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We introduce additional coalescence factors for the production of strange baryons in a multiphase transport
(AMPT) model in order to describe the enhanced production of multistrange hadrons observed in Pb 4 Pb
collisions at ,/syy = 2.76 TeV at the Large Hadron Collider (LHC) and Au + Au collisions at \/syy = 200 GeV
at Relativistic Heavy-Ion Collider (RHIC). This extended AMPT model is found to also give a reasonable
description of the multiplicity dependence of the strangeness enhancement observed in high multiplicity events
in pp collisions at /s = 7 TeV and p-Pb collisions at ./syy = 5.02 TeV. We find that the coalescence factors
depend on the system size but not much on whether the system is produced from A + A or p 4+ A collisions.
The extended AMPT model thus provides a convenient way to model the mechanism underlying the observed
strangeness enhancement in collisions of both small and large systems at RHIC and LHC energies.
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I. INTRODUCTION

High-energy nuclear collisions at the Large Hadron Col-
lider at CERN and at the Relativistic Heavy Ion Collider
at Brookhaven National Laboratory have created a hot and
dense matter of deconfined quarks and gluons: the quark-
gluon plasma (QGP) [1-7]. Because the mass of strange
quark has a similar magnitude as the QGP phase transition
temperature, strange quarks can be abundantly produced in
the QGP. This has led to the suggestion that the production of
strange hadrons would be enhanced in relativistic heavy-ion
collisions [8,9]. However, the abundances of various strange
hadrons relative to that of pions measured in heavy-ion col-
lisions from SPS to RHIC and LHC energies do not show a
significant dependence on either the collision centrality or the
collision energy [10], except for the more pronounced produc-
tion of multistrange baryons in these collisions. In particular,
the ALICE Collaboration has recently observed a significant
strangeness enhancement in high multiplicity pp collisions
at /s = 7 TeV [11]. These data also indicate that the multi-
strange hadron yields relative to that of pions increase signifi-
cantly with the multiplicity of the collision and the strangeness
content of the hyperon as found in p-Pb collisions at the same
multiplicity densities [11]. These results for small systems are
qualitatively consistent with the predictions of the statistical
model [12] that takes into account the effect of canonical
suppression due to the conservation of strangeness [13,14]
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and of the core-corona model that assumes thermal strange
production in the core [15,16]. However, the commonly used
Monte-Carlo (MC) models for pp collisions [17-19] have
failed to describe these data satisfactorily [11]. Therefore, the
development of a comprehensive microscopic model for un-
derstanding the enhanced strangeness production in collisions
of small systems is needed.

In this paper, we extend the string melting version of a mul-
tiphase transport (AMPT) model by introducing additional
coalescence factors for the production of strange baryons in
order to describe their enhancements in relativistic heavy-ion
collisions from RHIC to LHC energies. This extended AMPT
model is found to also describe reasonably well the multiplic-
ity dependence of strangeness enhancement observed in p-Pb
collisions at the LHC energy.

II. AMPT MODEL

The AMPT model [20] is a multiphase transport model that
has been extensively used for studying relativistic heavy-ion
collisions. In this model, the initial conditions are taken from
the spatial and momentum distributions of minijet partons and
soft string excitations from the HIJING event generator [21],
which is followed by two-body elastic parton scatterings using
the parton cascade model ZPC [22], the conversion of partons
to hadrons via either the string fragmentation or a quark
coalescence model, and hadronic scatterings based on the
hadronic transport model ART [23]. The default version of
the AMPT model [24], which involves only minijet partons
from HIJING in the parton cascade and uses the Lund string
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fragmentation [17] for hadronization, can well describe the
rapidity distributions and transverse momentum spectra of
identified particles observed in heavy-ion collisions at both
SPS and RHIC. It, however, significantly underestimates the
elliptic flow at RHIC [25]. By converting the initial hadrons
produced from the Lund string fragmentation in the default
model to their valence quarks and using a simple quark
coalescence model to covert them back to hadrons after the
ZPC, the string melting version of the AMPT model [25]
was able to describe the anisotropic flows in both large and
small collision systems [25-27], although it still failed to
describe the proton rapidity distribution and the p7 spectra
of hadrons including the pion [20]. By further tuning the
Lund string fragmentation parameters in the AMPT model,
the pion and kaon rapidity distribution, py spectra, and elliptic
flow at RHIC and LHC energies could also be reasonably
described [28]. With the refinement of the quark coalescence
algorithm for hadronization, the AMPT model has further im-
proved its description of the experimental data, especially the
baryon pr spectra and the antibaryon over baryon ratios [29].
On the other hand, all versions of the AMPT model, including
the recent AMPT model with the new quark coalescence al-
gorithm (v1.31t1/2.31t1) [29], have problems in reproducing
the yields and pr spectra of multistrange baryons in heavy-ion
collisions [29-32]. For example, the 2~ yield from the default
AMPT model [30] is a factor of two smaller than the Pb + Pb
data measured at the SPS energy of 158 AGeV.

