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Abstract: Analysis of the (i) charge balance function and (ii) fluctuations of the net electric
charge of hadrons in Pb+Pbcollisions at center-of-mass energy 2.76 TeV per nucleon pair
was performed within a two-component HYDJET++model. It is shown that neither the
widths of the balance function nor the strongly intensive quantities, D and X, used to
describe the net-charge fluctuations, can be reproduced within the model based on a
grand canonical ensemble approach for generating multiparticle production. To solve this
problem, it is necessary to take into account exact charge conservation in an event-by-event
basis. The corresponding procedure was developed and implemented in the modified
HYDJET++model. It provides a fair description of the experimental data.

Keywords: relativistic heavy-ion collisions; hybrid models; balance function; net-charge
fluctuations; canonical charge conservation

1. Introduction

Studies of heavy-ion collisions at relativistic and ultrarelativistic energies carried
out at accelerators such as the Super Proton Synchrotron (SPS), /s, = 17.3 GeV, Rela-
tivistic Heavy Ion Collider (RHIC), /sy = 200 GeV, and Large Hadron Collider (LHC),
V5w = 2.76 TeV and 5.02 TeV, have provided a wealth of information about the properties
of dense and hot nuclear matter; see, e.g., [1] and references therein. One of the most
important areas of this research is the search for and study of signals associated with the
formation of a new state of matter called quark—gluon plasma (QGP).

The signals proposed as indicators of QGP creation are quite diverse. Some of them
contain an implicit understanding of the dependence of quark production on time. To accu-
rately determine the formation time of charged particle pairs, a charge balance function
(CBF) [2] was proposed. It studies the separation of positively and negatively charged
hadrons. Wide CBF widths would indicate early production of charged pairs, while narrow
widths would favor the later production of hadrons, characteristic of the hadronization
of quark—gluon plasma. Charge balance functions have been studied in various macro-
scopic and microscopic models, such as the hydrodynamic model [3], hadron resonance gas
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(HRG) model [4], coalescence model [5], and so forth [6]. The charge balance function has
been also measured in proton—proton (pp), proton/deutron-nucleus (p 4+ Pb and d + Au),
and heavy-ion (Au+Au and Pb+Pb) collisions at RHIC [7-9] and LHC [10-12] energies.
For an extensive review of both theoretical and experimental results, see [13].

Another group of observables, sensitive to the thermodynamic properties and critical
behavior of hot and dense media, are event-by-event (EbyE) fluctuations of conserved
charges, such as net-baryon or net-electric charges [14,15]. For instance, electric net-charge
fluctuations are proportional to the square of the charges in the system, and therefore,
they should dramatically decrease in the case of the formation of quark—gluon plasma.
To quantify these fluctuations, two new variables, D [16,17] and X [18-20], were proposed.
In heavy-ion collisions, the net-charge fluctuations were studied at the energies of the
SPS [21,22], RHIC [23], and LHC [24,25].

To study these and many other signals of QGP in heavy-ion collisions, one has to
rely on the results of model calculations. It is worth mentioning that the majority of
these models cannot fairly reproduce, e.g., the centrality dependence of both the charge
balance functions and the measures of fluctuations, D and X. In the present study, we
employed the two-component Monte Carlo HYDJET++model [26]. Here, the final state
represents a superposition of the soft “thermal” and hard states resulting from multi-
parton fragmentation. We show that in order to adequately describe both the widths of the
CBFs and net-charge fluctuations in ultrarelativistic heavy-ion collisions, the model needs
further modification.

This paper is organized as follows. Basic features of the default version of the HYD-
JET++model are presented in Section 2. Section 3 discusses the charge balance function
and its width as a function of centrality and pseudorapidity. The results of the model
calculations are compared with the data. Here, we introduce important modifications
implemented in the recent version of the HYDJET++model. In Section 4, the results obtained
for the net-charge fluctuations in Pb+Pbcollisions at a center-of-mass energy of 2.76 TeV per
nucleon pair using the HYDJET++model are compared with ALICE data [24,25]. Further, the
fine-tuning of the model parameters is presented. Conclusions are presented in Section 5.

