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Abstract: The moments and moment products of conserved charges are believed to be sensitive to critical fluctu-
ations,  which  have  been  adopted  in  determining  the  QCD  critical  point.  Using  a  dynamical  multiphase  transport
model, we reproduce the centrality and energy dependences of moments and moment products of net-charge multi-
plicity distributions in Au+Au collisions, measured by the Beam Energy Scan program at the RHIC. No non-mono-
tonic energy dependence is observed. We infer that the moment products develop during the dynamical evolution of
heavy-ion collisions. The observed difference based on the expectation of the Poisson baseline indicates a positive
two-particle correlation between positively and negatively charged particles, which can arise from different dynam-
ical processes at different stages. Therefore, to adopt moments and moment products of net-charge multiplicity dis-
tributions in determining the QCD critical point of relativistic heavy-ion collisions, it is essential to consider the dy-
namical evolution.
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I.  INTRODUCTION
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µB

In recent years, the study on the structure of the QCD
phase diagram has been a key research area of relativistic
heavy-ion  collisions  [1,2]. Lattice  QCD  calculations   in-
dicate that  the phase transition from quark gluon plasma
to hadron gas is smooth when the baryon chemical poten-
tial   disappears [3-5]; however, this transition is a first
order  phase transition at  a  large    [6].  As an analog of
the critical point's role in the phase diagram of water, the
critical point, which is located at the end point of the first
order  phase  transition  line  connected  with  the  crossover
region,  is  a  significantly  important  feature  of  the  QCD
phase diagram [7-16].  Several  ideas  have been proposed
to determine  the  QCD  critical  point,  which  include   ap-
proaches  via  the  ratio  of  HBT-radii  [17],  yield  ratio  of
light  nuclei  [18-20], and  directed  flow  slope  of  net   pro-
ton [21]. It has been suggested that the moments of con-
served  charges  are  proportional  to  some  powers  of  the
correlation length  that  is  closely  related  to   susceptibilit-
ies [22-26]. Because susceptibilities diverge at the critic-
al point and the fluctuations of conserved charges are pro-
portional to  their  corresponding  susceptibilities,   mo-

ments  and  moment  products  of  conserved  charges  have
been  proposed  as  sensitive  probes  in  determining  the
QCD critical point [22,27-29].

In  Lattice  QCD,  the  susceptibilities  of  conserved
charges,  e.g.,  baryon number B,  strangeness S, and elec-
tric charge Q, are defined as 

χBS Q
lmn =

∂ l+m+n(P/T 4)
∂(µB/T )l∂(µS /T )m∂(µQ/T )n , (1)

µBS Qwhere P, T, and   represent the pressure, temperature,
and  chemical  potentials  of  conserved  charges  (baryon
number B, strangeness S, and electric charge Q), respect-
ively.  To  connect  the  susceptibilities  with  the  measured
products of  moments  of  the  distributions  of  the   corres-
ponding conserved  charges,  we  can  conveniently   intro-
duce the following volume-independent ratios: 

χ2/χ1 = σ
2/M;χ3/χ2 = Sσ;χ4/χ2 = κσ

2. (2)

σ κ
Here,  the  moments  of  mean  (M),  standard  deviation

( ), skewness (S), and kurtosis ( ) are measurable exper-
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imental observerbles, defined as follows [29-32]: 

M = K1 = ⟨X⟩, (3)
 

σ =
√

K2 =
√
⟨(X−M)2⟩, (4)

 

S =
K3

K3/2
2

=
⟨(X−M)3⟩
σ3 , (5)

 

κ =
K4

K2
2

=
⟨(X−M)4⟩
σ4 −3, (6)

Kn
Kn = ⟨(X−M)n⟩

K4 = ⟨(X−M)4⟩−3⟨(X−M)2⟩2
⟨...⟩

where X is the net charge, i.e. the difference between the
positive and negative conserved charges,   is the nth cu-
mulant of the net-charge distribution, e.g.
for n = 1,2 and 3, and  , and

 means the average value obtained over all events.

κσ

X ≡ Q+−Q−

The BNL Relativistic Heavy Ion Collider (RHIC) has
been  performing  a  Beam  Energy  Scan  program  [33-35]
with the objective of determining the critical point of the
QCD  phase  diagram  [7].  Several  moment  types  of  net-
proton, net-strangeness,  and net-charge have been repor-
ted  [30,35-40].  As  the  proxy  of  the  baryon  number,  a
non-monotonic  energy  dependence    of  the  net-proton
multiplicity distribution has been observed from the first
phase of BES measurements, which is consistent with the
expected QCD critical fluctuations [39,40]. However, for
the  strangeness  proxy,  the  measured  net-kaon  cumulant
ratios do  not  exhibit  any  significant  non-monotonic   en-
ergy  dependence  [30].  In  2014,  the  STAR  collaboration
published  the  first  measurement  on  the  moments  of  the
net-charge  ( )  distribution  fluctuation  [36],
which deviated from the expectations of the Poisson and
negative  binomial  distributions;  however  no  non-mono-
tonic behavior  was  observed  as  a  function  of  the   collid-
ing energy.

In this study, we focus on the dynamical evolution of
the moments of net-charge multiplicity distribution using
a multi-phase  transport  model,  because  heavy-ion   colli-
sions  comprise  dynamical  evolution  stages  that  exist
between the  Lattice  QCD  calculation  and  final   experi-
mental measurement. This paper is organized as follows.
We introduce the AMPT model and our method of calcu-
lating moments in Section II. Our results and discussions
are presented in Section III. Finally, a summary is presen-
ted in Section IV. 