III. NEW COALESCENCE FACTORS FOR
MULTISTRANGE BARYONS PRODUCTION IN AMPT

In general, there are two sources for the production of
hyperons in the AMPT model: the initial ones produced
directly from quark coalescence after the ZPC in the string
melting version (or from the Lund string fragmentation in the
default version), and the secondary ones from the strangeness-
exchange reactions between baryons and strange mesons in
ART [30]. Recently, a new version of the AMPT model
(v1.31t1/2.31t1) has been developed in Ref. [29] by improv-
ing the quark coalescence algorithm in the model. In this
new quark coalescence model, a quark searches all antiquarks
and records the closest one in relative distance (dy) as the
potential coalescence partner to form a meson. It also searches
all other quarks and records the two having the closest average
distance (dp) as the potential coalescence partners to form a
baryon. Given both its meson partner and baryon partners, a
quark can then form a meson or a baryon according to the
following criterion:

otherwise form a meson,
(D

where rgy is the baryon coalescence parameter [29] that
controls the probability for a quark or an antiquark to form
a baryon or an antibaryon relative to that to form a meson. We
note that in the string melting version of the AMPT model
quarks are converted to hadrons by coalescence after they
freeze out kinetically or have had their last scatterings, with
the species of the formed hadron being determined by the

dp < dy * rgy : form abaryon;

flavors of coalescing quarks and their invariant mass. In con-
trast to the original quark coalescence in the AMPT model that
forced the numbers of mesons, baryons, and antibaryons in an
event to be separately conserved by the quark coalescence,
this method only requires the conservation of the net-baryon
number in each event.

To better describe the hyperon yields with the new AMPT
model of Ref. [29], we introduce an additional ry factor to
Eq. (1) when it is possible for a quark to form a hyperon Y (A,
E, and €2) during the coalescence process via the following
criterion:

dB<dM*VBM*Vyi

form ahyperon; otherwise form a meson. 2

Note that the above criterion requires at least one strange
quark or antiquark among the three quarks or antiquarks for
the possible baryon or antibaryon formation. For all other
cases, Eq. (1) is used to determine the formation of nonstrange
baryons.

We also make another change to the string melting AMPT
model in order to correct the different initial abundance of
strange and antistrange quarks at midrapidity. Despite the
zero net strangeness in the produced partonic matter, strange
quarks, and antiquarks in string melting AMPT come from
the decomposition or melting of strange mesons and hyperons
from the Lund string fragmentation, which produces hyperons
and antihyperons with different rapidity distributions due to
the nonzero net-baryon number. As a result, the yield of an-
tistrange quarks at midrapidity from AMPT is slightly larger
than that of strange quarks, and this may result in a larger
yield of midrapidity antistrange baryons than strange baryons
in heavy-ion collisions at low energies, which contradicts to
what is observed in experiments [33]. To resolve this problem,
we randomly exchange the initial strange and antistrange
quarks produced from the same melting string to make their
distributions to be the same. Note that the need to randomize
the strange and antistrange quark distributions in the AMPT
was discussed earlier in Ref. [34].

