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Production of light hypernuclei in Au+Au collisions at ,/syy = 3 GeV
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Simulations of the A-hyperon and light-hypernuclei production in Au+Au collisions at ,/syy = 3 GeV were
performed within the updated three-fluid hydrodynamics-based event simulator extended by UrQMD (ultrarel-
ativistic quantum molecular dynamics) final state interactions (THESEUS). The light (hyper)nuclei are treated
thermodynamically, i.e., they are considered on an equal basis with hadrons. The only additional parameter is
related to the late freeze-out that imitates the afterburner stage for the light (hyper)nuclei because UrQMD is
not able to dynamically treat them. The calculation of hypernuclei production is the same as that of light nuclei.
The hypernuclei results are compared with recent STAR data. It is found that the calculated midrapidity 3 H /A
ratio falls within the error bars of the experimental point. It is remarkable that the large difference between the
t/p and 3H /A ratios is reproduced without any additional parameters. Rapidity distributions of 3 H /A and
4 He /A ratios are predicted. Midrapidity mean transverse momenta of protons, A’s and light (hyper)nuclei in
central collisions agree well with the data. The calculated directed flow also reasonably well reproduces of the

data.
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I. INTRODUCTION

Hypernuclei are an important topic of nuclear physics.
Heavy-ion reactions at relativistic energies are an abundant
source of strangeness and are therefore well suited for the
production of light hypernuclei. The interest in studying
hypernuclei in collisions of heavy ions is twofold. First,
heavy-ion experiments give us information on lifetimes and
binding energies of light hypernuclei; see, e.g., [1-4]. This
allow us to refine out understanding of hyperon-nucleon in-
teractions and the role of flavor symmetry that are relevant
for nuclear structure [5-7] and astrophysics [8—10], as well
as for construction of the hadronic equation of state (EoS)
for applications to heavy-ion collisions [11]. Another aspect
of studying production of hypernuclei is directly related to
diagnostics of the quark-gluon plasma (QGP) formation in
heavy-ion collisions. It was suggested that the strangeness
population factor S3 = (f\H/3He)p/ A can serve as a probe
of the baryon number and strangeness correlation in the pro-
duced matter because of its different behaviors in the QGP and
hadronic matter [12—14].

In this paper we focus on discussing the mechanism of
hypernuclei formation in heavy-ion collisions. Similarly to the
light-nuclei production, alternative mechanisms [13,15-19]
are still actively debated. The coalescence [12,13,17,18] and
the thermodynamic models [13,18-24] are two of the most
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popular alternative approaches. The model of parton-hadron
quantum molecular dynamics (PHQMD) [15,16] is based
on specific procedures of recognition of light (hyper)nuclei.
Light (hyper)nuclei in this model are not dynamic objects, but
rather are associated with relatively stable clusterlike corre-
lations. Therefore, this approach can be viewed as kinetics
of propagation of the correlations. The light nuclei act as
dynamic objects in kinetic models of Refs. [25-27] (only
deuterons) and [28] (all light nuclei up to “He). However,
these dynamical treatments have not been extended to hyper-
nuclei so far.

As found in Refs. [13,18], both the coalescence and ther-
modynamic models agree in their predictions for the yields of
the light (hyper)nuclei. The thermodynamical approach has
an important advantage. It does not need additional param-
eters for the light-(hyper)nuclei treatment. It describes the
light nuclei on an equal basis with hadrons, i.e., in terms of
temperatures and chemical potentials. Therefore, its predictive
power is the same for light nuclei and hadrons. This approach
was first realized within the statistical model [20]. The statis-
tical model gave a good description of even hypernuclei and
antinuclei [21].

