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1. Introduction

The fluctuations in high energy particle and nuclear collisions are studied on an event-by-event
basis: a given observable is measured in each collision event and the fluctuations are evaluated for
the selected set of these events (see, e.g., revifvsThe statistical model has been successfully
used to describe the data on hadron multiplicities in relativistic A+A collisions (see, e.g.2Ref. [
3,'4]). The fluctuations can be closely related to phase transitions in QCD matter, with specific
signatures for 1-st and 2-nd order phase transitions as well as for the critical® @]

2. HSD and UrQMD Transport Approaches

Only recently, due to a rapid development of experimental techniques, first measurements of
particle multiplicity fluctuations in A+A collisions were don8][ We start our discussion with
the HSD B] and UrQMD [1Q] transport approaches. More details are presented in [ RHf. The
Fig. 1 presents the HSD and UrQMD results and the NA49 data points for the scaled variances
of negatively, positively, and all charged particles in Pb+Pb collisions at 158 AGeV. The average
values(N)) (i = +,—,ch) and variance¥ar(N;) = (N2) — (N;)? are calculated for the samples
of collision events with fixed number of projectile participants. The scaled varianceas are
Var(Ni)/(N;) . Note thatw = 1 for the Poisson multiplicity distribution.

The final particles in the HSD and UrQMD simulations are accepted at rapitliliesy < 2.6
(we use particle rapidities in the Pb+Pb c.m.s. frame) in accord to the NA49 transverse momentum
filter. The HSD and UrQMD simulations both show flat values,w_ ~ w, ~ 1.2, wh ~ 1.5,
and exhibit almost no dependenceN}BPj. The NA49 data, in contrast, exhibit maximunas, ~
w; ~ 2 andaxs ~ 3, for NI ~ 50, and a rather strong dependenceNg?”.

The Fig. 1 also shows results of the HSD and UrQMD simulations for the fuddeteptance
for final particles, and shows the NA49-like acceptance in the mirror rapidity interaf <
y < —1.1 of the target hemisphere. HSD and UrQMD both result in large values,afe. large
fluctuations in the backward hemisphere: in the backward rapidity intei@#& < y < —1.1 (target
hemisphere) the fluctuations are much larger than those calculated in the forward rapidity interval
1.1 <y < 2.6 (projectile hemisphere, where the NA49 measurements have been done). Even larger
fluctuations follow from the HSD and UrQMD simulations for the full acceptance of final particles.

The HSD and UrQMD results raise two questions: 1). What is the origin of strong fluctuations
(s is much larger than 1) within the HSD and UrQMD simulations both in the full acceptance
and in the target hemisphere? 2). Why are no large fluctuations observed in the HSD and UrQMD
simulations in the NA49 acceptance, i.e. within the projectile hemisphere?

In each A+A event only a fraction of all®nucleons (the participant nucleons) interact. We
denote the number of participant nucleons from the projectile and target nublé'ioésandN;arg,
respectively. The trivial geometrical fluctuations due to impact parameter variations usually domi-
nate in high energy A+A collisions and mask the fluctuations of interest. It appears that even with
the rigid centrality triggen,\lp‘.’roj = const used by NA49 Collaboration, the number of nucleon par-
ticipants still fluctuates considerably. In each sample the number of target participants fluctuates
around its mean valuéN='%) ~ NE™!, with the varianca/ (N2'9) = ((N2"9)2) — (NI29)2, The cru-
cial point is that by this event selection one introduces an asymmetry between projectile and target
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Figure 1. The results of the HSD (left) and UrQMD (right) simulations are showndor w,, and w

in Pb+Pb collisions at 158 AGeV as functionshf™’. The black points are the NA49 data. The different
lines correspond to the model simulations with the original NA49 acceptéarice,y < 2.6, in the projectile
hemisphere (lower lines), the NA49-like acceptance in the mirror rapidity inter2a < y < —1.1, in the
target hemisphere (middle lines), and #ift acceptance (upper lines).

