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Abstract: This study utilizes the PYTHIAS8 Angantyr model to systematically investigate the effects of three nucle-
ons correlation Cy2p, 0n the light nuclei yield ratio N,Np/Nd2 for AutAu collisions at +/syy = 7.7, 11.5, 14.5, 19.6,
27, 39, 62.4, and 200 GeV. The analysis explores this property across different rapidity ranges, collision centralities,
and collision energies, while also examining the roles of multi-parton interactions (MPI) and color reconnection
(CR) mechanisms. The light nuclei yield ratio remains stable with changes in rapidity coverage and collision central-
ity but slightly increases with rising collision energy. The impact of CR on the light nuclei yield ratio depends on the
presence of MPI; when MPI is turned off, CR has no effect. Additionally, the three-nucleon correlation enhances the
light nuclei yield ratio for both central and peripheral collisions. However, the non-monotonic energy dependence
observed in experiments, the peak at /syn = 20 ~ 30 GeV reported by the STAR experiment, cannot be explained
by the Angantyr model owing to its lack of key mechanisms related to the quark-gluon plasma (QGP). Nevertheless,
the Angantyr model serves as an important baseline for studying collision behaviors in the absence of QGP effects.
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I. INTRODUCTION

The creation of a state of matter known as the quark-
gluon plasma (QGP), characterized by deconfined quarks
and gluons, is believed to occur under extreme condi-
tions of temperature and/or density during heavy-ion col-
lisions at ultra-relativistic energies. Understanding the
phase structure of strongly interacting matter described
by quantum chromodynamics (QCD) is a key objective in
nuclear physics. The QCD phase diagram, typically rep-
resented in a two-dimensional graph of temperature (7)
versus baryon chemical potential (ug), offers critical in-
sights into the behavior of strongly interacting matter.
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Lattice QCD calculations have shown that the trans-
ition from the hadronic phase to the QGP at low values of
up occurs as a smooth crossover [1-2]. However, at high-
er values of ug, QCD-based model calculations predict a
first-order phase transition [3—6]. If this prediction holds
true, a critical point must exist on the phase diagram,
marking the endpoint of the first-order phase boundary.
Despite ongoing theoretical discussions on the location
and even the existence of the QCD critical point, the re-
lativistic heavy-ion collisions, by recreating the extreme
conditions required to probe the QCD phase structure,
provide an experimental platform to search for this critic-
al point [7—17]. As the system approaches the QCD crit-
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ical point, the correlation length of fluctuations grows,
leading to enhanced density fluctuations. Conserved
quantities, such as net-baryon, net-charge, and net-
strangeness, exhibit fluctuations that are sensitive to the
correlation length. The STAR experiment has conducted
extensive measurements of high-order cumulants and
second-order off-diagonal cumulants of net-proton, net-
charge, and net-kaon multiplicity distributions [18]. Not-
ably, a non-monotonic behavior in the fourth-order net-
proton cumulant ratio was observed, with a minimum of
approximately 19.6 GeV for Au+Au collisions spanning a
broad energy range ( y/sny = 7.7-200 GeV). This behavi-
or cannot be accounted for by existing theoretical models
without invoking the physics associated with the QCD
critical point [10].

In addition to cumulant measurements, baryon dens-
ity fluctuations arising from critical phenomena during a
first-order phase transition are predicted to influence the
production of light nuclei [19—-24]. For example, the light
nuclei yield ratio, N,N,/N3, involving protons (p), deuter-
ons (d), and tritons (r), can be related to the relative neut-
ron density fluctuation, ((6n)*)/{(n)*> (denoted as An in
Ref. [19]). Measurements by the STAR experiment re-
vealed an evident non-monotonic energy dependence of
this yield ratio for central AutAu collisions, with a peak
observed at /sy =20-30 GeV [25-26].

Our previous study [27], based on the PYTHIA8 An-
gantyr model, investigated the effect of two-body neut-
ron-proton density correlations (C,,) on light nuclei yield
ratios. However, a critical factor was not considered: the
three-nucleon correlation (C,,) involving two neutrons
and one proton, which directly impacts triton production
and, consequently, the overall yield ratio. Given that tri-
tons form via coalescence processes requiring multiple
nucleons, incorporating C,z, is essential to comprehens-
ively understand light nuclei formation dynamics and ex-
tract relative neutron density fluctuations from experi-
mental data.