IV. RESULTS AND DISCUSSIONS

Using the AMPT model with these new improvements,
we have studied hadron production in Pb + Pb collisions
at \/syy = 2.76 TeV and in Au + Au collisions at /syy =
200 GeV. For the parameters in Lund string fragmentation
and the baryon coalescence parameter rgy, we adopt the
values used in Ref. [28] and in Ref. [29], respectively. We
also use the strong coupling constant «g = 0.33 and a parton
cross section of 1.5 mb for the parton cascade ZPC [29]. We
then determine the value of the hyperon enhancement factor
ry according to the total yield of hyperon of a given species
from experiments [33,35-38]. In Table I, the values for r,,
rg, and rq as well as those of the parameters a and b in Lund
string fragmentation are shown for above collision systems as
well as for p-Pb collisions at the LHC.

Our results for these two heavy-ion collision systems ob-
tained with the same set of rgy and ry values [cf. Table I
are shown in Fig. 1. One sees that the extended AMPT model
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TABLE 1. Values of a and b parameters in the Lund string
fragmentation as well as the rgy; parameter for baryon production and
the ry factors for hyperon production in the coalescence model for
central (0-5%) Au+Au collisions at the top RHIC energy and central
(0-5%) Pb+Pb collisions or p-Pb collisions at the LHC energies.

A/ SNN (GGV) a

Au+Au 200 0.55 0.15 061 1.1 12 15
Pb+-Pb 2760 0.30 0.15 061 1.1 12 15
p+Pb 5020 0.30 0.15 054 12 12 13

System b(GeV™®) gy ra rz re

0]

with the ry value taken to be 1.1 for A and larger for E and
2 not only provides a good description of the measured 7,
K, and p transverse momentum pr spectra like before [29], it
also describes well those of multistrange baryons in heavy-ion
collisions at both RHIC and LHC energies.

‘We have also studied the hadronic cascade effect on hadron
production at midrapidity in AMPT by turning on and off
the hadron cascade component in AMPT, and the results are
shown as solid and dashed lines in Fig. 1, respectively. It
is seen that the hadronic effect is not small, resulting in a
reduction of E and €2 yields up to 20% and the proton yield by
10%, while an increase of the A yield by 10%. Note that these
hadronic effects on hyperons depend sensitively on the input
hadronic cross sections in the transport model and further
detailed studies are needed.

For p-Pb collisions at ,/syy = 5.02 TeV, we find that a
smaller value for the baryon coalescence factor of rgp = 0.54
is required to describe the proton yield [39] because the
baryon to meson ratio in high multiplicity p-Pb collisions is
smaller than that measured in central Pb + Pb collisions [39].
Using the hyperon enhancement factors of ry = 1.2, rg =
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1.2, and rg = 1.3 as given in Table I, the AMPT results for the
pr spectra of w, K, p, A, E, and €2 in high multiplicity p-Pb
collisions at /syy = 5.02 TeV are shown in Fig. 2, which are
seen to agree well with the experimental data. The hadronic
cascade effect is seen to be small from comparing the results
with and without the hadron cascade component in AMPT,
shown as solid lines and dashed lines in Fig. 2, respectively.
We have also checked that the results obtained using the same
ry factors for other multiplicity intervals also describe the
hyperon data reasonably well with less than 10% difference
in the integrated yield at midrapidity.

Figure 3 presents the multiplicity dependence of K, p,
A, E, and 2 to pion dN/dy ratios in p-Pb collisions at
JSnn = 5.02 TeV based on 2 x 10° events from the extended
AMPT model for each multiplicity interval. For the criteria
on multiplicity interval selection, we follow the experimental
method by using the charged particle pseudorapidity distribu-
tions within || < 0.5. Our (dN,,/dn) values for the centrality
of 0-5%, 5-10%, 10-20%, 20-40%, 40-60%, 60-80%, and
80-100% are 46, 37, 32, 24, 16, 8, and 3, respectively, which
are consistent with the values used in experiments [11,39].
The AMPT results obtained with the ry factors as given in
Table I (solid lines) are seen to describe very well the K
and p to pion yield ratios and reasonably well the hyperon
to pion yield ratios. On the other hand, without the hyperon
enhancement ry factors (i.e., using ry = 1 for all hyperons)
leads to a significant underestimation of the measured hy-
peron yields as shown by the dash-dotted lines, especially
for more central p-Pb collisions. A comparison of the two
sets of theoretical results shows that the enhancement in the
hyperon yields due to the ry factors depends both on the
multiplicity in a collision and the strangeness content of the
hyperon. For A, the enhancement is up to 50% in central and
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FIG. 1. The midrapidity pr spectraof @, K, p, A, E, and €2 in central Pb + Pb collisions at ,/syy = 2.76 TeV (left window) and in central
Au + Au collisions at ,/syy = 200 GeV (right window). Open symbols represent the experimental data [33,35-41], and the lines are AMPT

