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Event-by-event multiplicity fluctuations in nucleus-nucleus collisions are studied within the rela-
tivistic transport models: EPOS, PHSD, and UrQMD. As measures of particle number fluctuations
we consider the scaled variances ω[X] for positive, negative, and all charged hadrons, and the
strongly intensive quantities ∆[K+, π+], Σ[K+, π+] for K+ and π+ yields. At the SPS energy range
the fluctuation measures are calculated for proton-proton, Ar+Sc, and Pb+Pb collisions. Com-
parison with recent NA61/SHINE and older NA49 measurements of the multiplicity fluctuations is
done. The validity of the model of independent sources, and the role of experimental acceptance
are studied.
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I. INTRODUCTION

Fluctuations are expected to play an important role
in study of the phase structure of QCD matter formed
in relativistic heavy ion collisions [1–3]. The relativis-
tic transport models such as EPOS[4, 5], PHSD [6, 7],
and UrQMD [8, 9] allow to perform theoretical study
of microscopical properties of systems that are created
in nucleus-nucleus (A+A) collisions. This detailed de-
scription of A+A collisions allows to study the par-
ticle number fluctuations under different conditions,
see, e.g., [10–16]. Recent data from the NA61/SHINE
Collaboration [17] show a surprisingly different behav-
ior of scaled variances ω for proton-proton (p+p) and
A+A collisions. It is found that multiplicity fluctua-
tions are much larger in p+p collisions than in most
central A+A ones. This result is in contradiction with
the wounded nucleon model. The aim of present work
is to investigate the dependence of multiplicity fluctu-
ations on system size and collision energy within the
microscopical transport models.

II. EVENT-BY-EVENT FLUCTUATIONS IN
TRANSPORT MODELS

In the present study the simulations of A+A col-
lisions were performed within the transport models
that were listed above. The calculations are done
for systems of different size, i.e., p+p, Ar+Sc, and

Pb+Pb are studied. The collision energies are taken
in a range of the CERN SPS accelerator which cor-
responds to the center of mass energy of nucleon pair√
sNN = 5.1 ÷ 17.3 GeV. All of the parameters of

the present study are selected in a way to be as close
as possible to the parameters of NA61/SHINE exper-
iment (see, e.g., Refs. [18, 19]). Note, however, that
in the aforementioned experiment the centrality selec-
tion is a rather complicated procedure defined by the
number of projectile spectators [17, 20]. In our study,
the centrality selection procedure is simplified: cen-
tral A+A collisions are considered as those with zero
impact parameter, b = 0 fm.

The following measures of particle number fluctua-
tions are studied in the present work:

ω [X] =

〈
X2
〉
− 〈X〉2

〈X〉
, (1)

∆[A,B] =
1

C∆

[
〈B〉ω[A] − 〈A〉ω[B]

]
, (2)

Σ[A,B] =
1

CΣ

[
〈B〉ω[A] + 〈A〉ω[B] −

− 2 (〈AB〉 − 〈A〉〈B〉)
]
,

(3)

C∆ = 〈A〉 − 〈B〉 , CΣ = 〈A〉 + 〈B〉 ,

where X, A, and B denote the particle yields, and

〈X〉 =
1

Nev

Nev∑
i=1

Xi (4)
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corresponds to the event-by-event averaging over a
sample of Nev events. The fluctuation measures (1-
3) are intensive quantities, i.e., they do not depend
on the system size. However, only ∆ (2) and Σ (3),
are called as strongly intensive quantities [21], because
they are not sensitive to the fluctuations of the system
volume. The system size event-by-event fluctuations
in A+A collisions are usually a result of the vary-
ing impact parameter from collision to collision. Note
that even at the fixed value of the impact parameter
b = 0 the number of nucleon participants still fluctu-
ates event-by-event, and these fluctuations influence
the scaled variances ω[X].

In the present work the following goals are pursued:

• Study of particle number fluctuations versus col-
lision energy and system size. Search for any
non-monotonous behavior.

• Comparison of different transport models.

• Investigation of the role of different acceptance
criteria.

• Comparison of ω[X], as a function of the sys-
tem size, with the recent data of NA61/SHINE
Collaboration.