Recently data on light-hypernuclei production in Au+Au
collisions at ./syy = 3 GeV appeared [3,29-31], some
of them [29,30] preliminary. These data were analyzed in
Refs. [16,18,19]. Simulations were performed within the
PHQMD approach [16], ultrarelativistic quantum molecular
dynamics (UrQMD) + coalescence and UrQMD-hybrid +
coalescence approaches were applied in Ref. [18], and the
JAM + coalescence model (jet AA microscopic transport

©2024 American Physical Society


https://orcid.org/0000-0002-6697-9210
https://orcid.org/0000-0003-0654-1919
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.034901&domain=pdf&date_stamp=2024-03-04
https://doi.org/10.1103/PhysRevC.109.034901

M. KOZHEVNIKOVA AND YU. B. IVANOV

PHYSICAL REVIEW C 109, 034901 (2024)

model [32,33]) was used in STAR papers and presentations
[3,29-31]. These data were also analyzed within the hybrid
dynamical-statistical approach [19], which is a modification
of the statistical multifragmentation model [34].

In the present paper, we extend the light-nuclei treatment
of our previous papers [22-24] to hypernuclei production
at \/syy = 3 GeV. This treatment is based on the updated
three-fluid hydrodynamics-based event simulator extended by
UrQMD final state interactions (THESEUS) generator [22],
in which the light (hyper)nuclei production is considered
within the thermodynamic treatment. Our approach is similar
to the thermal production from the UrQMD hybrid model in
Ref. [13]. We calculate some bulk properties and directed flow
of protons, A’s, and light (hyper)nuclei and compare them
with available STAR data. Since the aforementioned coales-
cence approaches provide a quite reasonable description of
the bulk properties, we address the question whether a similar
description can be achieved by less demanding means, i.e.,
using thermodynamics.

II. THE THESEUS GENERATOR

The THESEUS event generator [35,36] is based on the
model of the three-fluid dynamics (3FD) [37,38] comple-
mented by the UrQMD [39] for the afterburner stage. The
output of the 3FD model consists of fields of local flow veloc-
ities and thermodynamic quantities defined on the freeze-out
hypersurface. The THESEUS generator transforms the 3FD
output into a set of observed particles, i.e., it performs the
particlization. The particlization is followed by the UrQMD
afterburning stage.

The initial version of THESEUS [35,36] produced the pri-
mordial nucleons and hyperons, i.e., both observable nucleons
and those bound in the light (hyper)nuclei. These nucleons
and hyperons were intended for the subsequent use in the
coalescence model, just as was done for the light-nuclei pro-
duction in Refs. [38,40]. After the coalescence, the nucleons
and hyperons bound in the light (hyper)nuclei should be sub-
tracted from the primordial ones. If both nucleons/hyperons
and light (hyper)nuclei are sampled from the 3FD output, i.e.,
temperature and chemical potential fields obtained from the
EoS, in which the light (hyper)nuclei are not included, the
bound nucleons/hyperons become double counted. This leads
to an overestimation of the total baryon charge in the final state
containing both baryons and clusters. To avoid this double
counting in the updated version of THESEUS [22], the baryon
chemical potentials are recalculated proceeding from the local
baryon number conservation in the system of hadrons ex-
tended by the light-(hyper)nuclei species listed in Table I. The
list of the light (hyper)nuclei includes stable nuclei [deuterons
(d), tritons (¢), helium isotopes 3He and *He], and low-lying
“He resonances decaying into stable species [41]. As com-
pared to our previous papers [22-24], here we additionally
include the stable (with respect to strong decays) hypernuclei
iH and ‘I‘\He. The anti(hyper)nuclei are also included.

The light (hyper)nuclei are included on an equal basis with
other hadrons in the updated THESEUS [22]. They are sam-
pled similarly to other hadrons. However, there is an important
difference between treatments of light (hyper)nuclei and other

TABLE . Stable light (hyper)nuclei and low-lying resonances of
the “He system (from BNL properties of nuclides [42]). J denotes
the total angular momentum. The last column represents branching
ratios of the decay channels, in percent. The p, n, d correspond to
the emission of protons, neutrons, or deuterons, respectively. The
hypernuclei are replicated from Refs. [13,43].