participants. The number of projectile participants is constant by construction, whereas the number
of target participants fluctuates. The consequences of this asymmetry depend on dynamics or prop-
erties of the model, respectively. The Fig. 2 presents the scaled vatigfite v (Ng'%) /(N5
calculated within the HSD and UrQMD models as the functioN§f’. The fluctuations oNg"®

are quite strong: the largest valuewf"® = 3+ 3.5 occurs aNS™ = 20 30. The scaled variance

wp for the total number of participants is easily fourdh = w"9/2, asNp = N2 + N,E“’J and

only a half of the total numbelNp, of participants, i.e Ntarg does fluctuate. The scaled variances,
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Figure 2: Left HSD and UrQMD simulations show similar scaled varianag¥? as a function oNE™’.
Right. The circles, triangles, and boxes are the results of the HSD simulations fiorfull 47T acceptance
with N8 = NB™). This condition yieldswi?™® = 0, and Eq.2.1) is reduced tag = «y*. The dashed lines
correspond to the HSD results fay per N+N collision at 158 GeWw;, = 25, w* = 15, w} = 1.1.

w , can be presented as:

tar

W=« + 5w n, 2.1)

NI =

where the fluctuations from one sourceds, and the contribution due to the fluctuations of the
number of sourceswppn;. The Fig. 2 (right) shows the HSD results with fixed target participant
number,N©2'® = N/, The g become much smaller. This is due to the fact that terms propor-
tional tocy>" in Eq. 2.1) do not contribute, andy become approximately equaldgs. The particle
number fluctuations in the target hemispheres are much stronger (see Fig. 3, left) than those in the
projectile hemispheres. Different models of hadron production in relativistic A+A collisions can
be divided into three limiting groups: transparency, mixing, and reflection models (sed Bgf. [

The first group assumes that the final longitudinal flows of the hadron production sources related to
projectile and target participants follow in the directions of the projectile and target, respectively.
We call this group of models transparency models. If the projectile and target flows of hadron
production sources are mixed, we call these models the mixing models. Finally, one may even
speculate that the initial flows are reflected in the collision process. The projectile related matter
then flows in the direction of the target and the target related matter flows in the direction of the
projectile. This class of models we call the reflection models. The rapidity distributions resulting
from the T-, M-, and R-models are sketched in Fig. 3 (right). An asymmetry between the projectile
and target participants introduced by the experimental selection procedure can be used to distin-
guish between projectile related and target related final state flows of hadron production sources as
suggested in Reflp].
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Figure 3: Left The scaled varianceg for the projectile (boxes) and target (circles) hemispheres in the HSD
and UrQMD simulations.Right The rapidity distributions of the particle production sources in nucleus-
nucleus collisions resulting from transparent, mixing, and reflection models (sed Bjdar[details).

3. Multiplicity Fluctuations in Statistical Models

The mean multiplicities of positively, negatively and all charged particles are:

Ny = 3 N) (N = 3 (N), (N = 3 (N, (3.1)

i, <0 i,0>0 i,0i#0

where the average final state (after resonance decays) multiplit\iieare equal to:
(Ni) = (N") + Z<NR><ni>R : (3.2)

In Eq. 3.2), N* denotes the number of stable primary hadrons of spédies summatiory g runs

over all types of resonanc& and(nj)r =3, bﬁnﬁ, is the average over resonance decay channels.
The parameterbR are the branching ratios of theth branchesnffr is the number of particles

of specied produced in resonande decays via decay mode The indexr runs over all decay
channels of resonan& with the requiremeny , bR = 1. Note that different branches are defined

in a way that final states with only stable hadrons are counted. To make a correspondence with
NA49 data, both strong and electromagnetic decays of resonances should be taken into account.
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In the GCE formulation of the hadron-resonance gas model the mean number of stable primary
particles,(N*), and the mean number of resonangél), can be calculated as:

V 00
N) = 3 mws) = 5z [ Pdp ) (33)

whereV is the system volume angj is the degeneracy factor of particle of specjegumber

of spin states). In the thermodynamic limi{, — o, the sum over momentum states can be
transformed into a momentum integral. The occupation numingss,of single quantum states
(with fixed projection of particle spin) are equalrgj = 0,1,..., for bosons and, j = 0, 1 for
fermions. Their average values, fluctuations, and correlations are the following:

1
<np,j> = eXp[(Epj _u])/T] — yj 3 (34)
(AN, ))?) = (N, — (Mp )2 = (M) (L4 ¥} (Mpj)) = V35 (3.5)
(AnpiANy j)g.ce = Uf ;& i , (3.6)

whereT is the system temperatuney is the mass of particles of specigsey; = ,/p?+ mJ2 is a

single particle energy ang referrs to quantum statistics-{ and—1 for bosons and fermions, re-
spectively, whiley; = 0 gives the Boltzmann approximation). The chemical poteptjaif species

j equalstoiuj = q; Mo + bj s + Sj Us, whereq;, bj, sj are its electric charge, baryon number,

and strangeness, respectively, whitg, g, Us are the corresponding chemical potentials which
regulate the average values of these global conserved charges in the GCE. There are no correlations
between different particle speciest j, and/or between different momentum stages; k. Only

Bose enhancememsyj > (np,j) for y; = 1, and Fermi suppressiovﬁi < (np,j) for y; = —1, exist

for fluctuations of primary particles in the GCE.

The above equations correspond to the GCE. In theimit o , Eq. (3.3) for the average mul-
tiplicities is also valid for both the CE and MCE, if energy density and conserved charge densities
are the same in all three ensembles. This is usually referred to as the thermodynamical equivalence
of all statistical ensembles. However, the thermodynamical equivalence does not apply to fluctu-
ations [[L3,[14]. Multiplicity fluctuations can be quantified by the scaled variance. For negatively,
positively, and all charged particles the scaled variances read:

2
o = AN/, @ = (N, e = TSR @)
The variances can be presented as a sum of the correlators:
AN_)?) = ANAND ,  ((ANL)?) = ANAN;) |
((AN-)%) Lj;qi;’qjdf i) ((ANL)%) i,j;qi;7qj>0< i)
((ANen)?) = ; (DNAN;) | (3.8)
i,j; 6i7#0,0;#0

whereAN; = N; — (N;). These correlators include both the correlations between primordial hadrons
and those of final state hadrons due to the resonance decays. In the GCE the final state correlators
can be calculated a4%]:

(ANiANj)gce = (AN'AN[)gce + Z[<AN%><ni>R<nj>R+<NR><AniAnj>R] ;o (B9
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where(An; Anj)r =3, RS % — (m)r(Nj)R -

The correlators in Eq3(S) can be presented in terms of microscopic correlat®€):(

(AN? ANj* )gce = Z (Anpi Ang j)gce = §j Z Vﬁj . (3.10)
P, p

In the case of = j the above equations give the primordial scaled variances in the GCE. For
chemical freeze-out conditions in heavy-ion collisions, the Bose effects for pions and resonance
decay correlations dominate and lead to (see Rel):[ wy .o = 1.1, wy. = 1.2, and wg*(‘:e =

1.4+ 1.6, at SPS energies.

In the MCE, the energy and conserved charges are fixed exactly for each microscopic state of
the system. This leads to two modifications in a comparison with the GCE. Firstly, the primordial
microscopic correlators in the MCE become more complicated. The additional terms reflect the
(anti)correlations between different particless j, and different momentum levelp,# k. They
appear due to exact charge conservations in the CE, or both charge and energy conservations in the
MCE. (see also Refl1H] for the CE),