II.  MODEL AND CALCULATION METHOD
 

A.    The AMPT model
A  multiphase  transport  model  (AMPT),  has  been

√
sNN

widely used to  investigate  several  aspects  of  the  physics
of  relativistic  heavy-ion  collisions  [41-45].  The  AMPT
model  with  a  string  melting  mechanism  [41]  primarily
comprises four stages: initial condition, partonic cascade,
hadronization, and hadronic rescatterings. The initial con-
dition  obtained  from  the  HIJING model  [46,47]  primar-
ily  provides  the  spatial  and  momentum  distributions  of
minijet partons and soft strings. Under the string melting
mechanism,  both  excited  strings  and  minijet  partons  are
melted  into  partons,  i.e.  decomposed  into  constituent
quarks  according to  their  flavor  and spin  structures.  The
strong  interactions  among  partons  are  simulated  by
Zhang's parton cascade model [48], which includes elast-
ic  partonic scatterings with a  fixed cross section (3 mb).
A simple quark coalescence model describes the conver-
sion  of  these  partons  to  hadrons,  i.e.  hadronization.  The
ART model simulates interactions among the hadrons and
corresponding inverse reactions, as well as resonance de-
cays  [49].  In  old  versions  of  the  AMPT  model,  charge
conservation  is  violated  owing  to  certain  problems  [50].
In this  study,  a  new version of  the AMPT model,  which
ensures the strict conservation of charge for each hadron-
ic  reaction  channel,  is  used  to  investigate  the  net-charge
fluctuations. To study the energy dependence of the mo-
ments  of  net-charge  fluctuations,  we  simulated  Au+Au
minus bias collisions for seven different  energies (
= 200, 62.4, 39, 27, 19.6, 11.5, 7.7 GeV) of the BES pro-
gram at RHIC. 

B.    Calculation method
σ

κ

σ κ

0.2 < pT < 2.0
−0.5 < η < 0.5

η

|η| < 0.5

The mean (M),  standard deviation ( ), skewness (S),
and kurtosis ( ) can be used to characterize different fea-
tures of  the  multiplicity  distribution.  The  mean   repres-
ents the average value of  the distribution,  standard devi-
ation represents  the  degree  of  dispersion  of  the  distribu-
tion, skewness  represents  the  asymmetry  of  the  distribu-
tion, and kurtosis describes the degree to which the distri-
bution is peaked, relative to the normal distribution. The
M,  , S and   formulas are expressed in Eqs. (3)-(6). To
calculate  the  aforementioned  different  moments  of  net-
charge  multiplicity  distribution,  we  select  charged
particles  with  transverse  momenta    GeV/c
and  a  pseudorapidity  range  of  .  We  adopt
the  charged  particle  multiplicity  distribution  to  define
centrality bins. To avoid the self-correlation effect (ACE)
[31,51], we select the   range of charged particles, which
are  used  to  define  the  centrality  bins,  and  exclude

. We apply the delta method to estimate the stat-
istical errors of moments or moment products, according
to the procedures of the experimentalists in [52].

In addition,  the  initial  volume  fluctuations  can   con-
tribute to  the  moments  as  a  background,  which  can   in-
duce a centrality bin width effect (CBWE) [29,31] and a
centrality  resolution  effect  (CRE)  [31].  The  CBWE  is
triggered by the finite width of the centrality bin. In other
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words, if the width of centrality bin is sufficiently small,
the influence of  the CBWE will  be weakened.  The CRE
originates from the uncertainty of the collision centrality
determination,  as  different  initial  collision  geometries
will trigger the uncertainty of results. To reduce the con-
tribution  of  these  background  effects,  the  centrality  bin
width correction  (CBWC)  and  centrality  resolution   cor-
rection (CRC) are applied in a similar manner to the ex-
periments in [29,31,32]. We compare the results with and
without  the  CBWC  and  CRC  in  subsections  IIIA  and
IIIB, respectively. 

III.  RESULTS AND DISCUSSIONS
 

A.    Centrality bin width effect and correction
To eliminate the influence of the CBWE, CBWC has

been proposed [29,31,32]. This method is defined as 

X =

∑
r

nrXr∑
r

nr

, (7)

σ Sσ nr
Xr

where  X  represents  any  moments  or  moment  products,
such as M,  , and  ,   is the number of events in the
rth  multiplicity  bin,  and    represents moments  or  mo-
ment products in the rth multiplicity bin.

σ

√
sNN = 7.7−200

⟨Npart⟩
σ

⟨Npart⟩
σ ⟨Npart⟩

⟨Npart⟩

In order to clearly see the influence of the CBWE on
moments,  the  results  without  and  with  the  CBWC  are
compared.  Figure  1  presents  the  centrality  dependences
of  the  mean  (M)  and  standard  deviation  ( )  on  the  net-
charge  multiplicity  distributions  in  Au+Au  collisions  at
seven  different  colliding  energies  (
GeV),  which  are  presented  as  a  function  of  the  average
number  of  nucleon  participants  .  The  moments M
and   without the CBWC are consistent with those with
the CBWC,  which  indicates  that  the  CBWE  has   negli-
gible influence on the mean and standard deviation of the
net-charge  distribution.  As  the    increases,  the  M
and    both  exhibit  an  increasing  dependence  on 
for each energy. When the colliding energy increases, the
mean decreases;  however,  the  standard  deviation   in-
creases  for  a  given   value.  This  indicates  that  that
the  QCD  matter  created  at  higher  energies  is  in  a  state
with less  electric  charge chemical  potential  but  with   lar-
ger fluctuations.