In this study, we expand on our earlier findings by in-
corporating the three-nucleon correlation C,., into the
analysis of light nuclei yield ratios for Aut+Au collisions.
Using the PYTHIA8 Angantyr model, we simulated colli-
sions at /ssw=7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, and
200 GeV. We take the notation R = N,N,/N3 in this study.
The Angantyr model extends PYTHIAS by enabling the
construction of heavy-ion collisions as a superposition of
binary nucleon-nucleon collisions. Our findings highlight
the critical importance of C,., in interpreting light nuclei
yield ratios and neutron density fluctuations. By provid-
ing an improved methodology for extracting neutron
density fluctuations from experimental data, this study of-
fers new insights into the search for the QCD critical
point.

This paper is organized as follows. Section IL.A
provides an overview of the PYTHIA8 Angantyr model.

Section II.B discusses the relationship between neutron
density fluctuations and light nuclei yield ratios for
heavy-ion collisions. The results and discussions on neut-
ron density fluctuations and neutron-proton correlations
are presented in Section III. Finally, we summarize our
findings and conclusions in Section IV.

II. EVENT GENERATION AND DEFINITION OF
LIGHT NUCLEI YIELD RATIO

A. PYTHIAS (Angantyr) model

PYTHIA [28] is an extensively utilized event generat-
or designed for simulating particle collisions, particularly
proton-proton (pp) and proton-lepton interactions. For pp
collisions, multi-parton interactions (MPI) are generated
under the assumption that every partonic interaction is al-
most independent. However, in its default configuration,
PYTHIAS does not natively support heavy-ion collision
simulations.

To overcome this limitation, the PYTHIA8 Angantyr
model [29] was introduced. This extension enables the
extrapolation of pp dynamics into heavy-ion collisions,
facilitating the study of proton-nucleus (pA) and nucleus-
nucleus (AA) interactions. The Angantyr model achieves
this by combining multiple nucleon-nucleon collisions to
simulate a single heavy-ion collision. It incorporates the-
oretical frameworks to describe both hard and soft inter-
actions, along with key features, such as initial- and final-
state parton showers, particle fragmentation, MPI, and
color reconnection (CR) mechanisms. Notably, the An-
gantyr model does not include mechanisms to account for
the formation of the QGP, which is widely believed to oc-
cur in AA collisions.

In the current version of the PYTHIA8 Angantyr
model [30], heavy-ion collisions are modeled using the
Glauber approach to determine the number of participat-
ing nucleons based on the geometric overlap of the collid-
ing nuclei. The model introduces algorithms to distin-
guish between different types of nucleon-nucleon interac-
tions, such as elastic, diffractive, and absorptive pro-
cesses. The model can describe final-state observables ef-
fectively, including particle multiplicity distributions and
transverse momentum spectra in AA collisions [31-32].

In this study, we utilized version 8.308 of PYTHIAS
for the simulation of Au+Au collisions at various ener-
gies. Approximately one million events were generated
for each collision energy, employing multiple PYTHIA
tunes with distinct configurations for MPI and CR. To re-
move the influence of system volume and density fluc-
tuations inherent in heavy-ion collisions, we introduced
two dimensionless statistical quantities: ((ép))/{p) and
{(6n))/{n) (described in detail in Sec. I.B). Nucleons
were analyzed across various rapidity ranges and central-
ity classes. The centrality intervals were defined based on
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the transverse momentum sum of charged particles
(Y Ey) at the final state of the collisions within the pseu-
dorapidity range of [-0.5,0.5].