2. Model Description

Developed for simulating heavy-ion collisions at relativistic and ultrarelativistic en-
ergies, the HYDJET++(HYDrodynamics with JETs) model is a Monte Carlo (MC) event
generator [26,27] consisting of two parts, describing soft and hard processes, respectively.
To describe soft processes, HYDJET++uses an adapted version of the FASTMC [28,29] model
based on the relativistic hydrodynamic parameterization of the chemical and thermal
freeze-out hypersurfaces under given freeze-out conditions. The best agreement with ex-
perimental data is obtained in the scenario with separated chemical and thermal freeze-out.
The simulation of a single event begins with the calculation of the effective volume of the
overlap region of colliding nuclei V,¢¢. This volume depends on the average number of
participating nucleons, determined from the Glauber multiple scattering model for a given
collision centrality, i.e., impact parameter b. The production of particles in the system takes
place at the stage of chemical freeze-out according to the prescription of statistical thermal
models [30,31]. The composition of hadrons does not change until the stage of thermal
freeze-out, after which two- and many-particle decays of resonances occur. HYDJET++uses
an extensive table of resonances, containing more than 360 meson and baryon states, from
the statistical model SHARE [32]. At the same time, for the decays of resonances, the
HYDJET++model employs its own original procedure.

In the hard sector, the model considers hard quarks and gluons traversing dense and
hot quark—gluon plasma. Here, the PYQUEN (PYTHIA QUENCched) [33] model was used,
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which takes into account parton energy losses due to gluon emission in the medium and
collisional losses due to parton rescattering. The number of jets is generated according to a
binomial distribution. Their average number for a heavy-ion collision with some impact
parameter b is calculated as a product of the number of binary nucleon—nucleon collisions
(NN) and the integral cross-section of the hard process in these collisions with minimal
transverse momentum transfer p™". This important free parameter of the HYDJET++model
is determined from a comparison with experimental data; see [26]. Partons that were
produced in (semi-)hard subprocesses with momentum transfer below the threshold p#"
are removed from the hard-parton spectrum, and their hadronization products are added
to the thermalized soft-particle spectra.

This approach, in which hard and soft processes are considered simultaneously within
the same model, has proven to be very fruitful. For example, HYDJET++describes the
centrality and transverse momentum dependence of the differential elliptic [34,35] and
triangular [36] flow of hadrons in heavy-ion collisions at RHIC and LHC energies, the
violation (because of the jets) of the mass hierarchy and the constituent quark scaling
(NCQ) of these differential flows at intermediate and high values of pr [35,37,38], higher
harmonics of the anisotropic flow [35,38,39], and their event-by-event fluctuations [40]. As
was shown in [41], the model can be modified to take the collisions of deformed nuclei into
consideration, such as Xe+Xe at /sy = 5.44 TeV. Further details of the model can be found
elsewhere [26,27].

3. Balance Functions of Charged Particles

The charge balance function is defined as follows [2]. Let us denote the number of
positive and negative charge particles in a certain pseudorapidity interval || averaged over
all events as (N4) and (N_), respectively. The average number of unlike-charge pairs with
particles separated by the relative pseudorapidity Ay = 7 —y— is (N+_(Arn)), and simi-
larly for (N_(An)), (N++(An)) and (N__(Ay)). Then, the charge balance function as a
function of pseudorapidity reads

B(Ay) — ;[<N+(AU)<>I\;+<>N++(A’7)>
(N—+(An)) = (N-—(Ay))
+ * N ] (1)

Similarly, one may introduce the charge balance function B(Ag) as a function of
the relative azimuthal angle A¢g. The width of the pseudorapidity interval depends on
the detector parameters. For instance, the ALICE Collaboration used the pseudorapidity
interval || < 0.8 in the analysis, and each term N(A#) was corrected for the acceptance
limitation [11]. The width of the balance function distribution is defined as

i i
(An) =} [B(An) - D]/ Y B(Ani), 2)

i=1 i=1

where B(Ar;) denotes the balance function value for each bin Ay;, and the sum runs over
all j bins.

