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We study the phase structure of QCD matter in the framework of a multiphase transport model by implementing a strong local
parton density fluctuation scenario. Our calculations on the beam energy dependence of net-proton high moment show that local
parton density fluctuation only has a small effect. But it becomes important when all baryons are included. We then study the
effect on elliptic flow and find that an enhanced local parton density fluctuation leads to a significant effect on protons but a small
effect on pions. Our study provides a reference of transport dynamics on QCD phase transition phenomena and will be relevant
for the upcoming phase II of the beam energy scan program at RHIC.
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1 Introduction

Lattice QCD is a fundamental tool to study the thermody-
namics of QCD matter at small chemical potential, but at
large baryon chemical potential it suffers from the sign prob-
lem [1-3]. First-principle calculations face the breakdown
of perturbative theory at low energy scales. From this point
of view, experimental programs provide a unique chance to
learn about the QCD thermodynamics that is not yet acces-
sible to theoretical calculations. Indeed, searching for the
QCD critical point, phase transition signatures and mapping
the QCD phase diagram are major scientific goals of the
beam energy scan (BES) program in heavy-ion collisions [4].
Existing data from SPS and phase I of the BES program at
RHIC show interesting features of the QCD matter close to
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the phase transition boundary. They include the beam
energy dependence of anisotropic collective flow [5, 6], the
sign change of the slope of the proton directed flow [7], the
non-monotonic variation of higher moments of the net pro-
ton distribution [8-11], the global polarization of A hyperons,
the charge separation of identified particle along the magnetic
field [12,13] and the production of light nuclei [14,15]. These
results indicate the rich physics of QCD matter close to the
critical point region.

However, there are still large statistical uncertainties on
the experimental data, therefore solid conclusions can not be
reached at this stage. The plan for phase II of the BES at
RHIC is to reduce the statistical uncertainty, and many the-
oretical studies will be needed. In this paper, we try to ex-
plore the QCD phase transition phenomena in a multiphase
transport model by implementing a strong local parton den-
sity fluctuation in prior to hadronization. We argue that such
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an effect could be a good representation of QCD phase tran-
sition. Event-by-event fluctuations of net-baryon, net-charge
and net-strangeness are expected to be sensitive to the QCD
critical point [16]. Thus in this paper we will focus on the re-
sponse of event-by-event fluctuations of net-proton and net-
baryon to the enhanced local parton density fluctuation. We
then extend our study to the elliptic flow observable. The
paper is organized as follows. In sect. 2 we describe the
relationship of theoretical calculations and experimental ob-
servables. In sect. 3 we briefly introduce the AMPT model
and describe in detail how we add enhanced local parton
density fluctuations into the AMPT model. Then the beam
energy and rapidity window dependence of net-proton and
net-baryon number fluctuations are presented, together with
the effects on the elliptic flow. Finally a summary is given.

2 Fluctuation of conserved charges

Fluctuations have long been considered as sensitive observ-
ables in heavy-ion collisions to explore the phase structure
and map the QCD phase diagram [17]. Most fluctuation
measures related to quadratic variances of event-by-event ob-
servables, such as particle multiplicities, net charge, baryon
number and particle ratios. The singular contribution to
quadratic variances induced by the proximity of the criti-
cal point is proportional to approximately &2, where & is
the correlation length. For higher moments, such as, the
fourth moment grows as &’ near the critical point [18]. In
a grand-canonical ensemble, the pressure of the thermal sys-
tem can be expressed as the logarithm of the QCD partition
function:

P
71 = g3 M2V Tt i i) M

where V and T are respectively the system volume and tem-
perature, while ug, pg and ug are the chemical potentials of
the baryon number, electric charge and strangeness, respec-
tively. The susceptibility of the conserved charges can be
expressed as partial derivatives of the pressure with respect
to the corresponding chemical potentials [19]:

XBQS _ (9i+f+k[P/T4]
U Qup /T O (ug/ TV (s TF
The cumulants of multiplicity distributions of the baryon

number, electric charge and strangeness are connected with
the generalized susceptibilities by

BQS _ ai+j+k ln[Z(V" T, HB, IJQ’ MS)] — 3XBQS (3)
ik Oug /T d(uq/T) d(us/T) ik
In order to cancel the volume dependence, we construct the
ratios of cumulants as the observables.