(Anp AN ) me.e = Up; &j Bok — U5 Vk j |AI (010 Mqg + bibjMpp + SSjMss
+(0iSj +0jS) Mgs— (aibj + qjbi) Mgp — (bisj + bjs) Mps+ &pi&kjMee (3.11)
— (Ui&pj + dj&i) Mge + (bigpj + Djéki) Moe — (Si€pj + Sjéki) Mse] ,

where|A| is the determinant anldl;; are the minors of the following matrix,

A(P) A(bg) A(sq) A(eq)

_ | Alab) A(b%) A(sb) A(eb)
A= A(gs) A(bs) A(S?) Ales) |’ (3.12)

A(ge) A(be) A(se) A(£?)

with the elements,A(q?) = 5, ;0?05 , A(gb) = S, 5aibjuf; . A(ge) = 55 0i&pjU5; » etc.

The sum,y, ; , means integration over momentymand summation over all hadron-resonance
speciesj contained in the model. The first term in the r.h.s. of E&111) corresponds to the
microscopic correlator3.€) in the GCE. A nice feature of the microscopic correlator method is
that particle number fluctuations and correlations in the MCE or CE, although being different from
those in the GCE, are presented in terms of quantities calculated within the GCE. The microscopic
correlator 8.11) can be used to calculate the primordial particle correlators in the MCE (or in
the CE):(ANn, ANn,)mee = Ypk (ANphANk hy)mee - An important point in the MCE (or CE), in
comparison with the GCE, is a modification of the resonance decay contribution to fluctuations,
Eq. 3.9. In the MCE it reads (see also Ret4] for the CE):

(ANIANj)mce = <ANi*ANj*>m.c.e‘ + Z<NR> (AniAnj)R+ Z<ANi*ANR>m.C.e‘ (nj)r

Additional terms in Eq.3.13 compared to Eq/3.9) are due to the correlations induced by exact
energy and charge conservations in the MCE. The BEd.3( has the same form in the CE, the
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difference between these two ensembles appears when one specifies the microscopic correlators
(3.12).

Mean hadron multiplicities in heavy ion collisions at high energies can be approximately fitted
by the hadron-resonance gas model in the GCE. The fit parameters are tempEeratueenical
potentials (is, Us, Hg), and strangeness suppression faggpmhich allows for non-equilibrium
strange hadron yields. There are several programs designed for the analysis of particle multiplicities
in relativistic heavy-ion collisions within the hadron-resonance gas model, see e.g., SHERE [
THERMUS [17] and THERMINATOR [18]. We use an extended version of the THERMUS model
[17).

The dependence pf on the c.m. energy will be parameteriseda]sfis (\/sm) =1.308GeV-:
(1+0.273 \/5un) 1, where the c.m. nucleon-nucleon collision energn, is taken in GeV
units. Furtheron we assume the system to be net strangeness #dk,and to have the charge
to baryon ratio of the initial colliding nucleQ/B = 0.4. For the chemical freeze-out condition
we chose the average energy per part{@e/(N) = 1 GeV [19]. Finally, in order to remove the
remaining free parameteg, we use the parametrisatiofi[ys = 1—0.396 exg— 1.23T/ug) .

This gives us five constraints for the five parameters of the model. The thermodynamical limit for
the calculations otv* is assumed, thus volumé is not a parameter of our model calculations.
TheT andpug parameters at different collision energies are shown in4:ig.

The center of mass nucleon-nucleon energigsyn, marked in the figures below corre-
spond to the beam energies at SI& @eV), AGS (11.8 GeV), SPS Z0A, 30A, 404, 80A, and
158A GeV), colliding energies at RHIC,(Syn = 624 GeV, 130 GeV and200 GeV) and LHC
(v/SNN = 5500GeV).

0.12
0.1f
0.08

0.06

o b b b b b b b b L

0 01 02 03 04 05 06 07 08 09 1
H [GeV]

Figure 4: The chemical freeze-out line in central A+A collisions. See text for details.