κ √
sNN = 7.7−200

Figure  2  illustrates  the  centrality  dependences  of  the
skewness  (S)  and kurtosis  ( )  for  net-charge multiplicity
distributions  in  Au+Au  collisions  at 
GeV.  For  both  skewness  and  kurtosis  results,  the  values
with  the  CBWC  are  systematically  smaller  than  those
without the CBWC. However, when the energy increases,
the  difference  between  the  results  with  and  without  the
CBWC becomes increasingly smaller. These results with

 

σ

√
sNN = 7.7−200GeV

Fig.  1.      (color  online)  Centrality  dependence  of  mean  (M)
(top plots)  and standard deviation ( )  (bottom plots)  for  net-
charge  multiplicity  distributions  in  Au+Au  collisions  at

, where the STAR data are obtained from
Ref. [36].

 

κ

√
sNN = 7.7−200GeV

Fig. 2.    (color online) Centrality dependence of skewness (S)
(top plots) and kurtosis ( ) (bottom plots) for net-charge mul-
tiplicity  distributions  in  Au+Au  collisions  at

, where the STAR data are obtained from
Ref. [36].
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the  CBWC  can  describe  experimental  data  better  than
those without  the  CBWC,  which  indicates  that  the   CB-
WE  makes  a  significant  contribution  to  skewness  and
kurtosis. The CBWE has a larger influence on the low en-
ergies than on the high energies, which indicates that the
effect of volume fluctuations inside one centrality bin in-
creases with the decrease in colliding energy.  Therefore,
the CBWC is very essential, especially for low energies.

Sσ

√
sNN = 7.7−200GeV

Sσ
Sσ

Figure 3 presents the centrality dependence of   on
the net-charge  multiplicity  distributions  in  Au+Au  colli-
sions at  . It can be observed that the
moment  product    of  net  charge  distribution  with  the
CBWC can describe experimental data better than the 
without the CBWC, which overestimates the experiment-
al  data.  This  can  be  easily  understood  because,  with  the
CBWC, S does a better job in describing the experiment-
al data than without the CBWC, as illustrated in Fig. 2.

κσ2

√
sNN = 7.7−200GeV

κσ2

Figure  4  presents  the  dependence  results  of  the 
on the net-charge multiplicity distributions in Au+Au col-
lisions  at  .  The AMPT results  with
and without the CBWC can both describe the experiment-
al data within the statistical errors. However, the   with
the CBWC is  slightly  smaller  than  that  without  the  CB-

WC, which is approximately the constant of unity within
the statistical errors. 

B.    The centrality resolution effect and correction

η

We also  study  the  influence  of  the  centrality   resolu-
tion effect  (CRE) on the moments and moment products
of net-charge  multiplicity  distributions  in  Au+Au   colli-
sions.  Because the CRE is induced by the initial  volume
fluctuations of  the impact  parameter  or  collision central-
ity, using different   ranges to define collision centrality
is  considered  a  possible  way  to  weaken  this  effect.  It
should be stated that to avoid the possible interference of
the CBWE,  all  the  AMPT  results  presented  in  this   sub-
section are obtained with the CBWC.

σ

√
sNN = 7.7−200GeV

< |η| < < |η| <
< |η| <

σ

Figure  5  illustrates  the  centrality  dependence  of  the
mean (M) and standard deviation ( ) for net-charge mul-
tiplicity  distributions  with  different  centrality  definitions
in  Au+Au collisions  at  .  To  define
centrality bins, the charge multiplicities from three differ-
ent pseudorapidity ranges (0.5 1.0, 0.5 1.5 and
0.5 2.0)  are  adopted,  all  of  which  are  out  of
midpseudorapidity,  such  that  possible  autocorrelations
are avoided. We infer that the AMPT results of the mean
and  standard  deviation  with  three  different  centrality
definitions are overlapped and approximate to the experi-
ment data.  This  indicates  that  the  CRE  has  little   influ-
ence on the M and   of net-charge multiplicity distribu-

 

Sσ
√

sNN = 7.7−200GeV

Fig.  3.      (color  online)  Centrality  dependence  of  moment
products    for  net-charge  multiplicity  distributions  in
Au+Au  collisions  at  ,  where  the  STAR
data are obtained from Ref. [36].

 

κσ2

√
sNN = 7.7−200GeV

Fig.  4.      (color  online)  Centrality  dependence  of  moment
products    for  net-charge  multiplicity  distributions  in
Au+Au  collisions  at  ,  where  the  STAR
data are obtained from Ref. [36].

 

σ

√
sNN = 7.7−200GeV

Fig.  5.      (color  online)  Centrality  dependence  of  mean  (M)
(top plots)  and standard deviation ( )  (bottom plots)  for  net-
charge  multiplicity  distributions  in  Au+Au  collisions  at

  with  different  centrality  definitions,
where the STAR data are obtained from Ref. [36].
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tions from the AMPT model.