Nucleus(E) (MeV) J Decay modes (%)

d 1 Stable

t 1/2 Stable

‘He 1/2 Stable

“He 0 Stable
“He(20.21) 0 p =100
“He(21.01) 0 n=24,p=76
“He(21.84) 2 n=37,p=063
“He(23.33) 2 n=47,p=>53
“He(23.64) 1 n=45,p=>55
“He(24.25) 1 n=47,p=50,d =3
“He(25.28) 0 n=48, p=>52
*He(25.95) 1 n=48,p=>52
“He(27.42) 2 n=3,p=3,d=94
“He(28.31) 1 n=47,p=48,d =5
“He(28.37) 1 n=2p=2d=96
“He(28.39) 2 n=02p=02d=99.6
“He(28.64) 0 d =100
*He(28.67) 2 d =100
“He(29.89) 2 n=04p=04,d=992
SH 1/2 Stable

4 He 0 Stable

hadrons. While the hadrons pass through the UrQMD after-
burner stage after the particlization, the light (hyper)nuclei do
not, because UrQMD is not able to treat them. To partially
overcome this shortcoming we imitate the afterburner for light
(hyper)nuclei by late freeze-out in the 3FD, following the
recipe of Ref. [22].

The calculation of hypernuclei production is the same as
that of light nuclei in Ref. [24]. In Ref. [24] it was found
that the late freeze-out, characterized by the freeze-out energy
density eg, = 0.2 GeV/fm3, is preferable for deuterons, tri-
tons, and *He. We use precisely the same freeze-out for the
calculation of the f\H production. It was also found [24] that
the “He observables are better reproduced with the standard
3FD freeze-out, ¢, = 0.4 GeV /fm3, which indicates that the
“He nuclei survive better in the afterburner stage as more
spatially compact and tightly bound objects. We use this stan-
dard 3FD freeze-out for simulations of the 4 He production.
However, the binding energy of j‘\He (Bp >~ 2.4 MeV [4)) is
similar to that of *He (By = 2.6 MeV), which may imply that
the late freeze-out is more suitable for the 4 He production.
Therefore, the calculations with the late freeze-out are also
presented for § He. Details of the freeze-out procedure in 3FD
are described in Refs. [44,45]. Similarly to Ref. [24] three
different equations of state (EoS’s) are used in the simulations:
a purely hadronic EoS [46] (hadr. EoS) and two EoS’s with
deconfinement [47], i.e., an EoS with a first-order phase tran-
sition (1PT EoS) and one with a smooth crossover transition
(crossover EoS).
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FIG. 1. Rapidity distributions of ratios #/p, “He/p, 3H /A, and
*He /A in central (b = 3 fm) Au+Au collisions at collision energy
of \/syy =3 GeV. Results are calculated with hadronic, 1PT, and
crossover EoS’s. The ¢ and 3 H yields are calculated with the late
freeze-out, while “*He and 4 He ones are calculated with the con-
ventional 3FD freeze-out (bold lines). Results for ‘}\He with the late
freeze-out are also displayed (thin lines marked as “late frz”). Protons
and As are calculated with the conventional 3FD freeze-out and the
subsequent UrQMD afterburner. STAR data for protons and light
nuclei (centrality 0—10%) are from Ref. [48]. The iH /A midrapidity
point is taken from Ref. [30]. Full symbols display measured experi-
mental points, whereas the open ones are those reflected with respect
to the midrapidity.

III. BULK OBSERVABLES

Rapidity distributions of ratios t/p, “He/p, iH /A, and
j‘\He /A in central (b = 3 fm) Au+Au collisions at collision
energy of ,/syy =3 GeV are presented in Fig. 1. The proton
and A distributions are calculated within full THESEUS, i.e.,
with the standard 3FD freeze-out and the UrQMD afterburner.
The ¢ and 3 H yields are calculated with the late freeze-out
(e, = 0.2 GeV/fm3), while “*He and ‘}\He ones are calculated
with the conventional 3FD freeze-out (ef, = 0.4 GeV/ fm? )
without the subsequent afterburner. Since the binding energy
of 4 He is similar to that of *He, we also present calcula-
tions for 4 He production with the late freeze-out. Statistical
errors of the f\He calculations are displayed by the respective
bands.