There are two well known assumptions that connect
the scaled variances obtained in different physical sce-
narios. The first one (see, e.g., [22]) predicts the value
of ωacc[X] in case some experimental acceptance (e.g.,
the kinematical acceptance in momentum space) is ap-
plied:

ωacc[X] = 1− q + qω[X], 0 < q =
〈Xacc〉
〈X〉

< 1 , (5)

where q is a ratio of the mean values of the accepted
number of particles to the total one. Equation (5)
ignores the correlations between accepted particles
and predicts that at q → 0 the scaled variance ωacc

monotonously goes to 1, the value that corresponds to
the Poisson distribution.

The second assumption often used in A+A colli-
sions is the model of independent sources, the so-called
wounded nucleon model [23]. This model connects the
scaled variance ω[X] of produced X-species particles
in A+A collisions with the scaled variance ωNN[X]
and average multiplicity 〈X〉NN taken from nucleon-
nucleon (NN) collisions at the same collision energy√
sNN :

ω[X] = ωNN[X] + ωp[Npart]
1

2
〈X〉NN , (6)

where ωp[Npart] represents the scaled variance for the
number of nucleon participants.

III. TRANSPORT MODELS

A. EPOS

Nucleus-nucleus scattering - even proton-proton -
amounts to many elementary collisions happening in
parallel. Such an elementary scattering corresponds
to the exchange of a “parton ladder”.

A parton ladder represents parton evolution from
the projectile and the target side towards the center
(small x). The evolution is governed by an evolution
equation, in the simplest case according to DGLAP.
In the following we will refer to these partons as “lad-
der partons”, to be distinguished from “spectator par-
tons” to be discussed later. It has been realized a long
time ago that such a parton ladder may be considered
as a quasi-longitudinal color field, a so-called “flux
tube” [5], conveniently treated as a relativistic string.
The intermediate gluons are treated as kink singular-
ities in the language of relativistic strings, providing
a transversely moving portion of the object. This flux
tube decays via the production of quark-antiquark
pairs, creating in this way fragments – which are iden-
tified as hadrons.

The technical details of the consistent quantum me-
chanical treatment of the multiple scattering with the
energy sharing between the parallel scatterings can be
found in [24]. Hard scale independent correction fac-
tors are added to the bare amplitude of the Pomeron
to control the rise of the cross-section at high energy
and the multiplicity in HI collisions. The treatment
of these nonlinear effects at high energy is explained
in [4].

All the results presented in this paper were obtained
within the EPOS 1.99 model, however, the whole anal-
ysis was repeated also for EPOS LHC version and the
results of fluctuation measures were found to be very
close to the ones obtained in EPOS 1.99.

B. PHSD

The Parton-Hadron-String Dynamics (PHSD)
transport approach [6, 7, 25, 26] is a microscopic co-
variant dynamical model for strongly interacting sys-
tems formulated on the basis of Kadanoff-Baym equa-
tions [26, 27]. The approach consistently describes
the full evolution of a relativistic heavy-ion collision
from the initial hard scatterings and string formation
through the dynamical deconfinement phase transi-
tion to the strongly-interacting quark-gluon plasma
(sQGP) as well as hadronization and the subsequent
interactions in the expanding hadronic phase as in the
Hadron-String-Dynamics (HSD) transport approach
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[28]. The transport theoretical description of quarks
and gluons in the PHSD is based on the Dynami-
cal Quasi-Particle Model (DQPM) for partons that
is constructed to reproduce lattice QCD for QGP
thermodynamics [26, 30] via effective propagators for
quarks and gluons. The PHSD differs from conven-
tional Boltzmann approaches in following aspects:
i) it incorporates dynamical quasi-particles due to the
finite width of the spectral functions;
ii) it involves scalar mean-fields that substantially
drive the collective flow in the partonic phase;
iii) it is based on a realistic equation of state from lat-
tice QCD and thus describes the speed of sound cs(T )
reliably;
iv) the hadronization is described by the fusion of off-
shell partons to off-shell hadronic states and does not
violate the second law of thermodynamics;
v) all conservation laws are fulfilled in the hadroniza-
tion contrary to coalescence models;
vi) the effective partonic cross sections are self-
consistently determined within the DQPM and
probed by transport coefficients in thermodynamic
equilibrium (shear- and bulk viscosity, electric con-
ductivity, magnetic susceptibility etc. [31, 35]).