@
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Experimentally, we use N = N, — Nj to denote the num-
ber of net conserved charge in one event and (N) to denote
the mean value over all events, where ¢ = B, Q or S. The
deviation of N from (N) is defined as 6N = N — (N). The
cumulants of these conserved charges can be written as:

Ciy =(N), 4)
Can = ((ON)?), (5)
Csn = ((6N)), (6)
Can = (GNY') = (BN, (7)

After various cumulants are constructed, the central moments
of the distribution of conserved charges are calculated in the
following way:

M =Cy, 3)
a’ = Cap, )
Cin
S = —(C2,N)3/2’ (10)
Can
K= (CZ,N)z' (11

To cancel the volume dependence, the following high-
moment ratios are used as the observables [18]:

Csn

So=—=, (12)
Con
C

ko2 = —2N (13)
Con

3 The AMPT model

The AMPT model is a multiphase transport model that has
been used extensively to simulate the dynamics evolution
of high energy heavy-ion collisions [20]. The string melt-
ing version of the AMPT model includes four main com-
ponents. Hadrons from the fragmentation of excited strings
from the heavy ion jet interaction generator (HIJING) model
are decomposed into quarks and antiquarks as the initial con-
dition [21]. Then scattering among partons are modeled
by Zhang’s parton cascade [22], where the cross section is
obtained from the perturbative QCD with quark screening
masses. Next, a quark coalescence model is used to im-
plement the phase transition from partons to hadrons. At
last, the dynamics of the subsequent hadronic matter is de-
scribed by the extended version of a relativistic transport
(ART) model [23].

As discussed above, the correlation length ¢ would diverge
at the critical point in an idealized thermodynamic limit. In
a real system, the magnitude of the & is limited by the sys-
tem size and in heavy ion collision the divergence of & is
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cut off by the effects of critical slowing down, and the es-
timates of the maximum correlation length are in the range
of at most 2-3 fm, compared to the natural 0.5-1 fm away
from the critical point [8]. This larger correlation length may
cause a bigger fluctuation in the coordinates and momentum
of the fireball. In order to explore the QCD phase transition
signals in a wide collision energy range covered by the BES
program at RHIC [4], we extend the AMPT model (version
v1.26t5/v2.26t5) with an enhanced local parton density fluc-
tuation (ELDF), where exact strangeness and baryon charge
conservation are taken into account. Specifically, we assume
that the partonic matter just prior to hadronization is made of
a number of clusters in the transverse plane. In our imple-
mentation, the center position of each cluster is determined
by the local maximum of parton density at freeze-out in each
event. The cluster number and size are free parameters. In
our study, the transverse radius of each cluster is set as 1 fm,
and the number of cluster is randomly selected from the val-
ues of 2, 3, 4 and 5. To create the clusters, we move each
parton outside the cluster regions into a random transverse lo-
cation inside the closest cluster, while the longitudinal coor-
dinate and the momentum of the parton are not changed [24].
Figure 1 shows the transverse coordinate space distribution
of hadrons right after coalescence without (Figure 1(a)) and
with (Figure 1(b)-(e)) parton cluster formations.

We can see that the parton fluctuation effect is retained in
the initial hadrons right after hadronization in this extended
AMPT model. Although each event has a specific number of
clusters, a large event sample consists of events with different
numbers of clusters and may represent a chaotic distribution.
We then calculate the baryon number fluctuations in Au+Au
collisions at 4/syy = 7.7, 11.5 and 19.6 GeV in this version
(denoted as ELDF AMPT). The original AMPT model calcu-
lations are also performed for comparison. For our study, we
chose the 0-5% centrality with event statistics of 10° at each
energy.

4 Transverse momentum spectra and rapidity
distributions

Figure 2 shows the 7" and proton pr spectra in central
Au+Au collisions at /syy = 7.7, 11.5 and 19.6 GeV. We
see that AMPT describes the midrapidity 7% and proton data
well. Differences between the original AMPT model and
the ELDF AMPT model are very small. One can further
confirm that the difference is small since the two smooth
dashed lines in each panel of Figure 2 almost fully overlap.
This is related to the fact that the ELDF AMPT model only
changes the transverse coordinate space distribution of par-
tons while it keeps the parton momenta and total parton num-

January (2019) Vol. 62 No. 1 011012-3

ber in the event unchanged. The same features can be seen
in the rapidity distributions of 7+ and protons, as shown in
Figure 3, where the rapidity distribution of 7% and proton in
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Figure 1  (Color online) Initial spatial distribution of hadrons in a cen-
tral Au+Au collision at /syy = 19.6 GeV in the AMPT model just after
hadronization. (a) The original AMPT model. (b), (c), (d) and (e) are from
the ELDF AMPT model with cluster number of 2, 3, 4 and 5, respectively,
for the same event.
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Figure 2 (Color online) Transverse momentum spectra of 7+ and pro-
ton in Au+Au collisions at 4/syy = 7.7, 11.5 and 19.6 GeV. Open symbols
represent model results, and fill symbols are experimental data from STAR
Collaboration [25]. Dashed curves are smooth lines for the open symbols.
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Figure 3  (Color online) Rapidity distributions of #* and proton in cen-
tral Au+Au collisions at /syy = 7.7, 11.5 and 19.6 GeV from AMPT and
ELDF AMPT.

the original AMPT model and the ELDF AMPT model are
close to each other.