κ

√
sNN = 7.7−200GeV

η

0.5 < |η| < 1.5

Figure 6 presents the centrality dependence of  skew-
ness  (S)  and  kurtosis  ( )  for  the  net-charge  multiplicity
distributions  with  different  centrality  definitions  in
Au+Au  collisions  at  .  Regarding
skewness,  the  AMPT  results  can  optimally  describe  the
experimental data  when  we  select  the  centrality   defini-
tion,  same  as  in  the  experiment.  However,  when  the 
range increases below 27 GeV, we observe that the value
of S  decreases  and  appears  to  saturate  for  ,
which  indicates  that  the  centrality  resolution  effect  will
enhance  the  skewness  value  of  net-charge  multiplicity
distributions.  From 27 GeV to  200 GeV,  the  differences
between the results from three different centrality defini-
tions  appear  increasingly  smaller.  This  indicates  that  the
CRE  has  a  more  significant  influence  on  the  value  of
skewness for lower energies. For kurtosis, the AMPT res-
ults  obtained  from  different  centrality  definitions  are  all
similar  to  the  experimental  data.  This  indicates  that  the
CRE has  no significant  contribution to  the  value  of  kur-
tosis.

Sσ

√
sNN = 7.7−200GeV

η Sσ

Figure  7  presents the  centrality  dependence  of   mo-
ment products ( ) for the net-charge multiplicity distri-
butions  with  different  centrality  definitions  in  Au+Au
collisions  at  .  At  low energies  (be-
low 27 GeV),  as  the    range  increases,  the  value  of 
decreases,  which  can  be  understood  as  a  result  of  the

Sσ
η

0.5 < |η| < 1.0
Sσ

CRE on S.  The   optimally describes the experimental
data  when  the    range  of  the  centrality  definition  is

. At high energies (above 27 GeV), the val-
ues  of    from  three  different  centrality  definitions  all
appear similar to experimental data.

κσ2

√
sNN =

7.7−200
κσ2

Figure 8 presents the centrality dependence of   for
the  net-charge  multiplicity  distributions  with  different
centrality  definitions  in  Au+Au  collisions  at 

  GeV.  From  low  to  high  energy,  the  values  of
 from three different  centrality definitions are all  ap-

proximately the  constant  of  unity,  which  are  all   consist-
ent with the experimental data within errors. 

C.    Energy dependence
As  mentioned  above,  it  is  believed  that  moment

products, which can eliminate the volume fluctuation ef-
fect,  are  sensitive  to  the  critical  fluctuations.  Hence,  we
study  the  energy  dependence  of  moment  products,  as
presented  in  Figs.  9  and  10,  where  both  AMPT  results,
with and without the CBWC, are presented in comparis-
on with the experimental data.

Figure 9 illustrates the energy dependence of the mo-

 

κ
√

sNN =

7.7−200GeV

Fig. 6.    (color online) Centrality dependence of skewness (S)
(top plots) and kurtosis ( ) (bottom plots) for net-charge mul-
tiplicity  distributions  in  Au+Au  collisions  at 

  with  different  centrality  definitions,  where  the
STAR data are obtained from Ref. [36].
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sNN = 7.7−200GeV

Fig.  7.      (color  online)  Centrality  dependence  of  moment
products    for  net-charge  multiplicity  distributions  in
Au+Au collisions at   with different cent-
rality definitions, where the STAR data are obtained from Ref.
[36].

 

κσ2

√
sNN = 7.7−200GeV

Fig.  8.      (color  online)  Centrality  dependence  of  moment
products    for  net-charge  multiplicity  distributions  in
Au+Au collisions at   with different cent-
rality definitions, where the STAR data are obtained from Ref.
[36].

Study of higher moments of net-charge multiplicity distributions using a multiphase... Chin. Phys. C 45, 074110 (2021)

074110-5



σ2/M Sσ κσ2

σ2/M

σ2/M

σ2/M

Sσ κσ2 Sσ
κσ2

Sσ κσ2

σ κ

ment  products,  which  include  ,  ,  and  .  Re-
garding  , this moment product exhibits an exponen-
tial response to the energy for a given collision centrality.
The    for  peripheral  centrality  bin  (70%-80%)  is
greater than that for the central centrality bin (0%-5%). In
addition,  the  values  of    are similar  to  the   experi-
mental data, whether the CBWC is considered or not. For

 and  , we observe that   decreases as energy in-
creases; however,   is independent of energy. The val-
ues of   or   with the CBWC appear systematically
smaller than those without the CBWC. This is consistent
with  the  above  result,  which  indicates  that  although  the
CBWE  has  little  influence  on  ,  it  enhances  S  and 
slightly.

σ2/M Sσ
κσ2

σ2/M

To study the influence of the CRE on the energy de-
pendence  of  the  moment  products,  different  centrality
definitions  have  been  applied.  Figure  10  presents  the
beam-energy dependence of moment products  ,  ,
and    with  the  CBWC  for  most  central  (0-5%)  and
peripheral (70%-80%)  centrality  bins,  with  three   differ-
ent centrality definitions. For  , the results with dif-
ferent centrality definitions are almost same, which indic-

σ2/M
Sσ κσ2

η

σ κ

ates that the CRE has little influence on  . However,
for    and  ,  the  value  of  the  two  moment  products
systematically  become  smaller  as  the    range  becomes
wider,  which  is  consistent  with  the  above  result,  which
indicates that although the CRE has little influence on M
and  , it enhances S and   slightly.

In general, after considering the CBWC and CRE, the
AMPT results of moment products of net-charge multipli-
city  distribution  are  consistent  with  the  experimental
measurements.  No  non-monotonic  energy  dependence  is
observed, which is not surprising because no QCD critic-
al fluctuations are included in the AMPT model at all. 

