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Light nuclei production in a multiphase transport model for relativistic heavy ion collisions
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Based on an improved multiphase transport (AMPT) model, which gives a good description of proton
production with a smooth quark matter to hadronic matter transition in relativistic heavy ion collisions, we study
deuteron and triton productions from the coalescence of nucleons at the kinetic freezeout of these collisions.
For central Au+Au collisions at center-of-mass energies

√
sNN from 7.7 GeV to 200 GeV available at the

Relativistic Heavy Ion Collider (RHIC), we find that the yield ratio NtNp/N2
d of proton, deuteron, and triton is

a monotonic function of collision energy. Our study confirms the results from similar studies based on different
dynamic model, which have either no phase transition or a crossover transition between the quark-gluon plasma
and the hadronic matter, that this yield ratio does not show any nonmonotonic behavior in its collision-energy
dependence.

DOI: 10.1103/PhysRevC.103.064909

I. INTRODUCTION

Light nuclei, such as deuteron (d), helium-3 (3He), triton
(3H or t), helium-4 (4He), hypertriton (3�H), and their an-
tiparticles, have been observed in high energy nucleus-nucleus
(AA), proton-nucleus (pA), and pp collisions at RHIC and the
LHC [1–6]. Because of their potential role in the search for the
critical point [7–9] of strongly interacting matter in heavy ion
collisions [10–13], studying these loosely bound nuclei with
binding energies much smaller than the temperature of the hot
dense matter created in these collisions has recently received
an increased attention [14–31]. Also, these studies are useful
for understanding the production of light (anti)nuclei in cos-
mic rays and in dark matter experiments [32–35]. As to the use
of light nuclei production to probe the QCD phase diagram
in relativistic heavy ion collisions, it is mainly due to their
composite structures that make their production mostly from
nucleons close in phase space and thus sensitive to nucleon
correlations and density fluctuations [10–13]. In particular,
it has been suggested in Refs. [10,11,36] that the yield ratio
NtNp/N2

d of proton, deuteron, and triton in relativistic heavy
ion collisions could show a nonmonotonic dependence on the
collision energy as a result of the enhanced density fluctua-
tions due to the spinodal instability during a first-order quark
to hadronic matter phase transition and/or the long-range
correlation if the produced matter is close to the critical point
of the QCD matter.
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The production of light nuclei in relativistic heavy ion
collisions has been studied in various models, including the
statistical hadronization model [37,38], the nucleon coales-
cence model [39,40], and dynamical models based on the
kinetic theory [41]. In the statistical hadronization model, the
yields of light nuclei are determined at the same chemical
freezeout temperature and baryon chemical potential as those
for identified hadrons like protons, pions, and kaons, while
their spectra are calculated from a blast-wave model at the
hadronic kinetic freezeout when hadrons undergo their last
collisions. This model has successfully described light nu-
clei production in Pb+Pb collisions at

√
sNN = 2.76 TeV at

LHC [16].
In the coalescence model, light nuclei are formed at kinetic

freezeout of heavy ion collisions from nucleons that are close
in phase space. There have been various ways of implement-
ing the coalescence model in the literature, and these include
the naive coalescence model based on the introduction of a
phenomenological coalescence radius in phase space [39,40],
the phase-space coalescence model that takes into account the
internal wave functions of light nuclei [42–45], and the coa-
lescence model that further uses the phase-space information
of nucleons from microscopic transport models [19,46–49].

In dynamic models for light nuclei production, these nuclei
are treated as explicit degrees of freedom, and their produc-
tion and destruction during the hadronic evolution stage in
heavy ion collisions are described by appropriate hadronic
reactions with cross sections that satisfy the detailed balance
relations [50–52]. In particular, the studies in Refs. [51,52]
have shown that the deuteron yield remains almost un-
changed from the chemical freezeout to the kinetic freezeout
as a result of the large deuteron production and destruction
cross sections that keep the deuteron abundance in thermal
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and chemical equilibrium in the expanding hadronic matter
with decreasing temperature but increasing baryon chemical
potential.