The charge balance function dependence on the pseudorapidity Az calculated in
the HYDJET++model for Pb+Pbcollisions at the center-of-mass energy per nucleon pair
V5w = 2.76 TeV with centrality 0-5%, 20-30%, and 50-60% is shown in Figure 1. One can
see that all three distributions have similar widths despite the different contributions of
the soft and hard processes to the total particle spectrum in central (0-5%) and peripheral
(50-60%) collisions. It is worth noting that the transverse momentum range of the studied
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hadrons, 0.3 < pr < 1.5 GeV/c, is the same as that chosen for ALICE analysis in [11]. This
means that the majority of particles comes from the soft processes and that the width of
the charge balance function in these processes in the HYDJET++model does not depend
on the centrality of nuclear collision. Before the detailed analysis of the sources of particle
correlations in HYDJET++, let us compare the widths of the CBFs measured by the ALICE
Collaboration [10] in the following intervals with the calculations:

(1) 2.0 < prassoc < 3.0 < pruig < 40GeV/c and
(2) 3.0 < prassoc < 8.0 < prig < 15.0GeV/c

In line with the experimental procedure, the widths were calculated not in the entire
intervals of Ay and Ag, but in the narrow interval. The balance function distributions
were fitted to the sum of a Gaussian and a constant, and the final width is calculated
within 30G,uss-
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Figure 1. Balance function B(Ay) of charged hadrons in HYDJET++-calculated Pb+Pbcollisions at

/Sw = 2.76 TeV for centrality bins: (i) 0-5% (red triangles), (ii) 20-30% (blue circles), and (iii) 50-60%
(green squares).

The comparison is displayed in Figure 2. We see that the widths of the balance func-
tions for hadrons from the two selected intervals are practically independent of the collision
centrality. For the first pr-interval, the model predicts narrower distributions, while for the
interval with higher transverse momentum values, the agreement with experimental data
is good. But in this range, the hard processes, i.e., jets, dominate the particle production,
whereas the contribution of the soft processes is very weak. Unlike-sign charges decoupled
from jets are correlated because of the exact charge conservation during the jet fragmenta-
tion. Note also that hadrons with higher transverse momenta are created at earlier stages
of the parton cascade. Here, the charge correlations are stronger, and this circumstance
explains the decrease in the width of the balance functions with an increasing pr interval.

In the soft sector, the HYDJET++model employs the statistical model for particle pro-
duction. In the framework of grand canonical formalism, all primary particles, hereinafter
called direct, are generated independently, implying that there are no balancing correlations
between the oppositely charged hadrons. Therefore, the only source of correlations in phase
space between final-state particles are decays in hadronic resonances. This is not enough
to describe the balance functions of charged particles. The following question arises: is
it possible to take into account the pair production of charged particles and, accordingly,
the correlations between them within the framework of a statistical model? An elegant
solution to this problem was proposed in [42].
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Figure 2. (a) Centrality dependence of the width of the balance function of charged hadrons as a
function of pseudorapidity in Pb+Pbcollisions at \/syy = 2.76 TeV. The correlations are studied in
two pr intervals, indicated as (1) and (2) (see text). For interval (1), HYDJET++calculations and the
data from [11] are represented as full and open squares, respectively, whereas for interval (2), the
calculations and the data are represented as full and open triangles. Lines are drawn to guide the eye.
(b) The same as (a) but for the width of the balance function as a function of the relative angle Ag.

Let us consider the case of electrically neutral matter with zero net charge. This situa-
tion is relevant for the midrapidity range in heavy-ion collisions at RHIC and LHC energies.
Generalization to non-zero net electric charge will be discussed also. As a first step, all
soft-component hadrons are still generated according to the grand canonical ensemble
prescription, i.e., the charges of different signs are uncorrelated. Then, half of the charged
hadrons are randomly removed from the particle spectrum. The Monte Carlo implemen-
tation of this procedure assumes that each directly produced charged hadron is either
discarded with probability 50% or remains untouched. After that, for each of the remaining
hadrons, its counterpart with opposite electric charge and similar transverse momentum is
generated. As was shown in [42], the charged particle spectra in pseudorapidity, angular,
and transverse momentum, generated within the standard and modified approaches, are
practically identical for the statistics of 1000 events and more. The particles produced in
this way have an azimuthal angle ¢, and rapidity #,, which are distributed in accordance
with the normal Gaussian distribution around the azimuthal angle ¢; and rapidity #; of
the original hadron:

1 (x —p)?