5 Results and discussion

For the calculations of net baryon number fluctuation, we ap-
ply the same kinematic cuts and analysis method as used in
experiment data [11]. And the statistical error is estimated by
the Delta theorem [26]. Event-by-event proton, net-proton
and net-baryon multiplicity distributions for various colli-
sions energy measured within 0.4 < pr < 0.8 GeV/c and
[y] < 0.5 are shown in Figure 4. The shapes of proton, net-
proton and net-baryon distributions from AMPT are almost
the same as those in ELDF AMPT, while the mean values of
the distributions are a bit lower in ELDF AMPT. It is because
ELDF affects the phase space distribution of hadrons from
quark coalescence.

In Figure 5 we show the energy dependence of ko? of pro-
ton, net-proton, net-nucleon and net-baryon from the origi-
nal AMPT and ELDF AMPT in comparison with the STAR
experimental data. For the proton and net-proton results,
our calculations show a slight energy dependence, consistent
with early studies by other groups using the original AMPT
model [27,28]. Although our study includes contributions
from the local parton density fluctuation, the difference from
the original AMPT model calculations is small, as shown in
the up panel of Figure 5. When neutrons and all other baryons
are also taken into account, as shown in the down panel of
Figure 5, we see that the effects of these other baryons on
ko? can be significant, especially at lower energies.
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Figure 4 (Color online) Event-by-event proton, net-proton and net-baryon
multiplicity distributions in central Au+Au collisions at /syy = 7.7, 11.5
and 19.6 GeV from the original AMPT model and the ELDF AMPT model.
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Figure 5  (Color online) The energy dependence of high-moment ratio
(KO'Z) of proton, net-proton, net-nucleon and net-baryon in central Au + Au
collisions at y/syy = 7.7, 11.5 and 19.6 GeV from the original AMPT and
ELDF AMPT model. The results have been shifted slightly in +/syx for
clarity. In the up panel, the experimental data [11] are added for compari-
son. In the down panel, results of net baryon number fluctuations in different
acceptance windows from the QvdW-HRG [19] model are included for com-
parison.
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We further investigate this difference by turning off the
hadronic interaction stage in the AMPT model, as shown in
Figure 6. Comparing the up panel of Figures 5 and 6, we
see that hadronic interactions have a large effect on the net-
proton high moment at +/syy = 7.7 GeV but small effects at
vsyy = 11.5 and 19.6 GeV. A similar feature is found for
net-baryon, where the hadron cascade has an important ef-
fect, especially at lower collision energies. Our results are
in agreement with other models, for example, the QvdW-
HRG model [19], which calculations with different accep-
tance windows are shown in Figures 5 and 6.

The acceptance dependence of fluctuations is another im-
portant question. We study the high-moment ratios of proton,
net-proton, nucleon and net-baryon distributions as a function
of the rapidity window in Figure 7. The results from AMPT
and ELDF AMPT both show a clear dependence on the
rapidity window selection, similar to other calculations [29,
30]. A larger rapidity window always leads to a larger fluctu-
ation signal.

The local parton density fluctuation that we introduce may
affect other observables such as elliptic flow. It is naive to
expect that parton density fluctuation can be reflected in the
final particle momentum space via quark coalescence and
hadron interactions. Thus a detail study on elliptic flow will
be interesting. In the following, we evaluate the effect of local
parton density spatial distributions on elliptic flow. Elliptic
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Figure 6 (Color online) Similar to Figure 5, but for the AMPT model with
hadronic transport stage turning off.
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Figure 7  (Color online) Rapidity window dependence of the higher mo-

ment ratios of proton, net-proton, nucleon and net-baryon multiplicity dis-
tributions in central Au + Au collisions at 4/syy = 7.7, 11.5 and 19.6 GeV,
where |y| means |ylmax, Where a bigger |y| represents a bigger y coverage for
the analysis.