D.    Stage evolution
It is well known that heavy-ion collisions are actually

a  complicated  dynamical  evolution  comprising  several
important  evolution  stages.  Therefore,  it  is  important  to
study the stage evolution of moment products, which can
help us  understand  the  dynamics  of  observable   fluctu-
ations.  This  complements  the  results  from  the  lattice
QCD, which  basically  belongs  to  a  static  thermal   ap-

 

σ2/M Sσ κσ2

Fig.  9.      (color  online)  Beam-energy dependence of  moment
products  ,  , and   in most central (0-5%) and peri-
pheral (70%-80%) bins of Au+Au collisions, where the STAR
data are obtained from Ref. [36].

 

σ2/M Sσ

Fig. 10.    (color online) Beam-energy dependence of moment
products  ,  , and in most central (0-5%) and peripher-
al (70%-80%) bins of Au+Au collisions with different central-
ity  definitions,  where  the  STAR data  are  obtained  from Ref.
[36].
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proach  without  evolution  dynamics.  Using  the  AMPT
model, we  focus  on  the  moment  products  at  four  evolu-
tion  stages  (i.e.,  initial  stage,  after  parton  cascade,  after
coalescence,  and  after  hadron  rescatterings)  in  Au+Au
collisions  for  two  typical  energies,  7.7  GeV  and  200
GeV.

KQ+
n

KQ−
n

Q+ Q−
KPoisson

n
KQ+

n + (−1)nKQ−
n

∆Kn = KPoisson
2 −Knetq

2

Knetq
n

KPoisson
n

To elucidate  the  possible  contribution  from  any   dy-
namics to  the moments  or  moment  products,  a  reference
of  the  Poisson  baseline  is  crucially  required.  To  obtain
the  expected  moments  of  net-charge  distribution  from
two  independent  Poisson  distributions  of  positively  and
negatively  charged  particles,  we  first  calculate    and

  for  the  multiplicity  distributions  of  positively  and
negatively charged particles (  and  ), then obtain the
Poisson  expectation  of  the  net  charge    =

, which reflects the case without any cor-
relation  between  positively  and  negatively  charged
particles  [53,54].  To  illustrate  the  close  relationship
between fluctuation and correlation, 
is  defined  to  disclose  the  difference  between  the  net-
change  cumulant    and  their  corresponding  Poisson
expectation  , with the following relationships with
correlation functions: 

∆K2 ≃ 2C(1,1)
2 ≃ 2(⟨Q−Q+⟩− ⟨Q−⟩⟨Q+⟩), (8)

 

∆K3 ≃3C(2,1)
3 −3C(1,2)

3 ≃ 3(⟨Q−Q2
+⟩− ⟨Q−⟩⟨Q2

+⟩)
−3(⟨Q2

−Q+⟩− ⟨Q2
−⟩⟨Q+⟩)

+6⟨Q−⟩(⟨Q−Q+⟩− ⟨Q−⟩⟨Q+⟩)
−6⟨Q+⟩(⟨Q−Q+⟩− ⟨Q−⟩⟨Q+⟩), (9)

 

∆K4 ≃2C(1,1)
2 +6C(2,1)

3 +6C(1,2)
3

+4C(3,1)
4 +4C(1,3)

4 −6C(2,2)
4 , (10)

C(n,m)
n+m n+mwhere    represents    correlation  function  for  n

positively  charged  particles  and  m negatively  charged
particles,  which  can  be  calculated  via  the  relationship
with  factorial  moments  (See  Ref.  [55]  for  details).  Note
that  we only focus  on the  correlation between positively
and negatively  charged  particles,  and  ignore  the  correla-
tion between same-sign charged particles.  Even with  the
assumption,  we  could  not  explicitly  express  the  formula
for Eq. (10) because it is very complicated. It can be eas-
ily  observed  that  the  differences  between  the  net-charge
moments  and  their  Poisson  expectations  originate  from
two-particle,  three-particle,  or  four-particle  correlations
between positively and negatively charged particles.

Q− Q+

σ2/M

To  directly  illustrate  the  two-particle  correlation
between  the  multiplicities  of  positively  and  negatively
charged  particles,  Fig.  11  presents  the  AMPT  results  of

  vs    at four  different  stages  of  the  Au+Au   colli-
sions  (minus  bias)  at  7.7  and  200  GeV.  It  can  be  easily
observed that although the initial correlation is weakened
by the parton cascade and then reduced by coalescence, it
is enhanced by hadronic rescatterings. As indicated in Eq.
(8),  the  change  in  two-particle  correlation  could  lead  to
the dynamical evolutions of   for the net charge dis-
tributions in relativistic heavy-ion collisions.

σ2/M

σ2/M

Figure  12  presents  the  centrality  dependence  of  the
moment  product   at  four  different  evolution  stages
of Au+Au collisions at 7.7 and 200 GeV, where both ex-
perimental results and Poisson expectations are also illus-
trated. Note that because the experimental results are ob-
tained from the measured final  hadrons,  it  is  only mean-
ingful to compare them with the AMPT results after had-
ronic rescatterings.  The  AMPT  model  can  properly   de-
scribe the data for Au+Au collisions at 7.7 GeV, as well
as the mid-central  and central  bins for  Au+Au collisions
at 200 GeV; however,  it  overestimates  the  data  for  peri-
pheral bins of Au+Au collisions at 200 GeV. We also de-
termine  that    gradually  increases  from  the  initial