B. Definition of light nuclei yield ratio with three-
nucleon correlations

The production of light nuclei, such as deuterons and
tritons, has been extensively studied to understand the un-
derlying nucleon coalescence mechanism, which plays a
pivotal role in high-energy nuclear collisions [24, 33, 27].
This mechanism assumes that nucleons, protons, and
neutrons within close spatial and momentum proximity
can coalesce to form light nuclei. The theoretical yield of
light nuclei can be derived by applying the coalescence
model, neglecting the effects of binding energy. The ex-
pression for the abundance of a cluster containing 4 nuc-
leons is given by

N A3/2( 0 )3(A—1)/2V
c =8¢ moTor

Ap A,
X (oY (o)™ D " Cly Ch Cui, (1)

i=0 j=0

527: is the coalescence factor for a cluster
with A = A, + A, nucleons and total spin S. The terms my,
T.x, and V represent the nucleon mass, effective kinetic
freeze-out temperature, and system volume, respectively.
(o) and {p,) denote the average neutron and proton
densities, respectively, whereas Cj, and C}, are combin-
atorial factors representing possible configurations of A,
protons and A, neutrons, respectively. The factor C,,
accounts for the correlation between i-protons and j-neut-
rons, defined as

where &gc =

(60',007)
Cn/ i = #, 2
" op)pn) @

where 6p!, and 6p] represent the density fluctuations for
protons and neutrons, respectively.

Among these correlations, the relative neutron dens-
ity fluctuation Ap, = 0%/{p,)* corresponds to C,:,0. Simil-
arly, the two-nucleon correlation C,, can be expressed as

(0pp0Pn)  {PpPn)
C,, = = —-1.
P oo onon )

For higher-order correlations, such as the three-nucleon

correlation, C,2,, the expression becomes

c. = $9pdon) (o)
" o2y (pppn)?

—(1+2C,)). 4)

The yields of specific light nuclei can now be expli-
citly formulated. In Eq. (3) and Eq. (4), the nucleons con-
sidered are the initial nucleons. For deuterons (N,) and
tritons (N,), the yields are

3 2\
Ny = 5172 (moTeff) V{ppXon)(1+Cyp), )
320 om \? )
= T <moTeﬁ> V<pp><pn> (1 + Apn +2Cnp + anp)-

(6)

From these equations, the ratio of light nuclei yields,
R, can be expressed as

1 1+Ap,+2C,,+Cp2p
R=
23 (1+C,)?

(M

The term C,,, representing three-nucleon correla-
tions, introduces a significant contribution to the light
nuclei yield ratio. By assuming C,», =0, the yield ratio

can be simplified to

B I 1+Ap,+2C,,
243 (1+Cyp)?

®)

In the absence of both two- and three-nucleon correla-
tions (C,, =Cp, =0, C,, and C,2, are the parameters of
nucleon correlation), the expression can be further simpli-
fied to

R—1+A'D" ©)
23

In this simplified scenario, the yield ratio becomes
directly proportional to the relative neutron density fluc-
tuation Ap,, which forms the experimental basis for ex-
tracting Ap, from the yield ratios of light nuclei.

III. RESULTS AND DISCUSSIONS

In addition to the physical parameters employed in
the model calculations, as detailed in the last paragraph of
Sec. 2.1, the analysis also incorporates the option to ac-
tivate or deactivate the multiple-parton interactions (MPI)
based color reconnection (CR) mechanism. This can be
achieved by enabling or disabling the parameters
ColourReconnection:reconnect and PartonlLevel:

MPI within the PYTHIA8 Angantyr model framework.

The results presented in Figs. 1, 2, 3, 4, and 6 are ob-
tained by applying the PYTHIA8 Angantyr model, with
the inclusion of the MPI-based CR mechanism. These
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results provide significant insights into the interplay
between nucleon density fluctuations and light nuclei
yield ratios in high-energy nuclear collisions.

Focusing on the top panel of Fig. 1, the rapidity de-
pendence of the dimensionless statistics {((6p))/{p) and
((6n))/{n) is shown for 0-10% Au+Au collisions at
Vsww = 14.5 GeV. As the rapidity coverage increases,
both ((6p))/{p) and {(6n))/(n) demonstrate an evident de-
creasing trend, suggesting that relative nucleon density
fluctuations reduce with wider rapidity coverage. Further-
more, these fluctuations appear to converge toward a con-
stant value as the rapidity coverage is extended. Notably,
((6p))/{p) and ((6n))/(n) are consistent in Fig. 1. The cor-
relations C,,, C,2, and C,2, exhibit a trend similar to that
of the relative nucleon density fluctuations with respect to
rapidity coverage for 0—10% Au+Au collisions at +/syy =
14.5 GeV.

