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Abstract. The model analysis of hadron charge correlations in heavy ion collisions was performed for 
energies available at NICA collider. The balance functions are considered as characteristics of such 
charge correlations. They represent the probability densities for oppositely charged particles to fall within 
a certain rapidity and azimuthal angle intervals. It has been shown that observed at STAR experiment 
at RHIC collider dependences of rapidity widths on centrality of gold-gold collisions at center-of-mass 
energies SNN =7.7 and 11.5 GeV per nucleon pair are reproduced by HYDJET++ model in the case 
of taking into account event-by-event conservation of electric charge for direct hadrons and finite values 
of isospin, strange and baryon chemical potentials.
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1. INTRODUCTION

 The study of subnuclear matter properties under 
conditions of extremely high energy densities 
and temperatures achieved in relativistic heavy-
ion collisions is one of the most dynamically 
developing areas of modern nuclear physics [1]. The 
first indications of the formation of a new state of 
strongly interacting matter — quark-gluon plasma 
(QGP) in heavy-ion collisions, such as anomalous 
suppression of /J y -mesons yield, thermal 
radiation of photons and lepton pairs, enhanced 
yield of “strange” hadrons, were obtained in fixed-
target experiments at the SPS accelerator. The body 
of data obtained from experiments at RHIC and 
LHC colliders [2-8] (suppression of quarkonium 
and hard hadron yields, modification of hadron 
jet characteristics, strong azimuthal anisotropy of 
particle flow, long-range azimuthal correlations, 
etc.) indicates the manifestation of collective effects 
at the parton level and agrees with the assumption 
of the formation of hot matter with hydrodynamic 

proper ties (“quark-gluon l iquid”). Fur ther 
experimental and theoretical investigation of 
multiple particle production in relativistic nuclear 
collisions is related both to refining the parameters 
of hot QGP formed at high energies and to studying 
the dynamics of quark-hadron phase transitions, 
including the search for the “critical point” near 
their boundary through energy scan programs at 
RHIC and SPS, future CBM projects at the FAIR 
accelerator in GSI and MPD at the NICA collider 
at the JINR. Of significant interest is the study of 
various types of momentum, angular, and charge 
correlations of particles, carrying information 
about different stages of system evolution in 
nucleus-nucleus interaction.

The charge correlations of par ticles are 
characterized by “balance functions” (BF) – the 
probability density that oppositely charged particles 
are separated by certain intervals of rapidity and 
azimuthal angle [9–11]. Together with collective 
motion, the initial spatial separation of correlating 
charges leads to their further propagation in different 
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directions and the formation of spatial-momentum 
correlations between charge pairs. The widths of 
BFs are sensitive to the time during which charge 
separation occurs in the system, which opens up 
the possibility of using BFs to obtain information 
about the spatial-temporal characteristics of the 
particle emission region, including information 
about the presence and type of quark-hadron phase 
transition. Balance functions of charged particles 
have been studied in heavy-ion experiments at 
SPS [12], RHIC [13-15], and LHC [16-19]. One of 
the main experimental results obtained is that the 
width of BF for charged particles decreases when 
transitioning from peripheral to central nucleus-
nucleus collisions, as well as with increasing energy 
of colliding beams. The width of BF is inversely 
proportional to the strength of collective flow in 
the system. Modern theoretical models poorly 
describe charge correlations of particles in heavy-
ion collisions, particularly the dependence of BF 
widths on interaction centrality, which may indicate 
unaccounted mechanisms of such correlations in the 
models. Thus, an urgent task is to identify sources of 
charge correlations in various theoretical approaches 
and develop an adequate procedure for modeling 
such correlations that would allow describing 
experimental data over a wide energy range.

In this work, a model analysis of hadron charge 
correlations in heavy ion collisions is performed 
for the range of "intermediate" energies, which has 
already been partially studied at RHIC and will be 
studied in detail at NICA [20]. To simulate gold ion 
collisions at energies per nucleon pair in the center 
of mass system of = 7.7NNs  and  11.5 ГэВ the 
two- component Monte Carlo model HYDJET++ 
[21, 22], was used, where the final state of the 
nuclear reaction represents a superposition of soft 
hydrodynamic and hard jet components. In our 
previous work [23], we developed and implemented 
in the HY DJET++ model a procedure for 
accounting for charge correlations of direct hadrons 
in the soft component, which includes event-by-event 
conservation of electric charge at the “freeze-out” 
stage and allowed to reproduce the experimentally 
observed BF width dependence in lead ion collisions 
at LHC energies. In the present work, this procedure, 
originally developed for electrically neutral systems 
(corresponding to ultrarelativistic LHC energies), 
is generalized to the case of systems with electric 
charge imbalance, which corresponds, in particular, 
to the NICA energy range NNs  from 4 to 11 GeV.