results with (solid lines) or without (dashed lines) hadron cascade.
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FIG. 2. The midrapidity hadron p; spectra in high multiplicity
p-Pb collisions at ,/syy = 5.02 TeV. Symbols represent the experi-
mental data for 7, K, p, and A at 0 < ycm < 0.5 [39] and for E and
Q at —0.5 < yom < 0 [36], and the lines are corresponding results
from the AMPT model with (solid) or without (dashed) hadron
cascade.

midcentral p-Pb collisions and 30% at 80-100% centrality.
For E that has the same ry as for A according to Table I,
these numbers are 40% for central and midcentral collisions,
30% at 60-80% centrality, and 20% at 80-100% centrality.
The enhancement in 2 production due to rg shows a similar
centrality dependence as the E. We note that the hadronic
effect in p-Pb collisions is generally important for proton
due to baryon-antibaryon production from and annihilation to
mesons, and the yields of various hyperons are only slightly
affected by the strangeness-exchange reactions in the hadronic
matter. It is worth mentioning that including the hadronic ef-
fect is important in describing the multiplicity dependence of
short-lived resonances, such as the K*° meson yield measured
in p-Pb collisions at LHC energy [42].

The need to use different values of the coalescence factors
(rgm and ry) for p-Pb collisions and central Pb 4+ Pb collisions
at the LHC energies suggests that these phenomenological
parameters depend on the system size. Such a phenomenon
is also present in a recent study [44], in which a multiplicity-
dependent parameter is introduced in a dynamical core-corona
model to describe the measured strange baryons to pion ratios
in relativistic heavy-ion collisions. This is not surprising since
the coalescence model used in the present AMPT model for
hadronization is based on formation of hadrons from nearest-
neighbor quarks, instead of using the hadron Wigner functions
as in more realistic approach [45,46]. Also, in ordering the
sequence for partons to coalesce in the AMPT, it is currently

T
1 © pPbys,=5.02Tev -
F o ppls=7TeV ]
r — Extended AMPT (rA=1.2, r-=1.2,r,=1.3) b
L K"+K', or K¢ i

Ratio of yields to (n* + 1)

FIG. 3. The midrapidity yield ratios of kaon, proton, A, E, Q
to pion in pp collisions at \/syy = 7 TeV and in p-Pb collisions at
A/Svy = 5.02 TeV. Results from experiments [11,36,39] are shown
by open symbols for p-Pb collisions and filled symbols for pp
collisions, and the lines are AMPT results for p-Pb collisions with
(solid) or without (dot-dashed) the extra hyperon enhancement ry
factors.

based on the inverse of the freeze-out time, using other types
of ordering could affect the values of rgy and ry.

The dependence of the coalescence factors on system
size should also affect the centrality dependence in A + A
collisions, therefore we have further studied the centrality
dependence of K, p, A, E, and 2 to pion yield ratios in Au +
Au collisions at /syy = 200 GeV. Shown in Fig. 4 by solid
and dashed lines are results from the extended AMPT model
by taking the values of the four coalescence factors from
Table I for A + A collisions and p-Pb collisions, respectively;
while the values of the parameters a and b in the Lund string
fragmentation are taken from Table I for Au + Au collisions.
For comparison, we show by open symbols the experimental
data from Au + Au collisions at /syy = 200 GeV [37,43]
and the high-multiplicity events of p-Pb collisions at ,/syy =
5.02 TeV [36,39]. We see that the extended AMPT using the
coalescence parameter values for A + A collisions in Table I
(solid lines) gives a good description of the data from central
Au + Au collisions but systematically overpredicts the p, &,
and Q data from peripheral collisions. On the other hand,
the extended AMPT using the coalescence parameter values
for p-Pb collisions (dashed lines) improves its description of
the experimental data for peripheral Au + Au collisions. The
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FIG. 4. The multiplicity dependence of K, p, A, &, and Q to
pion yield ratios in Au + Au collisions at ,/syy = 200 GeV from
the extended AMPT model using different values of coalescence
factors (solid and dashed lines). Results from experiments are shown
by open circles for Au + Au collisions [37,43] and open squares for
p-Pb collisions [36,39].

