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Abstract: This study uses the AMPT model in Aut+Au collisions to study the influence of the three nucleon correl-
ation C,2,, on light nuclei yield ratios. Neglecting C,2,, results in an overestimated relative neutron density fluctu-

ation extraction. In contrast, including C,;2,, enhances the agreement with experimental results with higher yield ra-

tios but does not change the energy dependence of the yield ratio. Since the AMPT model does exhibit a first-order

phase transition or critical physics, the study fails to reproduce the experimental energy-dependent peak around
V/Snn =20 — 30 GeV. The study'us findings might offer a baseline for investigating critical physics phenomena us-

ing light nuclei production as a probe.
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I. INTRODUCTION

Quantum chromodynamics (QCD), the bedrock the-
ory of strong interactions between quarks and gluons, has
motivated the exploration of QCD phase diagrams [1] to
map the behavior of QCD matter under extreme condi-
tions. One of the pivotal objectives of the Beam Energy
Scan (BES) program at the Relativistic Heavy-lon Col-
lider (RHIC) is the search for the elusive QCD critical
point [2—7]. This research is also a key motivation for fu-
ture accelerators, such as the Facility for Anti-Proton and
Ion Research (FAIR) in Darmstadt and the Nuclotron-
based Ion Collider fAcility (NICA) in Dubna.

Close to the QCD critical point, fluctuations in con-
served quantities, notably baryon number (B), charge (Q),
and strangeness (), are expected [8]. The production of
light nuclei is predicted to be sensitive to baryon density
fluctuations under the premise that the nuclei are formed
by the coalescence of nucleons [9, 10]. The light nuclei
yield ratio, expressed as N,N,/N3, which encompasses the
production of proton(p), deuteron(d), and triton(z), can be
posited to be delineated by the relative neutron density
fluctuation (Ap, ) and the correlation between neutron and
proton densities at the kinetic freeze-out point. Notably,
the STAR collaboration has reported a non-monotonic
energy dependence of the yield ratio that peaks around 20
— 30 GeV in the most central Au+Au collisions [11, 12].
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If correlations between neutron and proton densities are
disregarded, the light nuclei yield ratio has direct propor-
tionality with relative neutron density fluctuations. Exper-
imental observations have implied the existence of a large
relative neutron density fluctuation at this energy range.
In our previous work [13], we used the AMPT model
to investigate the impact of the two-body neutron-proton
density correlation, C,,, on the yield ratio of light nuclei.
We arrived at the conclusion that the correlation C,, has
a slight effect on the light nuclei yield ratio at central or
mid-central Au+Au collisions. In other words, experi-
mentalists can extract the relative neutron density fluctu-
ation directly from the light nuclei yield ratio. In contrast,
for peripheral collisions, the effect of C,, on the light
nuclei yield ratio increases and related effects must be
considered when extracting the density fluctuation.
However, a critical aspect overlooked in that study con-
cerned the three-nucleon correlation involving two neut-
rons and one proton, C,z,, which directly influences tri-
ton yields and, consequently, the overall light nuclei yield
ratio. Because tritons are products of coalescence pro-
cesses involving multiple nucleons, the inclusion of C,z,,
is pivotal for a comprehensive understanding of light nuc-
lei formation dynamics and the accurate extraction of rel-
ative neutron density fluctuations from experimental data.
Therefore, this study aims to build on our previous
findings by delving into the influence of the three-nucle-
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on correlation C,., on the light nuclei yield ratio.
Through this enhanced analysis, we expect to show the
importance of C,., on the extraction of relative neutron
density fluctuations from the light nuclei yield ratio,
thereby offering insights for the quest of identifying the
QCD critical point. This paper is structured as follows:
we commence with a review of the AMPT model. We
then show the definition of the three-nucleon correlation
and its connection to the light nuclei yield ratio. Sub-
sequently, we present our results on the dependence of
the three-nucleon correlation on rapidity coverage, colli-
sion centrality, and energy. Finally, we discuss the im-
plications of the C,2,, on the light nuclei yield ratio and its
observed energy-dependent behavior in experiments.