Q− Q+Fig. 11.    (color online)   vs   at different evolution stages of Au+Au collisions (minus bias) at 7.7 and 200 GeV.
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σ2/M

stage to  the  final  stage.  When  comparing  with  the  Pois-
son expectation, it can be observed that the AMPT result
is always lower than the corresponding Poisson expecta-
tion,  which  indicates  that  there  is  a  positive  correlation
between  positively  and  negatively  charged  particles,  i.e.
the two-particle correlation on the right hand of Eq. (8) is
always  positive.  This  indicates  that  the  two  oppositely
charged  particles  tend  to  appear  or  disappear  together.
The  difference  changes  gradually,  stage  by  stage,  which
means  that  the  positive  correlation  develops  during  the
dynamical evolution  of  heavy-ion  collisions.  The   pos-
sible  sources  of  the  positive  two-particle  correlation  in
the  AMPT model  are  presented  as  follows.  The  positive
correlation  at  the  initial  stage  may  originate  from  the
melting  process  of  strings  during  which  the  excited
strings  are  decomposed into  their  constituent  quarks  and
antiquarks  with  opposite  electric  charges.  After  parton
cascade,  the  correlation  can  be  modified  because  parton
collisions  can  alter  the  kinematics  of  partons.  However,
because the degree of freedom is altered from the parton
to hadron after the hadronization of coalescence, the cor-
relation is inferrd to be significantly modified. The differ-
ence  almost  disappeared,  which  implies  that  there  is
hardly  any  correlation  after  the  hadronization.  The  final
hadronic rescatterings  can  not  only  modify  the   correla-
tion via hadron rescatterings, such as parton cascade, but
also  provide  additional  correlations  owing  to  resonance
decays  that  usually  transform  a  mother  hadron  into  two
daughter  hadrons  with  opposite  charges.  It  appears  that
the residue correlation in the experimental  observable of

 is mainly produced in the process of hadronic res-
catterings.

Sσ

Sσ

Figure  13  presents the  centrality  dependence  of  mo-
ment  product    at  four  different  evolution  stages  of
Au+Au collisions at 7.7 and 200 GeV. The AMPT model
can optimally describe the experimental data for both en-
ergies. For Au+Au collisions at 200 GeV, the   at each
stage  tends  to  remain  approximately  zero.  However,  we

Sσ
Sσ

K3

K3

Sσ

K3

determine that there is a more significant stage evolution
of    in  Au+Au collisions  at  7.7  GeV,  which  indicates
that  the    decreases  slightly  after  the  parton  cascade,
but  increases  owing to  the  hadronization of  coalescence,
and decreases again after hadronic rescatterings. Because
the AMPT  results  are  greater  than  the  Poisson   expecta-
tions,  the  total  correlation  from  the  third  cumulant 
should be negative in Au+Au collisions at 7.7 GeV. From
Eq. (9),  it  can  be  observed  that  if  positively  and   negat-
ively charged particles are symmetrically related, the total
correlation from   must be zero. This feature could ex-
plain  why  the  deviation  from  the  Poisson  expectation  is
very small and the stage evolution of   is not quite sig-
nificant  in  the  Au+Au collisions  at  200  GeV,  because  it
should  be  expected  that  the  system of  Au+Au collisions
at 200 GeV is more electrically symmetric (with a lower
electric chemical  potential)  than  that  of  Au+Au   colli-
sions at 7.7 GeV. In contrast, because there are more pos-
itively charged particles than negatively charged particles
in the system of Au+Au collisions at 7.7 GeV, the afore-
mentioned positive  two-particle  correlation  could  have  a
negative impact on the overall correlation of  , as indic-
ated by the last two lines of Eq. (9).

κσ2

K4

Figure  14  presents  the  centrality  dependence  of  the
moment product   at four different evolution stages in
Au+Au collisions at 7.7 GeV and 200 GeV. It can be ob-
served that the AMPT results after hadronic rescatterings
can basically describe the experimental data of two ener-
gies, which  is  slightly  higher  than  the  Poisson   expecta-
tion of unity. From the AMPT results at different stages,
they appear basically consistent with the Poisson expecta-
tion, except those before and after the parton cascade for
the  central  centrality  bins,  which  could  be  triggered  by
the two-particle  component  of  the  four-particle   correla-
tion. According to Eq. (10), the sources of the correlation
in  the  fourth  cumulant    are  significantly  complicated,
which  may  be  caused  by  two-particle,  three-particle  or
four-particle  correlations.  It  is  believe  that  the  four-

σ2/MFig. 12.    (color online) Centrality dependence of moment product   at different evolution stages of Au+Au collisions at 7.7 and
200 GeV, where the STAR data are obtained from Ref. [36].
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particle correlation of net-proton multiplicity distribution
is  very  sensitive  to  QCD  critical  fluctuations  [2,40,55].
However, the presence or absence of four-particle correl-
ation  in  net-charge  multiplicity  distribution  remains  an
open  question  that  requires  more  detailed  investigations
in the future.

σ2/M
Sσ

κσ2

It  is  important  to  mention  that  the  hadron  resonance
gas  (HRG)  model  [56] has  indicated  that  resonance   de-
cays  could  play  an  important  role  in  influencing  these
moment products, which enhance   at high colliding
energies,  suppress    at low  colliding  energies,  and   al-
most have no impact on   for the entire range of collid-
ing energies  [57,58]. We infer  that  our  results  are  basic-
ally  consistent  with  the  observed  effect  from  the  HRG
model, when compared with the results from the last two
stages. However, the extent of this impact could be differ-
ent, as our model includes not only resonance decays but
also  hadronic  elastic  and  inelastic  reactions  during  the
hadronic  phase  evolution.  Therefore,  it  is  interesting  to
seperately  study  the  effects  from  resonance  decays  and
hadronic reactions in the future.
 