In the beginning of relativistic heavy-ion colli-
sions color-neutral strings (described by the LUND
model [32]) are produced in highly energetic scatter-
ings of nucleons from the impinging nuclei. These
strings are dissolved into ’pre-hadrons’. If the local
energy density is larger than the critical value for the
phase transition, which is taken to be ∼ 0.5 GeV/fm3,
the pre-hadrons melt into (colored) effective quarks
and antiquarks in their self-generated repulsive mean-
field as defined by the DQPM [26, 30]. In the DQPM
the quarks, antiquarks, and gluons are dressed quasi-
particles and have temperature-dependent effective
masses and widths which have been fitted to lattice
thermal quantities such as energy density, pressure
and entropy density.

The transition from the partonic to hadronic
degrees-of-freedom is described by covariant transi-
tion rates for the fusion of quark-antiquark pairs to
mesonic resonances or three quarks (antiquarks) to
baryonic states. In the hadronic phase PHSD is equiv-
alent to the hadron-strings dynamics (HSD) model
[28, 29]. The PHSD approach has been applied to
p+p, p+A and A+A collisions from lower SPS to LHC
energies and been successful in describing of experi-
mental data including single-particle spectra, collec-
tive flow as well as electromagnetic probes [7, 25, 33–
36].

C. UrQMD

The UrQMD-model [8, 9] is a microscopic trans-
port theory based on the covariant propagation of
all hadrons on classical trajectories in combination
with stochastic binary scatterings, color string for-
mation and resonance decay. It represents a Monte
Carlo solution of a large set of coupled partial integro-
differential equations for the time evolution of the var-
ious phase space densities fi(x, p) of particle species
i = N,∆,Λ, etc., which non-relativistically assumes
the Boltzmann equation.

The exchange of electric and baryonic charge,
strangeness and four-momentum in the t-channel is
considered for baryon-baryon (BB) collisions at low
energies, while meson-baryon (MB) and meson-meson
(MM) interactions are treated via the formation and
decay of resonances, i.e. the s-channel reactions. t-
channel reactions for MB and MM collisions are taken
into account from

√
s > 3 GeV on increasing to the

only MB, MM interaction type above
√
s = 6 GeV.

This framework allows bridging with one concise
model the entire available range of energies from the
SIS energy region (

√
s ≈ 2 GeV) to the RHIC en-

ergy (
√
s = 200 GeV). At the highest energies, a huge

number of different particle species can be produced.
The model should allow for subsequent rescatterings.
The collision term in the UrQMD model includes more
than fifty baryon species and five meson nonets (45
mesons). In addition, their antiparticles have been
implemented using charge-conjugation to assure full
baryon-antibaryon symmetry.

All particles can be produced in hadron-hadron col-
lisions and can interact further with each other. The
different decay channels all nucleon-, ∆- and hyperon-
resonances up to 2.25 GeV/c2 mass as well as the me-
son (e.g. K∗) decays etc. are implemented. At higher
energies the advantage of the hadron universality is
taken and a string model for the decay of intermedi-
ate states is used.

IV. RESULTS

The simulations of A+A collisions are performed
within the certain range of energies and system
sizes: p+p collisions are studied at energies

√
sNN =

6.27, 7.75, 8.77, 12.33, 17.28 GeV, while for Ar+Sc
and Pb+Pb collisions energies of the colliding sys-
tem are

√
sNN = 6.12, 7.62, 8.77, 11.94, 16.84

GeV. These are the energies that are available in the
NA61/SHINE experiment. The simulations of Ar+Sc
and Pb+Pb collisions are performed with zero impact
parameter (b = 0 fm).
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Figure 1: Comparison of average multiplicities of charged
particles 〈Nch〉 as functions of

√
sNN in b = 0 fm Pb+Pb

(top), b = 0 fm Ar+Sc (middle), and inelastic p+p (bot-
tom) collisions in EPOS-1.99, HSD-4.0, PHSD-4.0, and
UrQMD-3.4 models.