To provide a baseline for comparison, a reference line
at 1/2+/3 is plotted, corresponding to the scenario where
both density fluctuations and correlations vanish. The
light nuclei yield ratio, N,N,/N3, calculated using Eq. (7),
is depicted as solid circles in the bottom panel of Fig. 1.
This ratio consistently exceeds the reference line of
1/2+/3 for 0-10% central Au+Au collisions at VN =
14.5 GeV. The results further reveal that, when the cor-
relations C,, and C,., are neglected (as represented by
the dash-dot lines derived from Eq. (9)), the calculated
yield ratio becomes significantly higher than the refer-
ence line. This observation highlights the critical role of
C,, and C,z, in determining the relative neutron density
fluctuations through the light nuclei yield ratio. Similar
trends are observed at other collision energies for central
collisions, underscoring the generality of these results.

Figure 2 presents the rapidity dependence of various
dimensionless statistics and the light nuclei yield ratio for
60%—80% Au+Au collisions at a center-of-mass energy
of +/sxnw=39 GeV. The top panel displays the ratios
((6p))/(p) and ((6n))/{n), along with the correlations C,,,
C.p2, and C,z,. In the top panel, it is evident that both
((6p))/{p) and ((6n))/(n) decrease as the rapidity cover-
age increases. Furthermore, the correlations C,,, C,z,
and C,2,, shown in the same panel, are dependent on the
rapidity coverage. These correlations follow a trend sim-
ilar to that of the relative fluctuations in nucleon density.

In the bottom panel of Fig. 2, we show the yield ratio
for light nuclei, specifically N,N,/N3. This ratio is calcu-
lated using the data from the top panel and is represented
by solid circles in accordance with Eq. (7), whereas the
dash-dot line corresponds to the calculation using Eq. (9).
Our results indicate that the exclusion of the C,, and C,z,,
parameters leads to a significant increase in the light nuc-
lei yield ratio. This indicates that neglecting the C,, and
C,2, parameters reduces the relative fluctuations in neut-
ron density, thereby resulting in a higher light nuclei
yield ratio.
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Fig. 1.  (color online) The top panel of the figure presents
various dimensionless statistical quantities, including
(BP)/PY, (Bm)[(n), Cup, C,p2, and C,z ,, derived from 0—-10%
Au+Au collisions at a center-of-mass energy of /snny = 14.5
GeV. The bottom panel illustrates the yield ratio for light nuc-
lei, NN, /Nﬁ, which is calculated using the results from the top
panel. The solid circles represent values obtained through Eq.
(7), and the dash-dot lines indicate calculations based on Eq.
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Fig. 2. (color online) The figure presents various dimension-

less statistics and the ratio of light nuclei yields for 60%—80%
AutAu collisions at a center-of-mass energy of +/snn=
39GeV. The top panel presents the dimensionless statistics
(GPN/P)s (Gn)[nY, Cups Cpps and Cpp- The bottom panel il-
lustrates the yield ratio for light nuclei, given by N,N,/N3.
This ratio is calculated using the data presented in the top pan-
el. The solid circles represent the light nuclei yield ratio, cal-
culated according to Eq. (7), and the dash-dot line corres-
ponds to the calculation based on Eq. (9).

Figure 3 presents the centrality dependence of the di-
mensionless statistics ((6p))/{p) and {(6n))/(n) for Au+Au
collisions at +/syy = 14.5 and 39 GeV, with the rapidity
coverage of |y <0.5. As shown in the top panel, both
quantities remain flat across central to peripheral colli-
sions.
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Fig. 3. (color online) The figures present the centrality de-
g p Yy

pendent ((5p))/{p), {(6n))/(n), Cup, Cpp2s and Cp, for Aut+Au
collisions at center-of-mass energies of +/syny= 14.5 and 39
GeV, with rapidities confined to the range |y| <0.5. Addition-
ally, the yield ratio for light nuclei, given by N,N,/N2, is
shown. This ratio is represented by solid circles, calculated ac-
cording to Eq. (7), and the dash-dot line corresponds to the

result obtained from Eq. (9).