2. CHARGE BALANCE FUNCTIONS OF 
OPPOSITELY CHARGED PARTICLES

 The formalism of charge balance functions was 
proposed and developed in works [9, 10, 24-26]. The 
general definition of the charge balance function can 
be written as follows:
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where =d dy d dy da a b bW j j , =y y ya bD -  — relative 
rapidity of particles of types a  and b, = a bDj j j-  — 
relative azimuthal angle of particles of types a  and 
b, = ( , ; , )P P y ya a b ba b a b

j j+ - + -  — joint probability 
density to detect a positively charged particle of type 
a  with rapidity ya  and azimuthal angle aj  and a 
negatively charged particle of type b with rapidity 
yb and azimuthal angle bj , = ( , )P P ya aa a

j+ +   — 
probability density to detect a positively charged 
particle of type a  with rapidity ya  and azimuthal 
angle aj ; other probability densities are introduced 
similarly. The projection of the charge balance 
function, for example, onto the yD  axis means the 
transformation

	 ( ) = ( , )B y B y dD D Dj Djò 	

or corresponding summation in case of a histogram. 
The width of the BF projection is defined as yDá ñ, 
calculated as
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For practical calculation of BF, the ultrarelativistic 
limit =y h  is taken and the following expression is 
used:

	 ( , ) =Bab Dh Dj 	
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where Na+  — number of positively charged particles 
of type a , 2 /d N d d

a b
Dh Dj+ -  — distribution of particle 

pairs a b+ -  by relative pseudorapidity and azimuthal 
angle; other distributions are introduced similarly. 
In general case, particles of types a  and  b may 
not belong to the same event. If particles belong to 
the same event — this corresponds to the “proper” 
charge balance function, if particles belong to 
different events — this corresponds to the "mixed" 
BF. To suppress the distortion introduced into the 
BF by the excess of positive charge characteristic 
for the low-energy part of RHIC energy range and 
planned NICA energy range, the distributions of the 

“mixed” BF are subtracted from the distributions of 
the "proper" balance function:
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where index “S” means that pairs are formed from 
particles selected from the same event (“proper” BF), 
index “M” — from two or more independent events 
(“mixed” BF).

In the experimental study of BF, additional 
distortion in its measurement is introduced by the 
finite angular acceptance of the detector. The BF 
correction for pseudorapidity acceptance is carried 
out according to [15

	 max
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where ( | )B Dh ¥   is the balance function without 
restr ictions on the pseudorapidity interval 

max( | )B Dh Dh  is the BF calculated in a finite 
pseudorapidity interval, maxDh   is the maximum 
relative pseudorapidity of particle pairs available 

for measurement in the given experiment. In the 
present work, for correct comparison of simulation 
results with STAR data, the balance functions were 
constructed on the interva 0 < < 2Dh  ( max = 2Dh ), 
and the widths of the corrected BF were calculated 
in the interval 0.1 < < 1.6Dh .

3. HYDJET++ MODEL 

 For modeling multiple particle production in 
relativistic heavy ion collisions, this work uses the 
two-component Monte Carlo model HYDJET++, 
where the final state of nuclear reaction represents 
a superposition of soft hydrodynamic and hard jet 
components. Detailed description of HYDJET++ is 
provided in works [21, 22]. The basis for modeling 
the hard component of HYDJET++ is the 
PYQUEN (PYthia QUENched) event generator 
[27], which modifies the characteristics of parton 
jets obtained using the PYTHIA hadron-hadron 
interaction generator, taking into account multiple 
scattering and radiative and collisional energy losses 
of hard partons in QGP. Since at the energies under 
consideration, the dominant contribution to hadron 
multiplicity comes from the soft component, we will 
limit ourselves below to a brief presentation of the 
main characteristics of only the soft component of 
the model.