Different acceptance cuts are applied for the trans-
port model simulations. The results are presented in
three different acceptance regions:

• full rapidity (4π) – all particles are considered
in results;

• |y| < 1 acceptance – only particles with rapidity
−1 < y < 1 in the center of mass frame are con-
sidered for calculation of measured quantities;

• the NA61/SHINE acceptance – where detector
acceptance is applied, only pions π, kaons K,
protons p and their antiparticles are taken into
account (in experiment, most of other particles
are rejected by a list of track cuts), and rapid-
ity 0 < y < ybeam simultaneously with pT <
1.5 GeV/c cuts are imposed. Finally, so-called

NA61/SHINE acceptance map [37] is applied in
order to reflect non-perfect NA61/SHINE accep-
tance in azimuthal angle.

In Fig. 1 the mean multiplicities of all charged par-
ticles 〈Nch〉 are presented. The values are obtained
in different transport models. Results for 〈Nch〉 show
that all models are in a good agreement in case exper-
imental acceptance is applied, however, for a 4π and
|y| < 1 rapidity range results start to slightly differ.

A. Scaled variance for particle number
fluctuations

The scaled variances ω[X] are calculated for mul-
tiplicities of all charged Nch, positively charged N+,
and negatively charged N− particles in different ac-
ceptance regions.

Although for charged particle multiplicity 〈Nch〉 re-
sults of all models were quite in agreement, the values
of scaled variance ω[X] differ and even show different
behaviors that has to be explained.

In Fig. 2 the calculated values of ω as functions of√
sNN are presented. On the top panel results for p+p

inelastic collisions are shown. EPOS and UrQMD are
in an approximate agreement with each other while
HSD model produces smaller particle number fluctu-
ations. We recall that the LUND string fragmentation
model [32] is adopted for the description of the elemen-
tary p+p collisions in the (P)HSD approach. UrQMD
and EPOS show strong growth of fluctuations when
rapidity cut is applied that goes in contradiction with
assumption that fluctuations get closer to the value
of 1 in case some acceptance is applied (Eq. 5).
UrQMD shows the highest growth in |y| < 1, while for
EPOS fluctuations are slightly smaller and HSD gives
the smallest fluctuations among above three models.
However, if one studies fluctuations of particle number
with |y| < 1 all three models show growth of scaled
variance as compared to results in the full rapidity
region.

For the Ar+Sc collisions in Fig. 2 (middle panel)
picture changes. If for p+p collisions ω values pro-
duced by EPOS were between UrQMD and HSD
results, then for Ar+Sc collisions EPOS gives the
strongest fluctuations among all of the studied mod-
els. This is the result of fluctuations of participant
number, however, the concept of participants is not
strictly defined in the EPOS model.
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Figure 2: Comparison of EPOS (purple circles), HSD
(green diamonds), PHSD (blue squares), and UrQMD (red
triangles) results for scaled variance ω[X] of number of
charged particles Nch, number of positively charged parti-
cles N+ and number of negatively charged particles N− in
inelastic p+p collisions (top), b = 0 fm Ar+Sc collisions
(middle), and b = 0 fm Pb+Pb collisions (bottom) with
different acceptance applied: full rapidity region (left),
central rapidity region |y| < 1 (center) and NA61/SHINE
acceptance (right).

In Ar+Sc results the rise of scaled variance ω is
still present in case rapidity cut |y| < 1 is applied.
However, that rise is not so strong as for p+p colli-
sions and thus it indicates that system size plays a
role in particle number fluctuations in central rapid-
ity region. Charge conservation should take a domi-
nant role in p+p collisions, since charged particles are
only produced by pairs. In small systems as p+p is,
there is not so much available energy as in large sys-
tems like created in A+A collisions and so production
of particle-antiparticle pair takes large part of total
energy. Because multiplicities in p+p collisions are
not large and system evolution time is not enough to
reach equilibrium, the produced particles are corre-
lated as a result of the energy-momentum conserva-
tion. If charged particle is produced with transverse
momenta pT then there should be produced charged
antiparticle with transverse momenta −pT – so trans-
verse momenta of these particles are correlated. That
could be the reason for the rise of particle number fluc-
tuations in central rapidity region |y| < 1 since that
region is dominated by particles with non-zero pT .