The strange particles are rare probes at this collision
energy. The canonical ensemble with exact strangeness con-
servation is needed for their description. The calculated yields
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FIG. 2. Midrapidity mean transverse momentum of protons, A
hyperons, and light (hyper)nuclei in central (b = 3 fm) Au+Au
collisions at collision energy of ,/syy = 3 GeV. Results are calcu-
lated with hadronic, 1PT, and crossover EoS’s. Protons are calculated
within the conventional 3FD freeze-out with the subsequent UrQMD
afterburner. Deuterons, tritons, *He, and iH /A are calculated with
the late freeze-out, while “He and 4 He are calculated with the con-
ventional 3FD freeze-out. STAR data are from Refs. [29,48].

of A’s, iH and j‘\He are considerably overestimated because
of grand canonical ensemble used in 3FD. Therefore, we do
not demonstrate the A, f\H, and ‘,‘\He yields by themselves.
This grand-canonical overestimation is canceled in the iH /A
and 4 He /A ratios.

As seen from Fig. 1, the calculation reasonably well repro-
duces the nonstrange ratios. The slight overestimation of the
t/p ratio is because of underestimation of the proton yield;
see Ref. [24]. The “He is underestimated in our calculations.
Apparently, inclusion of light-nuclei resonances with A =5
into the scheme, i.e., those of H, *He, and >Li [49] that decay
into “*He, may correct this underestimation. The calculated re-
sult for the midrapidity 3 H /A ratio falls within the error bars
of the experimental point [30]. It is remarkable that the large
difference between the 7/p and iH /A ratios is reproduced
without any additional parameters.

The collision process develops in the hadronic phase in all
considered scenarios, i.e., hadronic, 1PT and crossover ones.
The corresponding EoS’s are very similar in the hadronic
phase but not identical. Therefore, EoS-induced differences
in the ratios indicate uncertainties of the model predictions.

Midrapidity mean transverse momentum of protons, A’s,
and light (hyper)nuclei in central (b = 3 fm) collisions is
displayed in Fig. 2. This quantity characterizes the radial flow.
Curves in Fig. 2 are displayed only for eye guidance. One
can see that these curves (for three different EoS’s) in fact
coincide. Results of the calculations are shown by dots on
these curves. Moreover, results for strange and nonstrange
species lie on the same curves. The calculated points agree
well with the data [29,48]. Even slight deviation of these
curves from straight lines is reproduced.
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FIG. 3. Directed flow of protons, A hyperons, and light (hy-
per)nuclei (tritons, “He, f\H, and ‘}\He) as function of rapidity in
semicentral (b =6 fm) Au+Au collisions at collision energy of
/svnv = 3 GeV. Results are calculated with hadronic, 1PT, and
crossover EoS’s. The THESEUS simulations for light (hyper)nuclei
were performed with the late freeze-out (e, = 0.2 GeV/ fm?). The
flow of protons and A’s is calculated with the conventional 3FD
freeze-out followed by the subsequent UrQMD afterburner. STAR
data are from Refs. [31,50,51]. Full symbols display measured ex-
perimental points, whereas the open ones are those reflected with
respect to the midrapidity.

IV. DIRECTED FLOW

The directed flow is a more delicate observable. The
calculated directed flow of protons, A hyperons, and light
(hyper)nuclei (tritons, “He, iH and ‘}\He) as a function of
rapidity in semicentral (b = 6 fm) Au+Au collisions at col-
lision energy of ,/syy = 3 GeV is presented in Fig. 3. The
results are compared with STAR data [31,50,51]. We do not
display results for light nuclei (deuterons and *He) because
they are not directly related to the considered hypernuclei.
Results for all light nuclei can be found in Ref. [24]. The
THESEUS simulations for light (hyper)nuclei are performed
for the late freeze-out (e, = 0.2 GeV/fm3) for three EoS’s.
The flow of protons and A hyperons is calculated within the
full THESEUS, i.e., with the conventional 3FD freeze-out and
the subsequent UrQMD afterburner.