In the bottom panel of Fig. 3, the yield ratios for light
nuclei, as defined by Eq. (7) and Eq. (9), are also ob-
served to be flat across central, mid-central, and peripher-
al collisions. However, note that the relative nucleon
density fluctuation cannot be directly extracted from the
light nuclei yield ratios alone. The effects of neutron-pro-
ton correlations, particularly C,, and C,,, must be con-
sidered for a comprehensive understanding of the fluctu-
ation behavior at different centralities.

Figure 4 illustrates the collision energy dependence of
the two- and three-nucleon correlations (C,,, C,,» and
C.2,) for AutAu collisions with rapidities confined to
[yl 0.5, spanning from 0—10% central to 60%—80% peri-
pheral collisions. As shown in the figure, the light nuclei
yield ratio exhibits a decrease with rising collision en-

ergy.
Figure 5 illustrates the collision energy dependence of

. o 0-10%C,
D e 0-10%,C, (C, )
= 60-80%,C,,
= 60-80%,C,, (C, )
3

Dimensionless Statistics

2 v .
H ] ] 2 a
'
L]
T L L L | L
7 8910 20 30 4050 100 200
sy (GeV)

Fig. 4.
ergy dependence of C,,, Cop2>s and C,» » for Aut+Au collisions,

(color online) The figures present the collision en-

with rapidities confined to the range [y| <0.5. The results for
0—-10% central collisions are represented by solid circles,
whereas those for 60%—80% peripheral collisions are depic-
ted as squares.

the light nuclei yield ratio, N,N,/N3, for AutAu colli-
sions with rapidities confined to [y| < 0.5, spanning from
0-10% central to 60%—80% peripheral collisions. As
shown in the figure, the light nuclei yield ratio exhibits a
slight increase with rising collision energy.

Note that the yield ratio for peripheral collisions is
comparable to that of central collisions, with both ratios
exceeding 1/2+/3. Additionally, the results for the case
excluding correlations C,, and C,2, are also presented in
the figure, indicated by the dash-dot lines. These results
reveal a decrease in the light nuclei yield ratio as the col-
lision energy increases.

To investigate the effect of different PYTHIAS An-
gantyr model tunes, we explore several configurations:
MPI with CR, no CR, no MPI, and both MPI and CR
turned off. The collision energy dependence of the light
nuclei yield ratio N,N,/N; for AutAu collisions with
rapidity coverage |yl <0.5 is displayed in Fig. 6, which
shows results for both 0—10% central and 60%—80% peri-
pheral collisions.

From Fig. 6, it is apparent that the light nuclei yield
ratio increases slightly as the collision energy increases
across the different configurations of the PYTHIA8 An-
gantyr model. This trend is observed for both central and
peripheral collisions. Furthermore, the results for the
cases in which C,, and C,, are excluded, represented by
dash-dot lines, reveal a decrease in the light nuclei yield
ratio as the collision energy increases. In the context of
Au+tAu collisions, the absence of CR does not produce a
significant effect when MPI is turned off, regardless of
the PYTHIAS8 Angantyr model tune.

When C,, and C,, are considered, a reduction in the
yield ratio is observed for both central and peripheral col-
lisions in Fig. 5 and Fig. 6. This suggests that neglecting
these correlation terms may lead to an overestimation of
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Fig. 5. (color online) The PYTHIA8 Angantyr model was
employed to investigate the collision energy dependence of
the light nuclei yield ratio, N,Np/Ng, for AutAu collisions
with rapidities restricted to [y <0.5. The results for 0—10%
central collisions are represented by solid circles, whereas
those for 60%—80% peripheral collisions are depicted as
squares. Additionally, the dash-dot lines show the correspond-

ing results when the correlations Cy, and C,z, are excluded.

2
n=

neutron density fluctuations. In the lower energy regime,
the influence of C,2, and C,, on the yield ratio is signific-
ant. However, the underlying mechanisms remain un-
clear and represent an important direction for future re-
search.