In Pb+Pb collisions the behavior of scaled vari-
ance ω is not very different from Ar+Sc collisions.
In Fig. 2 (bottom panel) the results for scaled vari-
ance ω of Nch, N+, and N− in Pb+Pb collisions sim-
ulated in studied models are presented. Still EPOS
produces fluctuations that are stronger than in other
models, but at top energies fluctuations stop to grow
and then plateau is observed. In case the scaled vari-
ance with NA61/SHINE acceptance applied one sees
that plateau is reached at energies

√
sNN = 9 ÷ 11

GeV. The reason for this plateau in scaled variance ω
is not clear.

B. Strongly intensive measures ∆ and Σ

The strongly intensive measures – ∆ and Σ are not
dependent on system-size fluctuations and thus these
quantities do not require complicated centrality selec-
tion. The ∆[K+, π+] as well as Σ[K+, π+] were cal-
culated using studied transport models. The values
were obtained as in previous results in three accep-
tance regions: full acceptance, central rapidity region
|y| < 1, and with NA61/SHINE acceptance applied.
In Fig. 3 the all calculated values of ∆ and Σ are pre-
sented. For p+p collisions all models produce values
that are tightly located near value of 1. For Ar+Sc
and Pb+Pb collisions models do not show so good
agreement between each other, as for p+p. With the
growth of system size the difference between studied
models starts to increase, with non-trivial behavior for
UrQMD and (P)HSD results.
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Figure 3: Strongly intensive measures ∆[K+, π+] and
Σ[K+, π+] in inelastic p+p collisions (top), b = 0 fm
Ar+Sc collisions (middle), and b = 0 fm Pb+Pb col-
lisions (bottom). Comparison of EPOS (purple circles),
HSD (green diamonds), PHSD (blue squares) and UrQMD
(red triangles) results with different acceptance applied:
full rapidity region (left), central rapidity region |y| < 1
(center), and NA61/SHINE acceptance (right).

C. Scaled variance in different rapidity regions

In order to study the acceptance dependence of par-
ticle number fluctuations, the scaled variance ω has

1

2

3

!
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6.12 GeV

Eq. (5)

√
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Eq. (5)

p + p, UrQMD-3.4
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Figure 4: ω [Nch] in inelastic p+p (top) and b = 0 fm
Pb+Pb (bottom) collisions calculated in different rapid-
ity regions within HSD (left) and UrQMD (right) models
for different energies

√
sNN (upper numbers correspond

to p+p collisions and lower numbers – to Pb+Pb). The
predictions of Eq.5 are presented as dashed lines.

been calculated in different rapidity regions |y| < ∆y.
In Fig. 4 the scaled variances ω[Nch] versus ∆y are
presented by solid lines. The dashed lines show the
behavior which follows from Eq.5. According to Eq.5
the scaled variance ω should monotonously converge
to the value of 1 while rapidity region ∆y decreases
to zero. However, Fig. 4 shows that ω [Nch] has
a non-monotonous dependence on ∆y. Therefore,
monotonous decrease of scaled variance according to
Eq.5 appears to be in a contradiction with transport
model results.

For p+p collisions, UrQMD shows much stronger
fluctuations than HSD. That difference could be ex-
plained by the different particle production mecha-
nisms in UrQMD and HSD. Namely, in HSD par-
ticle production is dominated by string fragmenta-
tion, while in UrQMD most of the particles are pro-
duced by resonance decays. Resonance decays result
in uniform angular distribution of produced particles
momenta, whereas string fragmentation takes place
mostly along string direction so transverse mass mT

of produced particles is exponentially suppressed as
exp

(
−bm2

T /x
)
, where b is the string model parame-

ter and x is the energy-momentum fraction from the
fragmenting string.
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D. System size dependence and comparison with experimental data
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Figure 5: Scaled variance of multiplicity distribution of negatively charged particles N− as function of system size (mass
number W=A+A of colliding system). Left: model results for inelastic proton-proton collisions and b = 0 fm A+A
collisions with NA61/SHINE acceptance applied. Right: NA61/SHINE data for inelastic p+p collisions and Ar+Sc for
0-0.2% most central collisions, NA49 Pb+Pb collisions for 0-1% most central interactions.