II. MODEL

AMPT, a multi-phase transport model, is a hybrid
model consisting of four components: initial conditions,
partonic interactions, partonic matter to hadronic matter
conversion, and hadronic interactions [14]. The default
version of the AMPT model involves only mini-jet par-
tons in its parton cascade and uses the Lund string frag-
mentation for parton hadronization [15]. Conversly, the
string melting version of the AMPT model involves the
conversion of all excited strings into partons and the use
of'a quark coalescence model to describe parton hadron-
ization. Typically, the default version gives a reasonable
description of dN/dn, dN/dy, and the pr spectra, while
the string melting version describes the magnitude of the
elliptic flow but not the py spectra. The string melting
version, with a modified set of parameters, can well re-
produce the pr spectra and elliptic flows at the RHIC top
energy [16]. In this paper, all the results are studied using
this set of parameters.

Based on Refs. [9, 11] and our preceding work [13],
we commence with a review of the nucleon coalescence
model and its consequent estimations of light nuclear
yields. Ignoring the binding energy of light nuclei, their
abundance can be formulated as follows:

o \3A-D/2 A A
Nc=gcA3/2 (m> V<pp>A])<pn>An ZZCZ,,C{A”CMP'”
¢ i=0  j=0
)
25 +1
Here, &= ~oa  represents the coalescence factor

forA=A,+A, nucleons of spin 1/2 forming a cluster
with a total spin of S. The same nucleon mass m, is con-
sidered for both protons and neutrons. V denotes the sys-
tem volum, and T, is the effective temperature at kinetic
freeze-out. (p,) and {p,) are the neutron and proton dens-
ity. Combinations are represented by CQF and C} . Cyi is
the corelation between j—neutrons and i—protons,

defined as:

(6p,,00})
Cppy = 2000 )
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The relative neutron density fluctuation Ap, =02/
{pn)* is equivalent to C,20. The two-body neutron-proton
density correlation, C,,, is given by:

C = (0pp00n) _ {PpPn) 1 3)

" ooy {p)on)

The three-nucleon correlation, C,z,, can be expressed as

_ (5)0,,5,03) _

2
Cpoy = OpPr)

©pX2)  {op)on)

—(1+2C,). @)

Employing these formulations, the yields of deuteron and
triton are specified as:

3 ox \32
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N = 4 (mOTeﬁ> VppXon) (1 +Ap, +2Cp + Crzyp).

(6)

Subsequently, the light nuclei yield ratio is compactly
presented as:

R= 1 1+Ap,+2C,, +Cpp
23 (1+Cyp)?

(N

The three-nucleon correlation C,2, exerts a significant in-
fluence on the light nuclei yield ratios, effectively enhan-
cing them. Assuming the three-nucleon correlation C,, is
zero, Eq. (7) simplifies to:

_ I 1+Ap,+2C,,
243 (1+C)?

®)

Taking the analysis a step further, if the two-nucleon cor-
relation C,, is also neglected, the light nuclei yield ratio
is further simplified and can be expressed as:

R= 1+Ap,
23

)

In this highly simplified scenario, the yield ratio is dir-
ectly proportional to the relative neutron density fluctu-
ation Ap,, which forms the experimental basis for extract-
ing the Ap, from the yield ratios of light nuclei.
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Following the procedure in our preceding work, the
event-by-event multiplicity and fluctuation of the proton
(N,), S,, neutron (N,), S, and their mixed moments
(N,N,),{N,N?) can be extracted from the AMPT model.
When calculating Ap,,Ap,, the system volume effects are
eliminated. In the AMPT model, nucleon production is
analyzed across varying rapidity intervals and collision
centralities. The definition of centrality is determined by
the per-event charged particle multiplicity N, for the
pseudorapidity range n < 0.5.

