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Light-nuclei production in heavy-ion collisions within a thermodynamical approach
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We present results of simulations of light-nuclei production in relativistic heavy-ion collisions within the
updated Three-fluid Hydrodynamics-based Event Simulator Extended by UrQMD (ultrarelativistic quantum
molecular dynamics) final State interactions (THESEUS). The simulations were performed for Pb + Pb and
Au + Au collisions in the collision energy range of ,/syy = 6.4-19.6 GeV. The light-nuclei production is treated
within the thermodynamical approach on an equal basis with hadrons. The only additional parameter related to
the light nuclei is the energy density of late freeze-out that imitates the afterburner stage of the collision because
the light nuclei do not participate in the UrQMD evolution. This parameter is fixed from the condition of the
best reproduction of the proton transverse-momentum spectrum after the UrQMD afterburner by that at the late
freeze-out. The updated THESEUS results in an imperfect but reasonable reproduction of data on bulk observables
of the light nuclei, especially their functional dependence on the collision energy and light-nucleus mass. Various
ratios, d/p, t/p, t/d, and N(t) x N(p)/N*(d), are also considered. The directed flow of light nuclei turns out
to be more involved. Apparently, it requires explicit treatment of the afterburner evolution of light nuclei that
violates the kinetic equilibrium. Imperfect reproduction of the light-nuclei data leaves room for medium effects

in produced light nuclei.
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I. INTRODUCTION

Interest in the light-nuclei production in heavy-ion colli-
sions has been revived in connection with the search for the
conjectured critical point in the QCD phase diagram. The
STAR experiment has already found possible indications of
the existence of the critical point [1]. This observation was
based on a predicted [2] peculiar dependence of the scaled
kurtosis of net-proton distribution as a function of the collision
energy. Besides, an enhanced production of light nuclei close
to the critical point with respect to a noncritical scenario is ex-
pected [3-5]. This prediction is based on the expectation that
the attractive part of nuclear potential becomes dominated by
a long-ranged critical mode of QCD. Abundant production of
light nuclei may also result from formation of baryon clusters
due to spinodal decomposition associated with a mechanically
unstable region in the first-order phase transition [6—10]. This
spinodal clumping gets enhanced at the critical point, where
fluctuations are too slow for the development of equilibrium
mixed phase.

At present, there are several three-dimensional (3D) dy-
namical models which include the coalescence mechanism
of the light-nuclei production [11-20]; see also a recent re-
view [21]. In the simplest version, the coalescence-based
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models deduce the relevant parameters from comparison with
data on the light-nuclei production [11,12]. Therefore, their
predictive power is restricted. However, the refined coales-
cence calculations are very successful in reproducing data
in a wide range of collision energies [18]. Advanced coales-
cence approaches involve the Wigner functions of light nuclei
[13,14,16,17,19,20] to calculate the coalescence parameters.
The recently developed transport models, such as SMASH
(simulating many accelerated strongly interacting hadrons)
[22-24], PHQMD (parton-hadron quantum molecular dynam-
ics) [25-27], and a stochastic kinetic approach [28], treat light
nuclei microscopically (so far, only deuterons in SMASH
[23,24]) on an equal basis with other hadrons. However, these
transport models also require an extensive additional input for
treatment the light-nuclei production, albeit in a wide range of
collision energies.

The thermodynamical approach does not need any addi-
tional parameters for treatment of the light-nuclei production.
It describes the light nuclei in terms of temperatures and
chemical potentials, i.e., on an equal basis with hadrons.
Therefore, its predictive power is the same for light nuclei
and hadrons. This approach was realized within the statistical
model [29,30]: deuteron midrapidity yields at the energies
(from 7.7 to 200 GeV) of the STAR Beam Energy Scan (BES)
at the Relativistic Heavy-lon Collider (RHIC) [31,32] are
described fairly well by this model [33,34], while the yield
of tritium is overestimated by roughly a factor of 2 [34,35].
The statistical model gives a similarly good description of not
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only the light nuclei but even hypernuclei and antinuclei at
energies of the CERN Large Hadron Collider (LHC) [36].
The apparent success of the thermal model is puzzling. It is
hard to imagine that nuclei exist in the hot and dense fireball
environment. The temperature is much higher than the binding
energy and the system is quite dense, so that the interparticle
spacing is smaller than the typical internucleon distance in a
nucleus. This puzzle is discussed in Refs. [4,23,37].