The Fig.5 shows the scaled variances for negatively charged particgles,and positively
charged particlesp™, respectively, as a function QfSyn. Our predictions will be compared with
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Figure 5: Left. The scaled variances for negatively charged partieles,both primordial and final, along

the chemical freeze-out line for central Pb+Pb (Au+Au) collisions. Different lines present the GCE, CE, and
MCE results. Symbols at the lines for final particles correspond to the specific collision energidsaritie

Ug values at these energies pointed out in Fig. 4. The arrows show the effect of resonance Ragays.

The same, but fow™.

the preliminary NA49 data on Pb+Pb collisions af2068A GeV [20] with an approximately fixed
number of projectile participants ranging from 190 to 200. This range corresponds to about 1% of
all events.

The Fig.5corresponds to an ideal situation when all final hadrons are accepted by the detector.
To compare our statistical model results with experimentally obtained values tife acceptance
and resolution need to be taken into account. We neglect these momentum correlations between
final hadrons. This is approximately valid far™ and w~, as most decay channels only contain
one positively (or negatively) charged particle, but much worsed®r due to decays of neutral
resonances into two charged particles. This leads to:

wt=1-q9+ quw;,, (3.14)

wherew;;, is a scaled variance calculated for all hadrons (measured by an ideal detector with full
4m-acceptance) and™® is the scaled variance measured by a real detector with a limited accep-
tance),q is the ratio between mean multiplicities of accepted and all hadrons. Thé pigsents
the scaled variance®~ and w™ calculated with Eq.3.14). The hadron-resonance gas calcula-
tions in the GCE, CE, and MCE shown in Fi§.are used for thev;,. The NA49 acceptance
used for the fluctuation measurements quoted here was located at about one rapidity unit above
mid-rapidity (depending on collision energy). The EBL1¥) has the following property. I&)}n is
smaller or larger than 1, the same inequality remains to be validfoat any value ob < q < 1.
Due to this one finds a strong qualitative difference between the predictions of the statistical model
valid for any freeze-out conditions and experimental acceptances: the CE and MCE correspond to
Whice < Wie < 1, and the GCE tayy,e > 1.

From Fig/6it follows that the NA49 data fow™ extracted from the most central Pb+Pb colli-
sions at all SPS energies are most close to the results of the hadron-resonance gas statistical model
within the MCE. The data reveal even stronger suppression of the particle number fluctuations. A
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Figure 6: The scaled variances for negative (left) and positive (right) hadrons along the chemical freeze-out
line for central Pb+Pb collisions at the SPS energies. The correspohdind iz values at different SPS
collision energies are presented in Fig. 4. Different lines show the GCE, CE, and MCE results calculated
with the NA49 experimental acceptance according to Bd.4j.

possible reason of this is a suppression of particle number fluctuations due to the excluded volume
effects in the hadron-resonance g2t [

4. Summary and Outlook

It has been found that the fluctuations in the number of target participants strongly influences
the multiplicity fluctuations. The consequences of this fact depend on the dynamics of the initial
flows in A+A collisions. To study the genuine statistical fluctuations one needs to make the rigid
event selection of about 1% of most central events.

The energy dependence of hadron multiplicity fluctuations in relativistic nucleus-nucleus col-
lisions has been predicted in the statistical hadron-resonance gas model within the GCE, CE, and
MCE formulations. The scaled variances of negatively, positively, and all charged particles for
primordial and final state hadrons have been calculated at the chemical freeze-out in central Pb+Pb
(Au+Au) collisions for different collision energies from SIS to LHC. A comparison with the pre-
liminary NA49 data in Pb+Pb collisions at the SPS energies has been done for the samples of the
most central collisions selected by the number of projectile participants. This selection allows to
eliminate effect of fluctuations of the number of nucleon participants. The effect of the limited
experimental acceptance was taken into account by use of the approximation valid for uncorre-
lated particles. The MCE results are most close to the measured scaled variances for positively
and negatively charged particles. Even stronger suppression of the negative and positive particle
number fluctuations seen in the data may be probably attributed to the excluded volume effects in
the hadron-resonance g&d]. Further study is needed to improve modelling of the effect of the
limited experimental acceptance.

10
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