III. RESULTS AND DISCUSSION

Figure 1 illustrates the rapidity coverage dependence
of the dimensionless statistics o,/(n), 0,/{p), Cyp, Cp2p,
and C,,». for 0-10% AutAu collisions at +/syy =200
GeV. o,/{p,) and o,/{p,), which can be regarded as rel-
ative nucleon density fluctuations, decrease with increas-
ing rapidity coverage. It can be found that the relative
density fluctuation for neutrons o,/(n) and protons
o,/{py are roughly equivalent and decrease with increas-
ing rapidity coverage. In the smaller rapidity coverage re-
gion, especially at mid-rapidity, particle pair production
dominates. Consequently, nucleon density fluctuations
are relatively larger at mid-rapidity compared to a wider
rapidity coverage. The correlation C,, is independent of
rapidity coverage and almost vanishes for 0 — 10%
AutAu collisions at +/syy = 200 GeV. Similar results are
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Fig. 1.  (color online) Top panel: Dimensionless statistics
an/(n)s Tp/{PYs Cups Cp2ps and Cpp2 for 0 — 10% Aut+Au colli-
sions at +/syy =200 GeV. Bottom panel: The light nuclei yield
ratio NiN, /N§ calculated from the top panel shown as solid
circles for Eq. (7), opened circles for Eq. (8), and a solid line
for Eq. (9).

observed between the correlation C,2, for two neutrons
and one proton and the correlation C,,» for one neutron
and two protons. The behavior of C,z, is similar to that of
the relative neutron density fluctuations o-,/(n), with both
decreasing with increasing rapidity coverage.

The lower panel in Fig. 1 presents the light nuclei
yield ratios calculated using Egs. (7), (8), and (9), demon-
strating the comprehensive influence of bothC,,, and C,z,,,
the effects of C,, without C,2,, and the scenario without
any nucleon correlation effects C,, and C,2,. We also
draw the line of 1/2+V3, which holds for scenarios
without both relative neutron density fluctuation and nuc-
leon correlations. It is observed that, due to the near-zero
value of C,, for central collisions, its impact on the light
nuclei yield ratios is insignificant. Moreover, since C,z),
exhibits a similar dependence on the rapidity coverage as
the relative neutron density fluctuation o, /{n), including
C,, increases the calculated light nuclei yield ratios.
Consequently, if C,, is disregarded in the analysis, em-
ploying Eq. (8) to extract the relative neutron density
fluctuation from the light nuclei yield ratios would yield
an overestimated value compared compared to actual
physical figure.