All above models have been used in understanding the re-
cent data from the STAR Collaboration on deuteron and triton
in Au+Au collisions at

√
sNN= 7.7–200 GeV [53–55]. For

the thermal model, it gives a good description of the deuteron
yield but overestimates the triton yield. None of these models
can, however, reproduce the nonmonotonic behavior or peak
structure in the collision-energy dependence of the yield ratio
NpNt/N2

d .
In the present paper, we investigate the production of

deuteron and triton in most central Au+Au collisions at
√
sNN

= 7.7-200 GeV by using the phase-space coalescence model
based on kinetically freezeout nucleons from an improved
multiphase transport (AMPT) model [56,57]. The AMPT
model, which has been extensively used for studying various
observables in heavy ion collisions at relativistic energies, in-
cludes the initial conditions from the HIJING model [58,59],
the parton cascade via the ZPC model [60], and the hadronic
transport based on the ART model [61] as well as a spatial
quark coalescence model that converts kinetically freezeout
quarks and antiquarks to the initial hadrons, resulting in a
crossover phase transition. We find that the collision-energy
dependence of the yield ratio NtNp/N2

d from this model is
essentially a constant. Our result is thus consistent with that
obtained from a pure hadronic transport model [47] and also
that from a hybrid model of hydrodynamics and hadronic
transport with a crossover transition [62].

This paper is organized as follows. In Sec. II, we give
a brief description of the nucleon phase-space coalescence
model. We then present in Sec. III the energy dependence of
the yield ratios Nd/Np, Nt/Np, and NtNp/N2

d obtained from the
coalescence model based on nucleons from the AMPT model.
Finally, a conclusion is given in Sec. V.

II. THE NUCLEON COALESCENCE MODEL

For deuteron production from an emission source of pro-
tons and neutrons, its number in the coalescence model
is calculated from the overlap of the proton and neutron
phase-space distribution functions fp,n(x,p) with the Wigner
functionWd(x,p) of the deuteron internal wave function [65],
i.e.,

Nd = gd

∫
d3x1d3p1d3x2d3p2 fn(x1,p1)

× fp(x2,p2)Wd(x,p), (1)

with gd = 3/4 being the statistical factor for forming a
deuteron of spin 1 from two spin 1/2 proton and neutron.
Using the Gaussian or harmonic oscillator wave function for
the internal wave function of a deuteron, as usually assumed
in the coalescence model for deuteron production, its Wigner
function is

Wd(x,p) = 8 exp

(
− x2

σ 2
d

− σ 2
d p

2

)
(2)

and is normalized according to
∫
d3x

∫
d3pWd (x,p) =

(2π )3. In the above, x and p are, respectively, the relative
coordinate and momentum of the two nucleons in a deuteron,
defined together with their center-of-mass coordinate X and
momentum P by [45,66,67]

X = x1 + x2
2

, x = x1 − x2√
2

,

P = p1 + p2, p = p1 − p2√
2

. (3)

The parameter σ in Eq. (2) is related the root-mean-square
radius rd of deuteron by σd = √

4/3 rd ≈ 2.26 fm and is much
smaller than the size of the hadronic system considered in the
present study. We note that using the more realistic Hulthén
wave function [68] for the deuteron, which can be represented
by 15 Guassian functions with different size parameters [66],
gives essentially the same deuteron yield in central Au+Au
collisions.

Similarly, the number of tritons from the coalescence of
two neutrons and one proton is given by

Nt = gt

∫
d3x1d3p1d3x2d3p2d3x3d3p3 fn(x1,p1)

× fn(x2,p2) fp(x3,p3)Wt(x,λ,p,pλ), (4)

where gt = 1/4 is the statistical factor for the formation of a
spin 1/2 triton from two spin 1/2 neutrons and one spin 1/2
proton. As for deuteron, we take the triton Wigner function to
also have a Gaussian form,

Wt(x,λ,p,pλ) = 82 exp

(
− x2

σ 2
t

− λ2

σ 2
t

− σ 2
t p

2 − σ 2
t p

2
λ

)
,

(5)

where x and p are defined as in Eq. (3), and λ and pλ are
the additional relative coordinate and momentum. The latter
are defined together with the center-of-mass coordinate X and
momentum P of the nucleons in triton by [45,66,67]

X = x1 + x2 + x3
3

, λ = x1 + x2 − 2x3√
6

,

P = p1 + p2 + p3, pλ = p1 + p2 − 2p3√
6

. (6)

The parameter σt in Eq. (5) is related to the root-mean-square
radius rt of triton by σt = rt = 1.59 fm [69]. We note that the
coordinate transformations in Eqs. (3) and (6) conserve the
phase-space volume, although not separately the volumes in
coordinate and momentum spaces.