2no b [_M} ’ ®
where x = (112, ¢2), 4 = (111, ¢1), and 0 = (03, 0p). We see that the strength of the charge
correlations of the produced hadrons is determined by the values of the dispersions, o3,

P‘u,g'(x) =

and 0. These dispersions are new centrality-dependent free parameters of the modified
HYDJET++whose values can be fixed through comparisons with the existing experimental
data at a certain centrality. The presented scheme can be extended to a matter with
unbalanced electric charges. Here, it is necessary to randomly select the number of hadrons
corresponding to the excess charge and keep it untouched. The above procedure should
then be applied for the rest of the particle spectrum.

The comparison of the modified model calculations with the default ones and the
data is shown in Figure 3. It can be seen that the calculations within the modified model
well reproduce the experimentally observed dependencies of the balance function widths
on centrality. For this, it is necessary that the dispersions of the Gaussian distributions
increase with the growth of the impact parameter. This circumstance indicates that the
charge correlations of direct hadrons weaken when moving from central collisions to more
peripheral ones. This can be explained as follows. In the HYDJET++model, as in other
statistical and hydrodynamic models, all particles are produced at the moment of chemical
freeze-out. Part of the information about the early stage of the system’s evolution is encoded
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in these models in the parameters of the soft hadron radiation sources. In particular,
the charge correlations of hadrons are encoded using the dispersions of the Gaussian
distributions. In the case of central collisions of heavy ions, the number of independent
particle sources in which the charge is exactly conserved is quite large. As the impact
parameter increases, the number of independent particle sources decreases, and as a
consequence, fluctuations increase. These fluctuations reduce the magnitude of the charge
correlations, which leads to an increase in the dispersions of both distributions for more
peripheral collisions.

=l &
$ B (a) 16
3 ® HYDJET++ default 1V
0.8~ A HYDJET++ modified g
O ALICE 8

M S EEPEPE EEEE I R B N I B
0'40 10 20 30 40 50 0 10 20 30 40 50 60

centrality (%) centrality (%)

Figure 3. (a) Centrality dependence of the width of the balance function of charged hadrons as a
function of pseudorapidity in Pb+Pbcollisions at /syy = 2.76 TeV. The correlations are studied within
the HYDJET++default (full green circles) and HYDJET++modified (full blue triangles) models. ALICE
data from [11] are indicated as blue open circles. Lines are drawn to guide the eye. (b) The same as
(a) but for the width of the balance function as a function of the relative angle Ag.

Is it possible to avoid fitting the dispersion value at each centrality? It turns out that
the answer is yes. As was shown in [43], the fluctuation centrality dependence of the
dispersions can be represented as

']. _ C1/2
UX(C) = U'X(C()) ﬁ ’ (4)

where the dispersion 0y (Cp) is determined for the most central collisions Cy. In the case
under consideration, these values will be Cy = 0 and ¢;(0) = 0.35, respectively. The
dispersion values calculated with Formula (4) turn out to be very close to the fitting
values, as shown in Figure 3. Thus, it is possible to skip the procedure of fitting new free
parameters of the model in each centrality bin and use a simple fluctuation formula given
by Equation (4).