The directed proton flow is almost independent of the EoS
used [24]. The calculated results perfectly (except for very
forward and backward rapidities) reproduce the experimen-
tal proton flow [51]. Agreement with the data [50] becomes
worse with increasing atomic number of the light nucleus. If
the calculated midrapidity slope of the triton directed flow is
only slightly steeper than the experimental one, for “He it is
already noticeably steeper.
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FIG. 4. The same as in Fig. 3 but only for light hypernuclei (G H
and ‘,‘\He) calculated with the conventional 3FD freeze-out (¢, =
0.4 GeV/fm?).

The directed A flow depends on the EoS, while that of
hypernuclei is again EoS independent (up to the statistical
fluctuations). Apparently the nucleon content of the hyper-
nuclei dominates in the v; formation. The crossover scenario
results in the best in reproduction of the midrapidity slope of
the A flow. The 4 He flow is reproduced to the same extent
as that of light nuclei. It is difficult to judge the degree of
agreement with the 3 H flow data because of their large error
bars.

In Fig. 3, the directed flow of “He and 4 He is calculated
with the late freeze-out (g, = 0.2 GeV/fm3) instead of the
conventional 3FD freeze-out that is preferable for “He and
presumably for 4 He. The reason is that the “He directed flow
is independent of the type (late or conventional) of the freeze-
out used, as demonstrated in Ref. [24]. Nevertheless, we
additionally checked this independence for ‘}\He. The results
of calculation of v of 3 H and }, He with the conventional 3FD
freeze-out is presented in Fig. 4. One can see that the v, flows
with the conventional freeze-out for both hypernuclei are
identical (up to statistical fluctuations) to the late-freeze-out
ones. The midrapidity slope of the proton flow also remains
unchanged after the afterburner [24]. All this indicates that
the baryon directed flow is formed at the early stage of the
reaction.

V. SUMMARY

Simulations of the A-hyperon and light-hypernuclei pro-
duction in Au+Au collisions at ./syy =3 GeV were
performed within the updated THESEUS event generator
[22]. In the updated THESEUS, the light (hyper)nuclei are
treated thermodynamically, i.e., they are considered on the
equal basis with hadrons. The only additional parameter as-
sociated with the light (hyper)nuclei is related to the late
freeze-out that imitates the afterburner stage because UrQMD
is not able to dynamically treat the light (hyper)nuclei. This
is a less demanding way to describe the light-(hyper)nuclei
production as compared to the coalescence.

The calculation of hypernuclei production is the same as
that of light nuclei in Ref. [24]. In Ref. [24] it was found
that the late freeze-out is preferable for deuterons, tritons,
and *He. We used precisely the same freeze-out for the cal-
culation of the j\H production. It was also found [24] that
the “He observables are better reproduced with the standard
3FD freeze-out, which indicates that the *He nuclei survive

034901-4



PRODUCTION OF LIGHT HYPERNUCLEI IN Au+Au ...

PHYSICAL REVIEW C 109, 034901 (2024)

better in the afterburner stage as more spatially compact and
tightly bound objects. We used this standard 3FD freeze-out
for simulations of the 4 He production. However, the binding
energy of 4 He (B, =~ 2.4 MeV [4]) is similar to that of *He
(By = 2.6 MeV), which may imply that the late freeze-out is
more suitable for the 4 He production. The hypernuclei results
were compared with recent STAR data [29-31], as well as
with the results of light-nuclei calculations [24].

It is found that the calculated midrapidity iH /A ratio falls
within the error bars of the experimental point [30]. It is re-
markable that the large difference between the #/p and 3 H /A
ratios is reproduced without any additional parameters. Rapid-
ity distributions of iH /A and ‘}\He /A ratios are predicted.
Midrapidity mean transverse momenta of protons, A’s and
light (hyper)nuclei in central collisions agree well with the
data [29,30]. The calculated directed flow also reasonably

well reproduces the data [31]. The directed flow turned out
to be independent of the type (late or conventional) of the
freeze-out. This indicates that the baryon directed flow is
formed at the early stage of the reaction.
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