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Event-by-event multiplicity fluctuations in nucleus-nucleus collisions from low SPS up to RHIC
energies have been studied within the HSD transport approach. Fluctuations of baryonic number
and electric charge also have been explored for Pb+Pb collisions at SPS energies in comparison
to the experimental data from NA49. We find a dominant role of the fluctuations in the nucleon
participant number for the final hadron multiplicity fluctuations and a strong influence of the
experimental acceptance on the final results.
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1. Introduction

2. Fluctuations in the number of participants

Figure 1: The HSD simulations in Pb+Pb collisions at 158 AGeV for the average value hNPtarg i (left) and
the scaled variances ωPtarg (right) as functions of NPpro j .

The centrality selection is an important aspect of fluctuation studies in A+A collisions. At
the SPS fixed target experiments the samples of collisions with a fixed number of projectile participants NPpro j can be selected to minimize the participant number fluctuations in the sample of
collision events. This selection is possible due to a measurement of the number of nucleon spectators from the projectile, NSpro j , in each individual collision by a calorimeter which covers the
projectile fragmentation domain. However, even in the sample with NPpro j = const the number of
target participants fluctuates considerably. In the following the variance, Var(n) ≡ hn2 i − hni2 ,
and scaled variance, ω ≡ Var(n)/hni, where n stands for a given random variable and h· · · i for
event-by-event averaging, will be used to quantify fluctuations. In each sample with NPpro j = const
the number of target participants fluctuates around its mean value, hNPtarg i = NPpro j , with the scaled
variance ωPtarg (Fig. 1) Within the HSD and UrQMD transport models it was found in Ref. [7] that
the fluctuations of NPtarg strongly influence the charged hadron fluctuations. The constant values of
NPpro j and fluctuations of NPtarg lead also to an asymmetry between the fluctuations in the projectile
and target hemispheres. The consequences of this asymmetry depend on the A+A dynamics as
discussed in Ref. [8].
2
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The event-by-event fluctuations in high energy nucleus-nucleus (A+A) collisions (see e.g., the
reviews [1]) are expected to be closely related to the transition between different phases of the QCD
matter. Measuring the fluctuations one might observe anomalies of the onset of deconfinement [2]
and dynamical instabilities when the expanding system goes through the 1-st order transition line
between the quark-gluon plasma and the hadron gas [3]. Furthermore, the QCD critical point may
be signaled by a characteristic pattern in fluctuations [4].
The microscopic Hadron-String-Dynamics (HSD) transport model [5] which gives rather reliable estimates for the inclusive spectra of charged hadrons in A+A collisions from SIS to RHIC
energies [6] has been used to study fluctuations.
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3. Multiplicity fluctuations
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Figure 2: The results of the HSD (left) and UrQMD (right) simulations are shown for ω− , ω+ , and ωch
in Pb+Pb collisions at 158 AGeV as functions of NPpro j . The black points are the NA49 data. The different
lines correspond to the model simulations with the original NA49 acceptance, 1.1 < y < 2.6, in the projectile
hemisphere (lower lines), the NA49-like acceptance in the mirror rapidity interval, −2.6 < y < −1.1, in the
target hemisphere (middle lines), and full 4π acceptance (upper lines).

From an output of the HSD and UrQMD minimum bias simulations we form the samples
of Pb+Pb events with fixed values of NPpro j . In Fig. 2 we present the HSD and UrQMD results
and compare them with the NA49 data for the scaled variances of negatively, positively, and all
charged particles in Pb+Pb collisions at 158 AGeV. The final particles in the HSD and UrQMD
simulations are accepted at rapidities 1.1 < y < 2.6 (we use particle rapidities in the Pb+Pb c.m.s.
frame) in accord to the NA49 transverse momentum filter [9]. This is done to compare the HSD and
UrQMD results with the NA49 data. The HSD and UrQMD simulations both show flat ωi values,
ω− ≈ ω+ ≈ 1.2, ωch ≈ 1.5, and exhibit almost no dependence on NPpro j . The NA49 data, in contrast,
3
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4. Baryon number fluctuations
The fluctuations of the net baryon number have been studied in [10]. These fluctuations are
most closely related to the fluctuations of the number of participant nucleons because of baryon
number conservation.

