratio between the hadronization and collective energies may vary from coltisioollision and

consequently increase the multiplicity fluctuations. The agreement betwedatthand the MCE
predictions is even more surprising when the processes which are#yostatistical hadron-
resonance gas model are considered. Examples of these are jet andtrpmoduction, heavy
cluster formation, effects related to the phase transition or instabilities of tr&-gluon plasma.
Naively all of them are expected to increase multiplicity fluctuations and thdstéea disagree-
ment between the data and the MCE predictions. A comparison of the data wittotteds which

include these processes is obviously needed for significant concusion

On the model side there are, however, at least 2 additional effects widgHead to a sup-
pression of the multiplicity fluctuations. The first of them follows from improvihg description
of the effect of the limited experimental acceptance within MCE [20]. Thers@one follows
from taking into account the finite proper volume of hadrons. As showrein [R1] the excluded
volume effects lead to a reduction of the particle number fluctuations. Thaitaiixe estimates
of these two effects are needed.

More differential data on multiplicity fluctuations and correlations are reddoefurther tests
of the validity of the statistical models and observation of possible signals phtiige transitions.
The experimental resolution in a measurement of the enhanced fluctuatierts the onset of
deconfinement can be increased by increasing acceptance.
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