To describe the thermal (soft) hadron production 
in HYDJET++, a parameterization of relativistic 
hydrodynamics is used on the freeze-out 
hypersurface of the hadron matter cluster formed in 
nucleus-nucleus interaction, followed by resonance 
decay [30,31]. It is assumed that the chemical 
composition of the system is fixed at the stage of 

"chemical freeze-out" at a given temperature chT  
and chemical potentials Bm , Im , Sm , Cm  (for baryon 
charge, electric charge, strangeness, and charm, 
respectively). In this case, the hadron distribution in 
the rest frame of the fluid element has the form 
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where *0p  is the hadron energy in the fluid element 
rest frame, ig  — spin factor, 1sg „  and  1cg …  — are 
strangeness suppression and charm enhancement 
coefficients respectively, s

in  and  inn   — number of 
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s-quarks anf c-quarks in hadron i, sign ±  in the 
denominator accounts for the difference in quantum 
statistics for fermions and bosons. In this case, 
the number density of hadrons of type i (without 
considering coefficients sg  and   cg ) can be written as 

	 ( , ) =eq
i iTr m 	
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where 2I  — is the modified Bessel function of the 
second kind, im   is the particle mass. The model 
provides both the possibility of independent setting 
of input parameters at the chemical freeze-out stage 
(temperature, chemical potentials, coefficients sg  and 

cg ), and their calculation within phenomenological 
parameterizations [21].

ВIn general, the stages of chemical freeze-out 
(when the ratio between the number of hadrons of 
different types stops changing) and thermal freeze-
out (when the momentum distribution of hadrons 
stops changing) are separated in time and occur at 
different temperatures, chT  and  thT  respectively (with 

ch thT T… ). The multiplicity of hadrons in an event is 
modeled according to the Poisson distribution with 
mean for hadrons of each type , calculated on the 
freeze-out hypersurface in the effective thermal 
volume approximation: iN  for hadrons of each type 
i, calculated on the freeze-out hypersurface in the 
effective thermal volume approximation:

	 3 * *0= ( ) , ( ) = ( ; ).eq eq
i i eff i iN T V T d p f p Tr r ò 	

Here ( )eq
i Tr   is the hadron densityi at temperature

T , if  and  *0p   are respectively the distribution of 
hadron numbers and hadron energy in the rest frame 
of the fluid element, effV   is the effective volume of 
the hadron emission region from the proper time 
hypersurface = constt , calculated at the impact 
parameter of nucleus-nucleus collision b as

	
( , )2

2

0 0

= 1 ( )th ( , )cos 2
R b

eff TV d b Y r b
jp

t j d j+ ´ò ò 	

	
max

min

ch ( , ) ( ) ,T LY T r b r dr Y d
h

h

´ ò h h 	

where ( )LY h  and  ( , )TY r b   are the prof iles of 
longitudinal (Gaussian function) and transverse 
(linear function) collective rapidities, ( , )R b j  is the 
transverse size of the hadron cluster in the azimuthal 
direction j , ( )bd   is the parameterization of the 
momentum azimuthal anisotropy of the source. The 
characteristics of stable particles and resonances are 
taken from the SHARE table [32].

The HYDJET++ model was initially developed 
for ultrarelativistic RHIC and LHC energies, but 
was later adapted for the intermediate energy range 
of NICA and FAIR. Based on the comparison of 
simulation results with STAR experiment data 
at RHIC on yields and momentum spectra of 
identified hadrons in gold ion collisions at energies 

= 7.7NNs  and 11.5 GeV [33], the main parameters 
of HYDJET++ were tuned [34], which allowed 
this model to be used for studying prospects for 
measuring certain physical effects in experiments 
at NICA. In particular, using the HYDJET++ 
model for heavy ion collisions at NICA energies, 
the inf luence of various “global observables” 
(multiplicity, collective f lows) on multi-particle 
correlations determined by the factorial moments 
method was investigated [35, 36].