Figure 3: The HSD simulations for Pb+Pb collisions at 158 AGeV for fixed values of NPpro j . The baryon
number fluctuations in full acceptance, ωB , in projectile hemisphere, ωBp (lower curve), and in target hemisphere, ωBt (upper curve). The dashed line corresponds to 0.5 ωPtarg .

The HSD results for ωB in Pb+Pb at 158 AGeV are presented in Fig. 3. In each event we
subtract the nucleon spectators when counting the number of baryons. The net baryon number in
the full phase space, B ≡ NB −NB , equals then to the total number of participants NP = NPtarg +NPpro j .
At fixed NPpro j the NP number fluctuates due to fluctuations of NPtarg . These fluctuations correspond
to an average value, hNPtarg i ' NPpro j , and a scaled variance, ωPtarg (see Fig. 1). Thus, for the net
baryon number fluctuations in the full phase space we find,
2
h NPtarg i − hNPtarg i2
Var(NP )
1
ωB =
'
= ωPtarg .
(4.1)
targ
hNP i
2
2hNP i
A factor 1/2 in the right hand side of Eq. (4.1) appears because only half of the total number of
participants fluctuates.
Let us introduce ωBp and ωBt , where the superscripts p and t mark quantities measured in the
projectile and target momentum hemispheres, respectively. Fig. 3 demonstrates that ωBt > ωBp , both
4
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exhibit an enhancement in ωi for NPpro j ≈ 50. The data show maximum values, ω− ≈ ω+ ≈ 2 and
ωch ≈ 3, and a rather strong dependence on NPpro j .
Fig. 2 also shows results of the HSD and UrQMD simulations for the full 4π acceptance for
final particles, and shows the NA49-like acceptance in the mirror rapidity interval, −2.6 < y < −1.1
of the target hemisphere. HSD and UrQMD both result in large values of ωi , i.e. large fluctuations
in the backward hemisphere: in the backward rapidity interval −2.6 < 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.
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in the whole projectile-target hemispheres and in the symmetric rapidity intervals. On the other
hand one observes that ωBp ≈ ωBt in most central collisions. This is because the fluctuations of the
target participants become negligible in this case, i.e. ωPtarg → 0 (Fig. 1, right). As a consequence
the fluctuations of any observable in the symmetric rapidity intervals become identical in most
central collisions.

5. Energy dependence of multiplicity fluctuations

hNiNN i = α pp hNipp i + α pn hNipn i + αnn hNinn i ,


1
ωiNN =
α pp ωipp hNipp i + α pn ωipn hNipn i + αnn ωinn hNinn i ,
NN
hNi i

(5.1)
(5.2)

where α pp , α pn , αnn are the probabilities of proton-proton, proton-neutron, and neutron-neutron
collisions in Pb+Pb (A=208, Z=82) or Au+Au (A=197, Z=79) reactions.
In Fig. 4 the HSD model results are shown for the multiplicities per participating nucleons,
ni = hNi i/hNP i, and for the scaled variances, ωi , in central collisions (zero impact parameter, b = 0)
√
of Pb+Pb at Elab = 10, 20, 30, 40, 80, 158 AGeV and Au+Au at sNN = 62, 130, 200 GeV. From
Fig. 4 one concludes that the HSD results for the scaled variances in central A+A collisions are
close to those in N+N collisions. For the SPS energy region all scaled variances, ω± and ωch , in
central A+A collisions are slightly below the N+N results. The reversed situation is observed for
RHIC energies. Thus, the HSD results for multiplicity fluctuations are rather similar to those of
the WNM. For the samples with a fixed number of nucleon participants, NPpro j = NPtarg = const,
in Pb+Pb collisions at 158 AGeV, HSD shows fluctuations of the final hadrons close to those in
N+N collisions at the same energy. This happens to be also valid for most central collisions (b = 0)
considered in the present study. The influence of participant number fluctuations has been estimated
and sown on Fig. 4 (for more details see ref [11]).
On the other hand in the statistical model the scaled variances ωi = 1 for the ideal Boltzmann gas in the grand canonical ensemble (GCE). The deviations of ωi from unity in the hadronresonance gas (HG) model stem from Bose and Fermi statistics, resonance decays, and exactly enforced conservations laws within the canonical ensemble (CE) or micro-canonical ensemble (MCE)
[13, 14]. In Fig. 4 the scaled variances ωi calculated within the MCE HG model along the chemical
freeze-out line (see Ref. [13] for details) are presented by the dotted lines: ωi reach their asymptotic
values at RHIC energies. The HSD results for ωi in central A+A collisions are very different. They
remain close to the corresponding values in p+p collisions and, thus, increase with collision energy
5
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In general, one can define two groups of hadron observables. The first group includes observables which are rather similar in A+A and p+p collisions, thus, they can be reasonably described
within the WNM. The second group consists of A+A observables which are very different from
those in p+p collisions. The question arises: are the multiplicity fluctuations in A+A collisions
close to those in p+p reactions, or are they very different?
To answer this question let us first consider the model predictions. To compare central collisions of heavy nuclei and N+N collisions within the HSD model we construct the multiplicities
and scaled variances of N+N using the HSD results for p+p, p+n and n+n collisions:
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Figure 4: The multiplicities per participant, ni (left), and scaled variances, ωi (right). The solid lines are
the HSD results for N+N collisions. The full circles are the HSD results for central A+A collisions for
zero impact parameter, b = 0. The full squares for n− are the NA49 data [12] for (hπ − i + hK − i)/hNP i
in the samples of 7% most central Pb+Pb collisions. The HSD results for ωi after the subtraction of the
contributions of the participant number fluctuations are shown by open triangles. The dotted lines are the
MCE HG model results for ωi [13]. The HG parameters correspond to the chemical freeze-out conditions
found from fitting the hadron yields.