Recently, the NA61/SHINE Collaboration pre-
sented the results for ω[N−] in Ar+Sc collisions [17].
A non-trivial effect was observed – the ω[N−] in
Ar+Sc is much lower than in p+p collisions at the
same

√
sNN . These results contradict the wounded

nucleon model, which, according to Eq.6, predicts
scaled variance ω[X] in A+A collisions to be larger
or equal (if ωp[Npart] = 0) than ωNN [X].

In Fig. 5 the dependence of ω[N−] on the system
size calculated in different transport models is pre-
sented, and the experimental results from [17, 38] are
shown for comparison 1. The UrQMD and EPOS
models show a good agreement with experimental
data on p+p collisions, while HSD underestimates
ω[N−].

For Ar+Sc results all models produce fluctuations
that are essentially stronger than the ones observed in
experiment. The deviation of calculated values from

1 Please note, that NA49 acceptance for Pb+Pb point [38]
was slightly smaller than the acceptance currently used by
NA61/SHINE. In both cases 0 < yπ < ybeam rapidity
range was used but in the NA49 analysis additional track
cuts were used which reduced the mean multiplicity of neg-
atively charged hadrons by 9% when compared to basic
0 < yπ < ybeam cut.

data could be due to the very high centrality class
selection at experiment for which b = 0 fm approxi-
mation might not be correct, see [17]. We have tested
that selecting events with high number of participants
in b = 0 fm Ar+Sc collisions in all models leads to de-
crease of ω[N−] so discrepancy between the data and
calculated values becomes smaller. These results are
omitted in the present paper and are left for the fu-
ture studies, since the large statistics should be col-
lected and a proper correspondence between definition
of participants and spectators in experiment and in
calculations should be established to compute within
the models the 0-0.2% most central data for rigorous
comparison.

The b = 0 fm Pb+Pb collisions are a good approx-
imation for the 0-1% most central events. HSD and
UrQMD results are in satisfactory agreement with ex-
perimental data, while EPOS and PHSD give overes-
timated values for the scaled variance. In EPOS it
is again the result of large participant number fluc-
tuations in that model, in PHSD it is a result of en-
semble averaging method implemented in the model
where conserved quantities are conserved only on the
average. The agreement between b = 0 fm HSD
and UrQMD results with experimental values indi-
cates that for large systems (that Pb+Pb is) the b = 0
fm collisions is a good approximation to the 0-1% ex-
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perimental collisions, this was previously studied in
Ref. [39].

V. SUMMARY

All of the studied transport models do not show
any signs of transition to deconfined phase in fluctu-
ation measures. Although in the PHSD model the
partonic degrees of freedom are present, and the horn
in K+/π+ ratio is reproduced [36], still there is no
non-monotonic behavior on particle number fluctua-
tions as function of beam energy. However, some in-
teresting properties are observed for scaled variances
ω[X] as functions of the system size and applied ac-
ceptance. Namely, all transport models appear to
be in contradiction with the often used formulae im-
plementing the acceptance effects and connecting the
fluctuations in A+A with those in p+p collisions. It
is observed that, in contrast to Eq. (5), ω[X] depends
non-monotonously on the size of the acceptance in-
terval in the central rapidity region. One also sees
that in the most central Ar+Sc and Pb+Pb collisions
the scaled variance ω[N−] is smaller than its value
in inelastic p+p collisions at the same collision en-
ergy

√
sNN . This result is in a contradiction with the

model of independent sources (6).
Transport models with experimental acceptance of

NA61/SHINE detectors applied, show that for Ar+Sc
collisions fluctuations are larger than in p+p colli-
sions, but for Pb+Pb scaled variance is smaller than
in p+p and is very close to 1. The comparison with
p+p experimental data (Fig. 5) shows that calcula-
tions within transport models are in agreement with
the data for negatively charged particle number fluc-

tuations for p+p and Pb+Pb collisions. The underes-
timation of the ω[N−] data for p+p by the HSD can be
attributed to the luck of LUND string model adopted
for the description of elementary collisions there. For
b = 0 fm Ar+Sc collisions all models strongly over-
estimate the NA61/SHINE data for fluctuations in
0-0.2% most central events. Transport models give
satisfactory description for ω[N−] data measured by
the NA49 Collaboration, only PHSD produces over-
estimated values. The notable discrepancy between
transport models calculations and experimental data
for Ar+Sc collisions is a subject for future studies.
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