 4. CHARGE CORRELATIONS OF DIRECT 
HADRONS IN HYDJET++

 In the "standard" version of the HYDJET++ 
model, the sources of hadron charge correlations 
are resonance decay and parton jet fragmentation. 
In work [23], it was shown that these sources are 
insufficient to describe the experimentally observed 
dependence of the BF width in lead ion collisions 
at LHC energies, and a procedure was developed to 
account for charge correlations of direct hadrons, 
including event-by-event conservation of electric 
charge at the "freeze-out" stage, which allowed to 
reproduce experimental data. Direct hadrons refer to 
hadrons formed directly on the chemical freeze-out 
hypersurface, as opposed to particles resulting from 
resonance decay. This procedure involves random 
selection of half of the direct charged hadrons from 
the model's soft component (the remaining half is 
removed from the event), for each of which a "partner 
particle" is generated with the opposite electric 
charge sign and the same transverse momentum 
value. The pseudorapidity 2h  and azimuthal angle 2j  
of such partner particle are distributed around the 
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pseudorapidity 1h  and azimuthal angle 1j  of the first 
particle according to the Gaussian distribution: 

	
2

, 22

1 ( )( ) = exp ,
22

xP xms
m

sps

é ù-ê ú-ê ú
ê úë û

	 (6)

w h e r e  1 1= ,m h j ,  = ,h js s s  a n d 
2 2= ,x h j . The width values of these distributions 

hs  and  js  characterize the strength of charge 
correlations of direct hadrons and are additional 
model parameters that are selected by comparing 
with experimental data on corresponding FB widths.

It is important to note that the procedure described 
above for accounting for charge correlations of direct 
hadrons is applicable to electrically neutral systems 
(i.e., with zero values of isospin, strange, and 
baryon chemical potentials), which corresponds to 
ultrarelativistic LHC energies. In the present work, 
this procedure has been generalized to the case of 
systems with an imbalance of positive and negative 
electric charges and finite values of chemical 
potentials, which corresponds to the NICA energy 
range. To account for the electrical imbalance of 
the system, the procedure for introducing charge 
correlations is carried out separately for each type 
of direct charged hadrons in the soft component 
of the HYDJET++ model. Among hadrons of 
the i  th type, = ( ) /i i i iN Q Q q+ -+  positive for 

> 0iN  or negative for < 0iN  charged hadrons 
are randomly selected, which remain in the event 
without modifications (here iQ+  is the total charge of 
positively charged hadrons of i th type, iQ-  — is the 
total charge of negatively charged hadrons, iq  is the 
absolute value of the electric charge of this hadron 
type). Preserving iN  direct hadrons unchanged 
ensures the preservation of charge imbalance. The 
previously described procedure for introducing 
charge correlations is applied to the remaining 

“electrically neutral” part of direct charged hadrons 
of the event.

5. SIMULATION RESULTS AND 
COMPARISON WITH RHIC DATA

Table 1 shows the ratios of multiplicities of 
positively and negatively charged hadrons of different 
types in the central rapidity region | |< 0.1y  for most 
central gold ion collisions at energies = 7.7NNs   
and 11.5 GeV (HYDJET++ results and STAR 
data [33]). Table 1 also shows the values of isospin 

Im , strange Sm  and baryon Bm  chemical potentials 
in HYDJET++. The results for the modified and 
unmodified versions of HYDJET++ coincide and 
are close to the experimental data. We have also 
verified that the modification does not change the 
yields and momentum spectra of identified hadrons, 
maintaining the description of STAR data on these 
observables [34] achieved earlier in the unmodified 
version of the model.

Table 1: Ratios of multiplicities of oppositely charged hadrons in 
central collisions at RHIC energies and chemical potential values 
in HYDJET++

  /p p+ -   /K K+ -   /p p 

7.7  
GeV 

 RHIC 
STAR 0.93±0.12 2.70±0.31 1.41±24 

  HYDJET++  0.89   2.70   130 

 µI,S,B, 
MeV  6   100  429 

11.5  
GeV 

 RHIC 
STAR 0.95±0.14 2.03±0.28 29.3±5.3 

  HYDJET++  0.93   1.99   28.2 

 µI,S,B, 
MeV  7   72   313 

Table 2: Parameter values ση in the modified version of HYDJET++, 
model, selected to describe STAR data