IV.  SUMMARY

Using  a  string  melting  version  of  the  multi-phase
transport  model,  we  studied  the  moments  and  moment
products  of  net-charge  multiplicity  distributions  in
Au+Au collisions at seven different energies for the BES
program at  the RHIC. It  was determined that  the AMPT
model can basically describe the measured centrality de-
pendences at different energies. After considering the im-
pacts  of  the  CBWE  and  CRE,  we  determined  that  they
can  affect  the  values  of  moments,  especially  for  more
peripheral collisions at lower energies. The measured en-
ergy dependences of the moment products were also op-
timally  reproduced  by  the  AMPT  model,  and  no  non-
monotonic  energy  dependence  was  observed.  Through
the stage  evolution  of  the  moment  products,  we  determ-
ined that the moment products develop during the dynam-
ical evolution of heavy-ion collisions. The deviation from
the Poisson expectation indicates the existence of the pos-
itive two-particle correlation between positively and neg-
atively charged particles, which may be caused by differ-
ent  dynamical  processes  at  different  evolution  stages.

SσFig. 13.    (color online) Centrality dependence of moment product   at different evolution stages of Au+Au collisions at 7.7 GeV and
200 GeV, where the STAR data are obtained from Ref. [36].

 

κσ2Fig. 14.      (color online) Centrality dependence of moment product   at different evolution stages of Au+Au collisions at 7.7 GeV
and 200 GeV, where the STAR data are obtained from Ref. [36].
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Therefore, to adopt the moments and moment products of
net-charge  multiplicity  distributions  in  determining  the
QCD critical  point  of  relativistic  heavy-ion  collisions,  it
is important to consider the dynamical evolution.
 

V.  ACKNOWLEDGMENTS

G.L.M. thanks the Department of Physics at East Car-
olina University for its hospitality, where part of the work
was performed.

 

 

References

 J.  Adams et  al.  (STAR Collaboration),  Nucl.  Phys.  A 757,
102 (2005)

[1]

 A.  Bzdak,  S.  Esumi,  V.  Koch  et  al.,  Phys.  Rept.  853,  1
(2020)

[2]

 P.  de  Forcrand  and  O.  Philipsen,  Nucl.  Phys.  B  642,  290
(2002)

[3]

 H. T. Ding, F. Karsch, and S. Mukherjee, Int. J. Mod. Phys.
E 24(10), 1530007 (2015)

[4]

 Y.  Aoki,  G.  Endrodi,  Z.  Fodor  et  al.,  Nature  443,  675
(2006)

[5]

 S. Ejiri, Phys. Rev. D 78, 074507 (2008)[6]
 M. A.  Stephanov,  K.  Rajagopal,  and  E.  V.  Shuryak,  Phys.
Rev. Lett. 81, 4816 (1998)

[7]

 M. A.  Stephanov,  K.  Rajagopal,  and  E.  V.  Shuryak,  Phys.
Rev. D 60, 114028 (1999)

[8]

 M.  A.  Stephanov,  Prog.  Theor.  Phys.  Suppl.  153,  139
(2004)

[9]

 M. Asakawa and K. Yazaki, Nucl. Phys. A 504, 668 (1989)[10]
 A. Barducci, R. Casalbuoni, S. De Curtis et al., Phys. Lett.
B 231, 463 (1989)

[11]

 J. Berges and K. Rajagopal, Nucl. Phys. B 538, 215 (1999)[12]
 A. M. Halasz, A. D. Jackson, R. E. Shrock et al., Phys. Rev.
D 58, 096007 (1998)

[13]

 B.  Berdnikov  and  K.  Rajagopal, Phys.  Rev.  D 61,  105017
(2000)

[14]

 Z. Fodor and S. D. Katz, JHEP 0203, 014 (2002)[15]
 Y. Hatta and T. Ikeda, Phys. Rev. D 67, 014028 (2003)[16]
 R. A. Lacey, Phys. Rev. Lett. 114(14), 142301 (2015)[17]
 K. J. Sun, L. W. Chen, C. M. Ko et al., Phys. Lett.  B 774,
103 (2017)

[18]

 N. Yu, D. Zhang, and X. Luo, Chin. Phys. C 44(1), 014002
(2020)

[19]

 T. Shao, J. Chen, C. M. Ko et al., Phys. Lett. B 801, 135177
(2020)

[20]

 H. Stoecker, Nucl. Phys. A 750, 121 (2005)[21]
 M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009)[22]
 C. Athanasiou, K. Rajagopal, and M. Stephanov, Phys. Rev.
D 82, 074008 (2010)

[23]

 M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011)[24]
 R. V. Gavai and S. Gupta, Phys. Lett. B 696, 459 (2011)[25]
 M. Cheng et al., Phys. Rev. D 79, 074505 (2009)[26]
 X.  F.  Luo,  B.  Mohanty,  H.  G.  Ritter  et  al.,  Phys.  Atom.
Nucl. 75, 676 (2012)

[27]

 X.  F.  Luo,  B.  Mohanty,  H.  G.  Ritter et  al.,  J.  Phys.  G 37,
094061 (2010)

[28]

 X. F.  Luo et  al.  (STAR Collaboration), J.  Phys.  Conf.  Ser.
316, 012003 (2011)

[29]

 L.  Adamczyk  et  al.  (STAR  Collaboration),  Phys.  Lett.  B[30]

785, 551 (2018)
 X.  Luo,  J.  Xu,  B.  Mohanty  et  al.,  J.  Phys.  G  40,  105104
(2013)

[31]