4. Net-Charge Fluctuations

Let us denote the total number of charged particles in a relativistic heavy-ion collision
as N, = N+ + N_, the net charge as Q = N4 — N_, and the ratio of positive to negative
charges as R = % In assuming that (N,;,) > (Q), it is possible to show [16] that the
variances (6R?) and (§Q?) are linked via

(0Q% _
<Nch> =D

Parameter D emerging in Equation (5) is the final observable measure [14,16]. It is

(Nou) (OR?) = 4 )

related to the event-by-event fluctuations via the variable v, _ 4y, which is the difference
between the relative charged particle multiplicities and statistical fluctuations [15]:
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D= <Nch>v+f,dyn +4, (6)
where
g = (NZ) = (Ny) | (N2)—(N-) _ 5 AN4N-) @)
oA = TN NOZ NN

Another measure of particle multiplicity correlations and fluctuations, Z[N+, N,], was
introduced in [18]. It is also related to V4 dyn as

(N1) + (N-)

(N} ) (N_) (Z[N4,N-] - 1) =V4—dyn - (8)

Both D and X[N,, N_] are strongly intensive quantities, i.e., they do not depend
on both the volume and volume fluctuations of the system. Note also that under the
assumption of charge balance in the pseudorapidity window, X[N, N_] is linked to the
balance function B(Ay) through the integral of the latter [44]:

SN, N_]=1- /B(Ary)qu. )

Last but not least, the predictions for the fluctuation magnitudes were obtained within
the grand canonical ensemble. Here, the charge is conserved on average. To take into
account the particle correlations caused by canonical charge conservation, corrections for
the global charge conservation of v(, _ 4,,,) are needed. One of the possible corrections was
proposed in [17]:

4
COorr — B , 10
U idyn = Vg (Niot) (10)

where (Nj) is the total charged multiplicity in full phase space.

As noted above, the HYDJET++model uses the grand canonical ensemble approxima-
tion to describe soft hadron production. In this case, hadron production on the freeze-out
hypersurface corresponds to particle emission by independent sources, and no corrections
for global charge conservation are needed. Thus, one might expect the values of D and X to
be close to those predicted for the ideal hadron gas model, i.e., D = 4 and ¥ = 1. Figure 4a
shows that D is indeed close to 4 for directly produced hadrons. Resonance decays lead to
a decrease in D to about 3. The smallest D values are observed for hadrons produced by jet
fragmentation, since the correlations of charged hadrons in jets are even stronger than for
resonances. Because of the exact charge conservation of hadrons in jets, the hard component
of HYDJET++in Figure 4a was corrected to take into account global charge conservation; see
Equation (10). This correction is more pronounced for larger phase spaces.

In contrast, the HYDJET++model with the modifications used to describe the width
of the charge balance functions significantly reduces the values of D, as can be seen in
Figure 4b. Interestingly, in this case, the charge correlations of direct hadrons predict the
smallest value of D, and the resonance decays weaken the correlations, thereby increasing
the value of D. A similar effect from the decay of resonances in the final state can also
influence the fluctuations in the quark—gluon plasma. Another process that increases
the magnitude of fluctuations for the QGP is the contribution of partially thermalized
hard minijets, which are still present in the considered range of relatively low transverse
momenta pr, 0.2 < pr < 5 GeV/c. These circumstances may help to understand why the
measured experimentally corrected values of D turn out to be higher than those predicted
for QGP.
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Figure 4. D and D" represented as a function of the Az. (a) D represented as a function of
the Ay window for Pb+Pbcollisions generated in the HYDJET++calculations in default mode at
\/Snv = 2.76 TeV with centrality of 0-5% for direct soft hadrons (red dash-dotted line), hard processes
(blue dashed line), soft processes (green dashed line), and the resulting total value (full black line); (b)
the same as (a) but for D" in modified model calculations.