III. LIGHT NUCLEI PRODUCTION FROM
THE AMPT MODEL

In the present work, we use the improved AMPT model of
Ref. [57], which gives a better description of baryon produc-
tion in relativistic heavy ion collisions than the usual AMPT
model, to provide the phase-space information of nucleons
needed for the production of deuteron and triton via the co-
alescence model. Specifically, from the kinetically freezeout
nucleons given by AMPT with each one having a freezeout
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FIG. 1. Transverse momentum (pT ) spectra of protons and pions
in 0–5% central Au+Au collisions at

√
sNN = 7.7 GeV [panel (a)]

and 200 GeV [panel (b)]. Theoretical results are shown by solid lines
for protons and dashed lines for pions, while the experimental data
from Refs. [63,64] for protons and pions are denoted by solid stars
and squares, respectively. Data for protons at

√
sNN = 200 GeV are

corrected for the weak-decay contribution from hyperons.

position, momentum, and time, the probability for a proton
and a neutron to form a deuteron is calculated from Eq. (1) by
using their relative coordinate and momentum obtained after
free streaming the nucleon with an earlier freezeout time to the
later freezeout time of the other nucleon. A similar procedure
is used in calculating the probability from Eq. (4) for two
neutrons and one proton to coalesce into a triton, i.e., by free
streaming the two nucleons of earlier freezeout times to the
last freezeout time of the remaining nucleon.

We first show in Fig. 1 the transverse momentum (pT )
spectra of protons (solid lines) and pions (dashed lines) in
0–5% central Au+Au collisions at

√
sNN = 7.7 GeV [panel

(a)] and 200 GeV [panel (b)] obtained from the theoretical
calculations. They are seen to describe fairly well the experi-
mental data from Refs. [63,64,70], shown by solid stars and
squares for protons and pions, respectively, confirming the
success of the improved AMPT model of Ref. [57] in de-
scribing proton production in relativistic heavy ion collisions
at RHIC energies.

We then show in the left window of Fig. 2 the yield ratio
Nd/Np (d/p) of deuteron to proton and Nt/Np (t/p) of triton to
proton as functions of the collision energy

√
sNN . Results from

the AMPT model, denoted by lines with solid squares, are
seen to overestimate the measured d/p ratio (solid stars) by
about a factor of three and t/p ratio (open stars) by about a fac-
tor of nine for all collision energies from 7.7 GeV to 200 GeV.
The overestimation of deuteron production has also been no-
ticed in Ref. [46] based on an earlier version of the AMPT
model. This is due to the smaller hadronization hypersurface
in the AMPT model compared to that from the hydrodynamic
model [72], which has been shown to describe very well the
deuteron and triton yields measured in experiments [62], after
including the hadronic after burner and then using the nucleon
coalescence model to describe the production of light nuclei.
As a result, nucleons from the AMPT model occupy a smaller
volume at kinetic freezeout and thus have larger probabilities
to coalesce into deuterons and tritons than those from the hy-
drodynamic model. Improved treatments of partonic evolution
and hadronization in AMPT are thus needed but are beyond
the scope of the present study.

The right window of Fig. 2 shows the yield ratio NtNp/N2
d

in central Au+Au collisions as a function of the collision
energy

√
sNN . It is seen that except for

√
sNN < 20 GeV,

where the central value of this ratio slightly increases with
decreasing collision energy, it has almost a constant value of
around 0.4, which is slightly larger than the value of around

FIG. 2. The yield ratio Nd/Np of deuteron to proton and Nt/Np of triton to proton (left window) as well as the yield ratio NtNp/N2
d (right

window) as functions of the collision energy
√
sNN in central Au+Au collisions. Results from the AMPT model are denoted by lines with

filled squares and circles obtained by using Gaussian and step functions, respectively. The experimental data taken from Refs. [47,53–55] are
shown by solid and open stars after correcting the weak-decay contribution from hyperons to protons [71].
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0.29 obtained by assuming a uniform distribution of nucleons
in the analytical calculations of Refs. [10,11]. The monotonic
behavior of the yield ratio NtNp/N2

d obtained in the present
study contradicts the nonmonotonic behavior seen in the data,
shown by solid stars in the right window of Fig. 2. This result
supports the suggestion in Refs. [10–13] that a nonmonotonic
dependence of this ratio on the energy of heavy ion collisions
could be due to a first-order phase transition in the produced
matter or the approach to the critical point of the QCD matter.