Figure 7 presents the experimental results of light
nuclei yield ratios from the STAR detector for 0—10%
central Aut+Au collisions [26, 34] and NA49 for central
Pb+Pb collisions [24, 35]. These results are compared
with theoretical predictions from the PYTHIA8 An-
gantyr model. A striking feature observed in the experi-
mental data is the non-monotonic energy dependence of
the yield ratios. Specifically, the yield ratio of light nuc-
lei exhibits a pronounced peak in the energy range of
vVsnn =20-30 GeV, which indicates the most signific-
ant relative neutron density fluctuations occurring within
this range.

In contrast, the PYTHIA8 Angantyr model underes-
timates the experimental results across the entire energy
range. This discrepancy arises because the PYTHIAS An-
gantyr model lacks mechanisms involving critical phe-
nomena and the QGP medium, making it unable to repro-
duce the observed non-monotonic energy dependence.

Furthermore, Fig. 7 highlights the role of three-nucle-
on correlations, denoted as C,2,, which lead to an overall
enhancement of the light nuclei yield ratios, irrespective
of whether the collisions are central or peripheral.

The light nuclei ratios in our results show a weak de-
pendence on collision energy, with a slight increase ob-
served at higher energies. Our results underestimate the
experimental results, which include all the real physics,
such as the QCD critical point effect around 20 GeV and
a possible spinodal effect around 8 GeV [24]. Both of
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Fig. 6. (color online) The collision energy dependence of the
light nuclei yield ratio N;N,/N3 for AutAu collisions with
Iyl < 0.5 was investigated using the PYTHIA8 Angantyr mod-
el across different model tunes. The results, displayed in the
upper and lower panels of Fig. 6, correspond to 0—10% cent-
ral and 60%—80% peripheral collisions, respectively.
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Fig. 7.  (color online) The yield ratio of N,N,/N2, consider-
ing both collision energy and centrality, was analyzed using
the PYTHIA8 Angantyr model within the rapidity range
[yl <0.5. The results from the PYTHIA8 Angantyr model are
represented as solid lines under the MPI and RC mode, where-
as the dashed lines indicate the results from the same model
by ignoring the three-nucleon correlation (C,2, =0), as de-
tailed in [27]. Experimental results from the STAR detector
for 0-10% central Au+Au collisions [26, 34] are shown as
solid circles, whereas data from the NA49 experiment for
central Pb+Pb collisions [24, 35] are presented as open
squares.
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these effects might cause a larger light nuclei ratio at
lower collision energies. However, our model currently
cannot address these effects. So the discrepancy between
our results and the experimental results is large at low en-
ergies but small at high energies.

IV. SUMMARY

In summary, this study employs the PYTHIA8 An-
gantyr model to investigate the dependence of the relat-
ive neutron density fluctuation, neutron-proton correla-
tions (C,, and C,2,), and the corresponding light nuclei
yield ratio (N,N,/N7) on rapidity, centrality, and collision
energy.

A critical observation from the study is the effect of
MPI and CR on light nuclei yield ratios. The analysis
demonstrates that CR has no impact on the yield ratios if
MPI is turned off. Regardless of whether the collisions
are central or peripheral, the three-nucleon correlation,
C.2p, leads to a consistent enhancement in the light nuc-
lei yield ratios.

Comparing the predictions of the PYTHIAS An-

gantyr model with experimental data, the experimental
results exhibit a prominent peak in the light nuclei yield
ratio at +/syy =20-30GeV. This peak is indicative of
significant fluctuations in the relative neutron density,
which are linked to critical phenomena in the collision
dynamics. However, the observed non-monotonic energy
dependence in the experimental results is underestimated
by the PYTHIA8 Angantyr model. This discrepancy
arises owing to the inability of the model to incorporate
critical physics and QGP medium effects. Despite its lim-
itations, the PYTHIAS Angantyr model serves as a use-
ful baseline for scenarios where critical phenomena and
QGP medium mechanisms are absent. Our study provides
a baseline for understanding nucleon coalescence effects
in the absence of a QGP phase. As such, it should serve
as a useful reference for models that incorporate critical
dynamics.
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