observation that peripheral and central Au+ Au collisions
prefer different sets of 7y and ry values shows that these
coalescence factors depend on the size of a collision system.
Furthermore, the improvement in the description of peripheral
Au + Au collisions using the coalescence parameter values
for p-Pb collisions suggests that the coalescence factors do
not depend much on whether the system is produced from
A + A or p + A collisions. Note that the possible dependence
of the coalescence factors on the collision energy (at the same
system size) is not investigated in this study.

As in an early version of the AMPT model [26,27] that
used the original quark coalescence algorithm, the extended
AMPT model in the present study can also describe the
differential elliptic flow v,(pr) and triangular flow v3(pr) as
functions of pr. Results obtained from the long-range two-
particle azimuthal correlation functions are shown in Fig. 5
for charged particles with || < 2.4 and pr > 0.1 GeV/c in
a high multiplicity window. Our results with parton scattering
cross section of 1.5 mb and 3 mb, shown by solid lines and
open squares, respectively, are close to each other, and both
give a good description of the experiment data shown by filled
circles [47]. Compared to the earlier AMPT results [26] (open
circles), results from present AMPT calculations using the
same parton scattering cross section are about the same. The
seemingly nonmonotonic behavior of v3(p7) from the parton
scattering cross section of 3 mb in our results is largely due

0.2 ‘ ‘
| p-Pb5.02 TeV, 180<N, __ <220 ]
B ® CMS data 7
0.5 © AwPTw2i (3 mb), Bzdak 2014 A ]
N L O Extended AMPT (3 mb) + +
% [ Extended AMPT (1.5 mb) T
g
o 0.1
NG
>
0.05

P, (GeV/c)

FIG. 5. The pr dependence of elliptic flow v, and triangular flow
v3 of charged particles in high multiplicity p-Pb collisions from the
extended AMPT model with parton cross sections of 1.5 mb (solid
lines) and 3 mb (open squares), respectively. The CMS data are
represented by filled circles, and results from an early version of
AMPT model are denoted by open circles [26].

to statistical fluctuations as the number of events in our study
is much smaller than that in Ref. [26]. However, the present
extended AMPT model describes better the baryon yields
and pr spectra, while the early results [27] underpredicted
the low-py yield of pions but overpredicted that of protons.
Although the hadron p7 spectra shown in Figs. 1 and 2
are obtained from the extended AMPT model with a parton
scattering cross section of 1.5 mb, using a larger cross section
of 3 mb only has a very small effect on these results.

V. CONCLUSION

We have introduced additional coalescence factors for
strange baryons in the string melting version of the AMPT
model in order to improve its description of multistrange
hadron production in heavy-ion collisions at both the LHC
and RHIC energies. This extended AMPT model is shown
to describe reasonably well the hyperon pr spectra in central
Pb + Pb collisions at the LHC energy and Au + Au collisions
at the top RHIC energy. It can also qualitatively describe the
multiplicity dependence of strangeness enhancement in high
multiplicity pp and p-Pb collisions at LHC energies. We find
that the coalescence factors depend on the system size but
not much on where the system is produced from, and using
multiplicity-dependent coalescence factors improves the de-
scription of the centrality dependence of particle production in
Au + Au collisions. The current study provides a convenient
way to model the mechanism underlying the strangeness
enhancement observed in both small and large systems from
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nuclear collisions at the LHC, and it could also be relevant for
the study of the QCD phase diagram in the Beam Energy Scan
Program at RHIC via strange baryon production [48,49].
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