 N. R. Sahoo, S.  De, and T. K. Nayak, Phys.  Rev. C 87(4),
044906 (2013)

[32]

 M.  M.  Aggarwal  et  al.  (STAR  Collaboration),  arXiv:
1007.2613 [nucl-ex]

[33]

 L.  Adamczyk  et  al.  (STAR  Collaboration),  Phys.  Rev.  C
96(4), 044904 (2017)

[34]

 M.  M.  Aggarwal  et  al.  (STAR  Collaboration),  Phys.  Rev.
Lett. 105, 022302 (2010)

[35]

 L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett.
113, 092301 (2014)

[36]

 L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett.
112, 032302 (2014)

[37]

 A.  Pandav  (STAR  Collaboration),  Nucl.  Phys.  A  1005,
121936 (2021)

[38]

 J.  Adam  et  al.  (STAR  Collaboration),  Phys.  Rev.  Lett.
126(9), 092301 (2021)

[39]

 M.  Abdallah  et  al.  (STAR  Collaboration),  arXiv:
2101.12413 [nucl-ex]

[40]

 Z.  W.  Lin,  C.  M.  Ko,  B.  A.  Li  et  al.,  Phys.  Rev.  C  72,
064901 (2005)

[41]

 G. L. Ma and Z. W. Lin, Phys. Rev. C 93(5), 054911 (2016)[42]
 G. L. Ma, Phys. Rev. C 88(2), 021902 (2013)[43]
 G. L. Ma, Phys. Rev. C 89(2), 024902 (2014)[44]
 A. Bzdak and G.  L.  Ma, Phys.  Rev.  Lett. 113(25),  252301
(2014)

[45]

 X.  N.  Wang  and  M.  Gyulassy,  Phys.  Rev.  D  44,  3501
(1991)

[46]

 M. Gyulassy and X. N. Wang, Comput. Phys. Commun. 83,
307 (1994)

[47]

 B. Zhang, Comput. Phys. Commun. 109, 193 (1998)[48]
 B. A. Li and C. M. Ko, Phys. Rev. C 52, 2037 (1995)[49]
 Z. W. Lin, Acta Phys. Polon. Supp. 7(1), 191 (2014)[50]
 A. Chatterjee, Y. Zhang, J. Zeng et al., Phys. Rev. C 101(3),
034902 (2020)

[51]

 X. Luo, J. Phys. G 39, 025008 (2012)[52]
 X. Luo and N. Xu, Nucl. Sci. Tech. 28(8), 112 (2017)[53]
 T. J.  Tarnowsky and G. D. Westfall, Phys.  Lett.  B 724,  51
(2013)

[54]

 A. Bzdak, V. Koch, and N. Strodthoff, Phys. Rev. C 95(5),
054906 (2017)

[55]

 P.  Braun-Munzinger,  K.  Redlich,  and  J.  Stachel,  In  *Hwa,
R.C. (ed.) et al.: Quark gluon plasma* 491-599

[56]

 P. Garg, D. K. Mishra, P. K. Netrakanti et al., Phys. Lett. B
726, 691 (2013)

[57]

 D. K. Mishra, P. Garg, P. K. Netrakanti et al., Phys. Rev. C
94(1), 014905 (2016)

[58]

Ling Huang, Guo-Liang Ma Chin. Phys. C 45, 074110 (2021)

074110-10

https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevD.78.074507
https://doi.org/10.1143/PTPS.153.139
https://doi.org/10.1016/0375-9474(89)90002-X
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/0370-2693(89)90695-3
https://doi.org/10.1016/S0550-3213(98)00620-8
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.58.096007
https://doi.org/10.1103/PhysRevD.61.105017
https://doi.org/10.1103/PhysRevD.67.014028
https://doi.org/10.1103/PhysRevLett.114.142301
https://doi.org/10.1016/j.physletb.2017.09.056
https://doi.org/10.1088/1674-1137/44/1/014002
https://doi.org/10.1016/j.physletb.2019.135177
https://doi.org/10.1016/j.nuclphysa.2004.12.074
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevD.82.074008
https://doi.org/10.1103/PhysRevLett.107.052301
https://doi.org/10.1103/PhysRevD.79.074505
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1134/S1063778812060348
https://doi.org/10.1088/0954-3899/37/9/094061
https://doi.org/10.1088/1742-6596/316/1/012003
https://doi.org/10.1016/j.physletb.2018.07.066
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905
https://doi.org/10.1088/0954-3899/40/10/105104
https://doi.org/10.1103/PhysRevC.87.044906
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.105.022302
https://doi.org/10.1103/PhysRevLett.113.092301
https://doi.org/10.1103/PhysRevLett.112.032302
https://doi.org/10.1016/j.nuclphysa.2020.121936
https://doi.org/10.1103/PhysRevLett.126.092301
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.93.054911
https://doi.org/10.1103/PhysRevC.88.021902
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.5506/APhysPolBSupp.7.191
https://doi.org/10.1103/PhysRevC.101.034902
https://doi.org/10.1088/0954-3899/39/2/025008
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.physletb.2013.05.064
https://doi.org/10.1103/PhysRevC.95.054906
https://doi.org/10.1103/PhysRevC.94.014905

	I INTRODUCTION
	II MODEL AND CALCULATION METHOD
	A The AMPT model
	B Calculation method

	III RESULTS AND DISCUSSIONS
	A Centrality bin width effect and correction
	B The centrality resolution effect and correction
	C Energy dependence
	D Stage evolution

	IV SUMMARY
	V ACKNOWLEDGMENTS