Figure 5a displays a comparison of the experimental data of D™ (Ax) in central
0-5% collisions of Pb+Pbat \/syy = 2.76 TeV, measured by the ALICE Collaboration [24],
with the calculations of the AMPT [45], HIJING [46], and HYDJET++models. The range of
transverse momenta 0.2 < pt < 5 GeV/c, similarly to the ALICE data, was used in the
calculations. In this case, the predictions of the HIJING and modified HYDJET++models
were corrected for global charge conservation, while the predictions of the AMPT and
default HYDJET++models were not corrected, since in them, the global electric charge is
not conserved, in general, in each individual event. A comparison of the model results
with the experimental values of 2 — 1 obtained by ALICE for central 0-5% Pb+Pbcollisions
at /sy = 5.02 TeV [25] is presented in Figure 5b. The range of transverse momenta of
hadrons is the same as that at lower energy.
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Figure 5. (a) D (for AMPT and default HYDJET++) and D" (for HIJING and modified HYDJET++)
represented as a function of the Ay window for the HYDJET++default (full blue histogram), HYD-
JET++modified (black dash-dotted line), AMPT (red dotted line), and HIJING (green dashed line)
models for the Pb+Pbat 2.76 TeV with centrality of 0-5%, in comparison with the ALICE data (blue
squares) from [24]; (b) [N, N_] — 1 as a function of Ay for HYDJET++modified (black dash-dotted
histogram) and HIJING (green dashed line) models for the Pb+Pbat 5.02 TeV with centrality of 0-5%
in comparison with the ALICE data (brown squares) extracted from [25].

One can see that, unlike the other models, the modified HYDJET++model well repro-
duces the dependencies of both D" and X — 1 on Ay. For a more accurate quantitative
description of the dependencies of both measures of fluctuations on centrality, however,
the strength of pairwise correlations in the model should be slightly reduced. The point is
that in the previous section, the strength of pairwise correlations was adjusted to describe
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the widths of the balance functions. Since the measures D and X are related to the integral
of the balance function, where both the width and amplitude of the latter are important,
additional adjustment of the model parameters is necessary [44]. The dispersion ¢; from
Equation (3) was increased from 0.35 to 0.5 for centrality 0-5%, from 0.5 to 0.7 for centrality
20-30%, and from 1.0 to 1.1 for centrality 50-60%.

The dependence of the measured values of the variables D and X — 1 on the centrality
in Pb+Pbcollisions at /syy = 2.76 TeV was investigated experimentally [24] as a function
of (Npart) and (N, /dy), respectively. These data are shown in Figure 6a,b, together with
the results of calculations performed with the previous and new set of tuned parameters in
the HYDJET++model for three centralities, 0-5%, 20-30%, and 50-60%. The pseudorapidity
windows were chosen to be symmetric about the midrapidity, # = 0. As can be seen from
these figures, the HYDJET++model with the new settings better reproduces the experimental
data for both D™ and %[N, N_] — 1. We also checked that deviations in the widths of
charge balance functions obtained in calculations with the new tuned parameters from
those provided in Section 3 are within 7% accuracy.

— : Ir
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Figure 6. (a) D™ represented as a function of Ny, for the HYDJET++modified (open triangles) and
newly tuned HYDJET++(open circles) model calculations of Pb+Pbat 2.76 TeV in comparison with
ALICE data (full squares) extracted from [24]. The lines are drawn to guide the eye. (b) The same as
(a) but for [N, N_] — 1 represented as a function of dN, /dy.

5. Conclusions

We present here a further important modification of the two-component HYD-
JET++model. The need to introduce these changes into the model arose from the analysis
of the (i) charge balance function and (ii) fluctuations of the net electric charge of hadrons
in lead-lead collisions at a center-of-mass energy of 2.76 TeV and 5.02 TeV per nucleon pair
used in HYDJET++.

It is shown that the main shortcoming of macroscopic statistical models when it comes
to reproducing such data is the use of a grand canonical ensemble to describe multiparticle
production. In this approach, the net electric charge is conserved on average, and hadrons
with unlike-sign charges are uncorrelated. Correlations due to final-state interactions, such
as decays of resonances, and correlations of hadrons decoupling from jets are insufficient
to describe the experimental data. To solve this problem, it is necessary to take into account
the pair production of hadrons of opposite sign in every single event.

A proper qualitative and quantitative description of both the charge balance function
and the net electric charge fluctuations in this energy range implies a modification of the
basic (or default) model by explicitly incorporating charge conservation into the statistical
approach. This procedure was developed and first introduced into Monte Carlo event
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generators of this kind. The presented algorithm can be implemented in any other models
using statistical hadronization.
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