flow in heavy ion collisions is a measurement of the asym-
metry of particle momentum distributions in the transverse
plane [31]. The collectivity in high-energy heavy-ion colli-
sions can be measured through the final particle azimuthal
anisotropy [32,33]. The anisotropy coefficients are gener-
ally obtained from a Fourier expansion of the final particle
azimuthal distribution [34]:

eN 1 &N [

N
T " Iy | 22—, (19

i=1

where E, pr, y, and ¢ represent the energy, transverse mo-
mentum, rapidity, and azimuthal angle of the particle, respec-
tively; while ygp is the reaction plane angle.
coefficients v,(n = 1,2, 3...) are used to characterize the dif-
ferent orders of azimuthal anisotropies with the form

v = (cos(n[¢ — Yrp])), 5)

where the bracket () denotes the averaging over particles and
events. In the AMPT model, we calculate the reaction plane
angle Yrp event-by-event using the initial wounded nucleon
spatial information.

We now show the elliptic flows of & and proton in the two
AMPT models without (Figure 8) or with (Figure 9) hadronic
interactions. We see that ELDF AMPT reduces the magni-
tude of elliptic flow of 7 and proton in comparison with the
original AMPT model. This effect is stronger at higher colli-
sions energies. This is partly because parton clustering moves
final partons in the transverse plane and thus artificially de-
stroys much of the collective flow of the final partonic matter.
As a result, the coalescence partners (¢g, 3g, or 3g) tend to

The Fourier



X.H. Jin, et al. Sci. China-Phys. Mech. Astron.

0.08f

[ Ogo®
F % °
0.06f O
r K
0.04] 4
0.02}
F 11.5 GeV
v 0 e
0.08} ° _
[ o ® & © pp(AVPT)
[ ° _
0.06f ...AA [ O p,p (ELDF AMPT)
i LN AA‘%@ A = (AMPT)
0.04 g%o‘ﬂﬂﬁﬂim’ L
; ” + ' (ELDF AMPT)
0.02F ¢ [ no hadron cascade
O:@éj'dj 19.6 GeV beE(0,8)fm |y <05
C R R AN N S H N B B

0 0.5 1.0 1.5 0 0.5 1.0 1.5
pr (GeV/c)

Figure 8 (Color online) The pt dependence of elliptic flows of 7 and pro-
ton from AMPT just after quark coalescence in Au + Au collisions at /syy
=7.7,11.5 and 19.6 GeV.
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Figure 9 (Color online) Similar to Figure 8, but for hadrons after a 30 fm/c
hadron scattering period, which is the typical value used AMPT [20].

have a large opening angle among themselves, which typ-
ically leads to a smaller elliptic flow right after coales-
cence [35]. We note from Figure 9 that hadronic interactions
seem to increase the m flow here. Also, the mass splitting of
hadron elliptic flows is more clear in Figure 9 after hadron
interactions have taken place; consistent with earlier find-
ings [35]. In the ELDF AMPT results, which include a strong
local parton density fluctuation, the splitting of elliptic flows
between 7 and proton seems even stronger in Figure 9. This
may be due to the fact that clustering tend to increase the
initial hadron density and thus increase hadron scatterings,
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which then cause a bigger v, splitting in the ELDF AMPT
model.

We note that the current string melting AMPT model used
here has some limitations that may affect our results. First,
the current quark coalescence model forces the numbers of
mesons, baryons, and antibaryons in an event to be sepa-
rately conserved through quark coalescence process, where
only the net-baryon number needs to be conserved [36]. Also,
the current string melting AMPT model does not take into
account the finite thickness of the incoming nuclei, which
would affect the initial parton spatial distribution and den-
sity evolution [37]. Note that the effect of finite thickness
is especially relevant for the low energies of the beam en-
ergy scan program, and there are recent work to improve the
AMPT model along these directions [36,37]. In addition, the
hadronic mean-field potentials may become important mov-
ing to lower collision energies [38], which shall be considered
in future development.

6 Summary

In summary, a strong local parton density fluctuation has been
implemented in the AMPT model to study its effect on baryon
number fluctuations and elliptic flow. We find that the ef-
fect on the high moment of net-proton is small. After taking
other baryons into account, the high moment of net-baryon
from AMPT is significantly different from that of net-proton
at lower collision energies, suggesting that hadronic inter-
actions may play an important role in the high moment ob-
servables. We also study the rapidity window dependence
of net-proton and net-baryon high moments, and find that an
appropriate rapidity window shall be carefully chosen when
comparing to the experiment data. In addition, we find that
the effect of local parton density fluctuation on elliptic flow is
small for pions but large for protons, especially at higher col-
lisions energies. Our study provides valuable information on
exploring the QCD phase diagram, for example, at the beam
energy scan program at RHIC [4].
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