The top panel of Fig. 2 shows the rapidity coverage
dependence of o,/(n), o,/{p), Cup, Cpp, and C,, for
60% — 80% Au+Au collisions at +/syy =39 GeV. Con-
sistent with the findings from central collisions, o ,/{0,),
o./{pn), and C,,» decrease with increasing rapidity cover-
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Fig. 2.  (color online) Top panel: Dimensionless statistics
an/n), Tp/{PYs Cups Cp2ps and Cp2 for 60% — 80% AutAu
collisions at +/syy =39 GeV. Bottom panel: The light nuclei
yield ratio N;N,/N? calculated from the top panel are shown as
solid circles for Eq. (7), open circles for Eq. (8), and solid
lines for Eq. (9).
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age. At a given rapidity coverage, these quantities are
greater in peripheral collisions compared to those in cent-
ral collisions. For instance, the convergence value of
o,/{p,) at larger rapidity coverages is approximately 0.7
for peripheral collisions, whereas it is roughly 0.14 for
cental collisions at /syy =39 GeV.C,, is independent of
rapidity coverage for a non-negligible value of 0.45 — 0.5
in peripheral collisions. Consequently, the influence of
both C,, and C,, on the related light nuclei yield ratio in
peripheral collisions is evident in the bottom panel of Fig.
2. Specifically, the exclusion of C,, yields a reduced
light nuclei yield ratio, that is, a change from the solid
circles to the open circles. Conversely, when C,, is not
considered, the light nuclei yield ratio is increases, reflec-
ted by the shift from the open circles to the solid line. The
impact of C,, and C,2, on the light nuclei yield ratio are
contrasting. When both are considered, the deviation in
the yield ratio from that obtained by neglecting both de-
pends critically on the magnitude of their respective ef-
fects. Notably, the figure illustrates that for 60% — 80%
Au+tAu collisions at +/syy =39 GeV, the effects of these
two factors nearly offset each other. In other words, in
this particular case, considering both C,, and C,,yields
results similar to those derived when neither is con-
sidered. This highlights that, at least in this instance, the
net effect of incorporating C,, and C,», in the analysis
does not significantly change the light nuclei yield ratio.
The top panel of Fig. 3 illustrates the centrality de-
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Fig. 3.  (color online) Top panel: Dimensionless statistics
an/n)s Tp/{PYs Cups Cp2p and Cp2 for AutAu collisions at
vVswny =19.6 GeV with [y <0.5. Bottom panel: The light nuc-
lei yield ratio N;N,/N> calculated from the top panel are
shown as solid circles for Eq. (7), opened circles for Eq. (8),
and solid line for Eq. (9).

pendence of o,/(n), 0,/{p), Cup, Cr2p, and C,,» for Au+
Au collisions at +/syy = 19.6 GeV, confined to a rapidity
coverage of |y| < 0.5. Notably, these quantities increase as
the collisions transition from central to peripheral colli-
sions. The corresponding light nuclei yield ratio calcu-
lated using Egs. (7), (8), and (9) are presented at the bot-
tom of Fig. (3). These illustrate the influence of C,, and
C,2, on these yields. At central or mid-central collision,
the variation between the yield ratios given by Egs. (8)
and (9) is very small, implying that the influence of C,,
on the yield ratios can effectively be disregarded in these
collisions. Conversely, in peripheral collisions, the effect
of C,, on the yield ratios becomes significant and cannot
be ignored. Furthermore, it is observed that C,, exerts a
positive effect on the yield ratios, increasing the light
nuclei yield ratio. In contrast, C,, exerts a negative effect
on the yield ratios. Consequently, when both C,, and C,z,,
are considered, in central and mid-central collisions,
C,2,is dominant, leading to an increase in the yield ratio.
However, in peripheral collisions, the influences of these
two factors may offset each other.

Centrality bin width correction is important for any
event-by-event fluctuation calculation. In Fig. 4, we present
the light nuclei yield ratios obtained from different cent-
rality bin widths centered around six centrality. The x-ax-
is represents the centrality bin width. For example, for the
red solid triangles, a centrality width of 2% corresponds
to collisions within the centrality of 6% — 7%, while a
centrality width of 5% corresponds to collisions within
the centrality of 0 — 10%, representing the central colli-
sions reported in this study. Similarly, for the opened
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Fig. 4. (color online) Centrality bin width dependence of the

light nuclei yield ratio N,N,/N2 from the AMPT model for
AutAu collisions at +/syy =200 GeV with |y|<0.5. The dif-
ferent symbols represent results obtained at different central-
ity centered around specific centrality values (5%, 15%, 25%,
35%, 50%, 70%). Data points for centrality centers of 50%
and 70% are scaled by factors of 0.85 and 0.45, respectively,
for clarity.
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circles, a centrality width of 6% indicates the centrality of
47% — 53%. To better illustrate the results, the data
points corresponding to centrality centers of 50% and
70% are multiplied by factors of 0.85 and 0.45, respect-
ively. As shown in the figure, except for the most peri-
pheral collisions, for a given centrality center value, the
light nuclei yield ratios increase slightly with increasing
centrality width, with the increase being approximately
between 2% and 4%. This suggests that the influence of
the centrality bin width on the light nuclei yield ratios is
relatively minor.