Our result on the NtNp/N2
d ratio is similar to that in a

recent study [62] obtained from the nucleon coalescence
model by using kinetic freezeout nucleons from a new three-
dimensional hybrid dynamical model (IEBE-MUSIC) with a
smooth crossover equation of state without a QCD critical
point, where the predicted value of the yield ratio NtNp/N2

d
is also almost a constant as a function of collision energy. A
similar conclusion of a collision energy independent NtNp/N2

d
ratio has also been obtained in Ref. [47] based on the coales-
cence of kinetically freezeout nucleons from a pure hadronic
JAM transport model by using step Wigner functions for
the deuteron and triton. To see the effects of using different
Wigner functions for the deuteron and triton in the coales-
cence model, we repeat our study with the Heaviside step
functions:

Wd = θ (�rd − |x|)θ (�pd − |p|), (7)

Wt = θ (�rt − |x|)θ (�rt − |λ|)θ (�pt − |p|)θ (�pt − |pλ|),
(8)

where �rd,t and �pd,t are parameters. As usually done in
coalescence model with step Wigner functions [47,49,73],
we fix the values of �rd and �rt by requiring them to give
the same root mean square radii of deuteron and triton as
the empirical ones. This leads to �rd = √

10/3rd = 3.6 fm
and �rt = √

5/2rt = 2.5 fm. We then determine the values
for �pd and �pt by fitting the experimental deuteron and
triton yields. We find that a single set of parameters �pd =
86.8MeV and �pt = 118MeV can well describe the d/p and
t/p ratios from

√
sNN = 7.7 GeV to 200 GeV as shown by the

solid lines with filled circles in the left widow of Fig. 2. The
collision-energy dependence of the yield ratio NtNp/N2

d from
using the step Wigner functions is shown by the solid line
with filled circles in the right window of Fig. 2 and is seen
to have a similar behavior as that from using the Gaussian
Wigner functions. The fact that the yield ratio NtNp/N2

d is

insensitive to the details of the coalescence model indicates
that its monotonic dependence on the collision energy is
mainly due to the absence of nucleon density fluctuations
in these collisions. Results from our study as well as those
from Refs. [47,62] thus indicates that in dynamic models for
relativistic heavy ion collisions without the QGP to hadronic
matter phase transition or with a crossover transition, the yield
ratio NtNp/N2

d would not show any nonmonotonic dependence
on the collision energy. This result is useful for the beam
energy scan (BES) program at RHIC to search for the QCD
critical point in heavy ion collisions.

IV. CONCLUSIONS

In the present paper, we have studied light nuclei produc-
tion from central Au+Au collision at

√
sNN = 7.7 − 200 GeV

in the nucleon coalescence model based on the phase-space
distribution of kinetically freezeout nucleons from an im-
proved AMPT model. We have found that the yield ratio
NtNp/N2

d varies monotonically as a function of collision en-
ergy. Our results from the AMPT model, which only has a
smooth crossover from the partonic matter to the hadronic
matter, confirm those from other dynamic models that have
either no phase transition or only a crossover transition.
A deviation of experimentally measured collision-energy
dependence of this ratio from these results, especially a
nonmonotonic behavior, could hint at the occurrence of a non-
smooth phase transition in the produced matter for collisions
at certain energies. Since light nuclei production from the
coalescence of nucleons depends on the size of homogeneity
in the nucleon emission source, a simultaneous study of their
production and the Hanbury-Brown-Twiss (HBT) radii as a
function of the collision energy within the same dynamic
model will be very useful for the determination of the location
of the critical point in the QCD phase diagram from heavy ion
collision in the BES program at RHIC as well as at future
FAIR in GSI and NICA in Dubna.
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