as ωi ∝ ni . One observes no indication for ‘thermalization’ of fluctuations in the HSD results. This
√
is especially seen for RHIC energies: ωi (HSD)/ωi (MCE)≥ 10 at sNN = 200 GeV.
A rigid centrality selection has been recently done for the NA49 data [15] by fixing the number of projectile participants, NPpro j ∼
= A. Only very central, ≤ 1%, collisions have been selected.
The HG model was compared in Ref. [13] with the NA49 data [15]. It was found that the MCE
results for ω± are very close to the data, they are shown by the dashed lines in Figs. 5. In the
statistical model the scaled variances ω±acc for the accepted particles are calculated from ω± in
the full space according to the acceptance scaling formulae (ASF) (see Ref. [13] for details):
ω±acc = 1 − q + q ω± .
Thus HSD predicts that the scaled variances ωi in central A+A collisions remain close to
the corresponding values in p+p collisions and increase with collision energy as the multiplicity
per participating nucleon, i.e. ωi ∝ ni . The scaled variances ωi calculated within the statistical
6
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Figure 5: Upper panel. The scaled variances ω±acc for central Pb+Pb collisions. The squares with error bars
are the NA49 data for 1% most central collisions [15]. The dotted lines show the MCE HG model results
calculated from full 4π scaled variances using acceptance scaling formula (ASF). The full circles present
the HSD results in Pb+Pb collisions for b = 0 with the NA49 experimental acceptance conditions, while the
open circles are obtained from the 4π HSD scaled variances using acceptance scaling formula. Lower panel.
The MCE HG (dotted line) and HSD (full circles) results for the 4π scaled variances ω± are shown for SPS
energies.

HG model along the chemical freeze-out line show a rather different behavior: ωi approach finite
√
values at high collision energy. At the top RHIC energy sNN = 200 GeV the HSD values of
ωi (HSD) is already about 10 times larger than the corresponding MCE HG values of ωi (MCE). So,
the HSD and HG scaled variances ωi show a different energy dependence and are very different
numerically at high energies. However, a comparison with preliminary NA49 data of very central,
≤ 1%, Pb+Pb collisions at the SPS energy range does not distinguish between the HSD and MCE
HG results. This happens because of two reasons: First, the MCE HG and HSD results for ωi at
SPS energies are not too much different from each other and from ωi in p+p collisions. Second,
small experimental values of the acceptance, q = 0.04 ÷ 0.16, make the difference between the
HSD and MCE HG results almost invisible. New measurements of ωi for the samples of very
central A+A collisions with large acceptance at both SPS and RHIC energies are needed to allow
for a proper determination of the underlying dynamics.