Figure 5 illustrates the collision energy dependence of
the light nuclei yield ratio N,N,/N3 extracted from 0 —
10% central and 60% — 80% peripheral Aut+Au colli-
sions within [y| < 0.5. The dash-dot lines represent cases
where C,, and C,2, are disregarded. A slight increase in
the light nuclei yield ratio with increasing collision en-
ergy is evident from the AMPT model. At 0 — 10% cent-
ral collisions, the yield ratios are consistent with predic-
tions from the coalescence model calculations, 1/2 V3.
Peripheral collisions show larger yield ratios in comparis-
on to central collisions. When C,.,, is not considered, the
yield ratio for both central and peripheral collisions is re-
duced, suggesting that neglecting C,», would yield an
overestimate of neutron density fluctuations from experi-
mental data. Interestingly, the discrepancy between ex-
perimental and actual physical signals, induced by the
omission of C,,, remains unaffected by the collision en-
ergy, except at lower energies, specifically at 7.7 GeV. At
a lower energy regime, the influence of C,2, on the yield
ratio becomes more important, whose underlying mech-
anisms are unclear and constitute a focal point for future
research.

Figure 6 compares the experimental results from
STAR at 0 — 10% central AutAu collisions [12] and
NAA49 at central Pb+Pb collisions [9, 17]. Since we com-
pare the central collisions, the impact of C,, on the yield
from the AMPT model is deemed negligible. The inclu-
sion of C,2, enhances the light nuclei yield ratios, bring-
ing the AMPT model estimates closer to the experiment-
al results. However, the inclusion of C,2, does not change
the collision energy dependence of the yield ratio, thereby
failing to reproduce the non-monotonic behavior ob-
served in experiments. Given the absence of critical phe-
nomena in the AMPT, this result is reasonable. Using the
AMPT model, we obtain a better baseline of the light
nuclei yield ratio.

IV. SUMMARY

In summary, using the AMPT model for Au+Au col-
lisions, we study the rapidity, collision energy, and cent-
rality dependence of the relative neutron density fluctu-
ation o,/(nyand the two nucleons and three nucleons cor-
relations C,, and C,z,. The related light nuclei yield ra-
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Fig. 5.  (color online) Collision energy dependence of the

light nuclei yield ratio N,N,/N3 from the AMPT model for
Au+tAu collisions with |y| < 0.5. The results from 0 - 10% cent-
ral Au+Au collision are shown as solid circles for Eq. (7), sol-
id triangles for Eq. (8) and a red dashed line for Eq. (9). The
results from 60% - 80% peripheral Aut+Au collision are
shown as open circles for Eq. (7), open triangles for Eq. (8),
and a blue dashed line for Eq. (9).
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Fig. 6.  (color online) Collision energy and centrality de-

pendence of the light nuclei yield ratio N;N,/N3 from the
AMPT model with [y|<0.5. Solid circles are the results from
the STAR detector at 0 — 10% central AutAu collision [12].
Open squares are the results from NA49 at central Pb+Pb col-
lision [9, 17].

tios obtained using Egs. (7), (8), and (9) are also investig-
ated. At central or mid-central collisions, the influence of
C,, on the light nuclei yield ratios is insignificant.
However, in peripheral collisions, a non-zero C,, re-
duces the light nuclei yield ratio. Importantly, regardless
of central or peripheral collisions, the C,., leads to an
overall enhancement in the light nuclei yield ratios. Ow-
ing to the absence of critical physics in the AMPT model,
it fails to reproduce the experimental observations, partic-
ularly the peak observed in the light nuclei yield ratio
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around +/syy =20 — 30 GeV. Incorporating the three-nuc-
leon correlation C,2,,, our model produces results that of-
fer a more accurate baseline that is closer to the true ex-
perimental values.
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