Centrality,  
% 

 hs  

 7.7NNs GeV=   11.5NNs GeV=   

–5   1.25   1.00 

–10   1.35   1.08 

–20   1.47   1.17 

–30   1.62   1.30 

–40   1.80   1.44 

–50   2.00   1.60 
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Subsequently, to verify the effectiveness of the 
developed procedure for accounting for charge 
correlations of direct hadrons, event simulation 
and selection were conducted under the same 
conditions as in the STAR experiment [15]. 
Using unmodified and modified versions of the 
HYDJET++ event generator, gold ion collisions 
were simulated at energies = 7.7NNs  and 
11.5 GeV for six centrality classes (range from 
0 to 50%). For analysis, charged particles with 
transverse momenta 0.2 < < 2Tp  GeV/c in the 
pseudorapidity range | |< 1h  were selected. We 
limited ourselves to the centrality range 50  % , 
which corresponds to maximum values of impact 
parameter b ~ 1.5RA, where AR is the nuclear radius, 
since the hydrodynamic description used may not be 
well applicable for very peripheral collisions in the 
considered energy range.

Figure 1 and 2 show the dependence of the 
rapidity widths of the BF on the centrality of gold 
ion collisions at energies of = 7.7NNs  and 11.5 
GeV, respectively. Measurement uncertainties are 
only visible for the data, statistical uncertainties of 
model results are within marker size. Table 2 shows 
the used values of parameter for rapidity correlations 
of direct charged hadrons in the modified version of 
HYDJET++. In addition to HYDJET++ results, 
the figures also show results from the microscopic 
transport model UrQMD [37], based on hadron 
cascading and widely used for modeling heavy ion 
collisions at intermediate energies. It can be seen 
that the unmodified version of HYDJET++ and 
UrQMD do not reproduce the STAR-measured 

dependencies of BF rapidity widths on centrality, 
underestimating (HYDJET++, except for 20% the 
most central collisions at the most central collisions 
at = 11.5NNs ) or overestimating (UrQMD) the 
experimental values. The introduction of charge 
correlations of direct hadrons in the HYDJET++ 
model allows for significantly improved description 
of the data in the considered range of energies and 
centralities. The values of BF rapidity widths are 
reproduced with good accuracy up to 30% centrality. 
The slight underestimation of data observed for 
more peripheral collisions may indicate limited 
applicability of the used model (as well as statistical 
approximation in general) in the case of relatively 
small multiplicities.

6. CONCLUSION

Within the H Y DJET++ model, charge 
correlations of hadrons in heavy ion collisions 
were studied for the intermediate energy range 
corresponding to the RHIC energy scan program and 
planned NICA collider energies. As characteristics 
of charge correlations, balance functions were 
considered, which represent probability densities that 
oppositely charged particles are separated by certain 
intervals of rapidity and azimuthal angle. Modern 
theoretical models poorly desribe charge correlations 
of particles in heavy ion collisions, particularly the 
dependence of BF widths on interaction centrality, 
which may indicate unaccounted mechanisms of 
such correlations in the models.
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Fig. 1. Dependence of the balance function rapidity width on 
collision centrality Au+Au at energy 7.7NNs GeV= . Circles — 
STAR data [15], diamonds and triangles — simulation results with 
unmodified and modified versions of HYDJET++ respectively, 
squares — UrQMD simulation results UrQMD

Fig. 2. Dependence of the balance function rapidity width on 
collision centrality Au+Au at energy 11.5NNs GeV= . Circles — 
STAR data [15], diamonds and triangles — simulation results with 
unmodified and modified versions of HYDJET++ respectively, 
squares — UrQMD simulation results UrQMD
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A generalization of the previously developed 
procedure for accounting charge correlations of 
direct hadrons for electrically neutral systems 
(corresponding to ultrarelativistic LHC energies) was 
carried out for systems with imbalance of positive 
and negative charges (corresponding to intermediate 
NICA and RHIC energies). It is shown that the 
experimentally observed dependencies of rapidity 
widths of the balance function on centrality of gold 
ion collisions at energies = 7.7NNs  and  11.5 GeV 
can be reproduced by the HYDJET++ model in 
case of introducing event-by-event conservation of 
electric charge of direct hadrons and accounting for 
finite values of isospin, strange and baryon chemical 
potentials. Thus, the proposed approach for 
modification of statistical hadron production allows 
describing charge correlations in heavy ion collisions 
in a wide energy range (from LHC to NICA).
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