6. Fluctuations at RHIC
The centrality selection at RHIC is different then at fix-target experiment. There are detectors
which define the centrality of Au+Au collision called Beam-Beam Counters (BBC). At the c.m.
√
pair energy s = 200 GeV, the BBC measure the charged particle multiplicity in the pseudorapidity range 3.0 < |η | < 3.9 [16]. We find a good agreement between the HSD shape of the BBC
distribution and the PHENIX data (see [17]). Note, however, that the HSD hNP i numbers are not
7
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exactly equal to the PHENIX values. It is also not obvious that HSD give the same values of the
scaled variance ωP for the participant number fluctuations to the experimental ones.
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Figure 6: HSD results for different BBC centrality classes in Au+Au collisions at s = 200 GeV. Left: The
average number of participants, hNP i, and the scaled variance of the participant number fluctuations, ωP ,
calculated for the 5% BBC centrality classes. Right: The mean number of charged hadrons per participant,
ni = hNi i/hNP i.

Defining the centrality selection via the HSD transport model (which is similar to the BBC
in the PHENIX experiment) we calculate the mean number of nucleon participants, hNP i, and the
scaled variance of its fluctuations, ωP , in each 5% centrality sample. The results are shown in
Fig. 6, left. The Fig. 6 (right) shows the HSD results for the mean number of charged hadrons per
nucleon participant, ni = hNi i/hNP i. Note that the centrality dependence of ni is opposite to that of
ωP : ni increases with hNP i, whereas ωP decreases.
The PHENIX detector accepts charged particles in a small region of the phase space with
pseudorapidity |η | < 0.26 and azimuthal angle φ < 245o and the pT range from 0.2 to 2.0 GeV/c
[16]. The fraction of the accepted particles qi = hNiacc i/hNi i also has been calculated within the
HSD model. According to the HSD results only 3 ÷ 3.5% of charged particles are accepted by the
mid-rapidity PHENIX detector.
To estimate the role of the participant number event-by-event fluctuations we use the model of
independent sources (see e.g., Refs [1, 7, 8, 10]), ωi = ωi∗ + ni ωP , where ωi∗ corresponds to the
fluctuations of the hadron multiplicity from one source, and the second term, ni ωP , gives additional
fluctuations due to the fluctuations of the number of sources. As usually, we have assumed that
the number of sources is proportional to the number of nucleon participants. To calculate the
fluctuations ωiacc in the PHENIX acceptance we use the acceptance scaling formula: ωiacc = 1 −
qi + qi ωi . Putting all together one finds:

ωiacc = 1 − qi + qi ωi∗ + qi ni ωP .

(6.1)

The HSD results for ωP (Fig. 6, left), ni (Fig. 6, right), qi (which is almost const), together
∗ = 5.7 at √s = 200 GeV, define
with the HSD nucleon-nucleon values, ω−∗ = 3.0, ω+∗ = 2.7, and ωch
completely the results for ωiacc according to Eq. (6.1). We find a surprisingly good agreement of
the results given by Eq. (6.1) with the PHENIX data shown in Fig. 7. Note that the centrality
dependence of ωiacc stems from the product, ni · ωP , in the last term of the r.h.s. of Eq. (6.1).
8
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Figure 7: The scaled variance of charged particle fluctuations in Au+Au collisions at s = 200 GeV with
the PHENIX acceptance. The circles are the PHENIX data [16] while the open points (connected by the
solid line) correspond to Eq. (6.1) with the HSD results for ωP , ni , and qi .

One can conclude that both qualitative and quantitative features of the centrality dependence
of the fluctuations seen in the present PHENIX data are the consequences of participant number
fluctuations. To avoid a dominance of the participant number fluctuations one needs to analyze
most central collisions with a much more rigid (≤ 1%) centrality selection.

7. Summary and conclusions
• The fluctuations in the number of target participants — for fixed projectile participants —
strongly influence all observable fluctuations.
• The measured fluctuations of the electric charge in different acceptance windows are consistent with HSD results.
• Statistical and transport models show different results in central A+A collisions for multiplicity fluctuations versus energy. New measurements at higher energies and with larger
acceptance are needed.
• In collider-type experiments the fluctuations of the number of participants are significant. To
avoid them one has to consider the most central collisions with more rigid events selection.
9
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