In view of the success of the thermal model, we have
implemented the thermodynamic approach for light-nuclei
production in the updated THESEUS event generator [38]. In
this paper, we address the question of how well this thermo-
dynamic approach can describe the data on the light-nuclei
production, provided the bulk observables [39—42] for protons
are reasonably well reproduced by the model of three-fluid
dynamics (3FD). Note that the model involves no extra pa-
rameters (except for the late freeze-out energy density; see
Sec. III) related to the light nuclei. For this purpose we an-
alyze the available data from NA49 [43] and STAR [32,35]
Collaborations.

II. UPDATED THESEUS

The THESEUS event generator was first presented and its
applications to heavy-ion collisions were demonstrated in
Refs. [44,45]. THESEUS is based on the 3FD model [12,40]
complemented by ultrarelativistic quantum molecular dynam-
ics (UrQMD) [46,47] for the afterburner stage. The output of
the 3FD model, i.e., the freeze-out hypersurface, is recorded in
terms of local flow velocities and thermodynamic quantities.
The THESEUS generator transforms the 3FD output into a set
of observed particles, i.e., it performs the particlization.

3FD is designed to simulate heavy-ion collisions at ener-
gies of the BES-RHIC at the Brookhaven National Laboratory
(BNL), the CERN Super-Proton-Synchrotron (SPS), the Fa-
cility for Antiproton and Ion Research (FAIR) in Darmstadt,
and the Nuclotron-based Ion Collider fAcility (NICA) in
Dubna. It takes into account counterstreaming of the leading
baryon-rich matter at the early stage of nuclear collisions.
This nonequilibrium stage is modeled by the means of two
counterstreaming baryon-rich fluids. Newly produced parti-
cles, which dominantly populate the midrapidity region, are
assigned to a so-called fireball fluid. These fluids are governed
by conventional hydrodynamic equations coupled by friction
terms, which describe the energy-momentum exchange be-
tween the fluids.

At present, three different equations of state (EoS’s) are
used in the 3FD simulations: a purely hadronic EoS [48] (hadr.
EoS) and two EoS’s with deconfinement [49], i.e., an EoS
with a first-order phase transition (1PT EoS) and one with
a smooth crossover transition (crossover EoS). At energies
/Snnv > 5 GeV, the deconfinement scenarios reveal definite
preference [50]. Therefore, in the present work we consider
only the 1PT and crossover EoS’s.

3FD and the original version of the THESEUS [44,45] cal-
culate spectra of the so-called primordial nucleons, i.e., both
observable nucleons and those bound in the light nuclei. This
is done for the subsequent application of the coalescence
model [12,51] for the light-nuclei production.

TABLE I. Stable light nuclei and low-lying resonances of the
“He system (from BNL properties of nuclides [52]). 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.

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=7176
‘He(21.84) 2 n=37,p=063
“He(23.33) 2 n=47,p=>53
“He(23.64) 1 n=45p=>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=9
“He(28.31) 1 n=47,p=48,d =5
“He(28.37) 1 n=2p=2,d=96
“He(28.39) 2 n=02p=02d=996
“He(28.64) 0 d =100
“He(28.67) 2 d =100
“He(29.89) 2 n=04,p=04,d=992

The light nuclei were included in the updated version of the
THESEUS [38]. The list of the light nuclei includes stable nuclei
and and low-lying resonances of the *He system, the decays of
which contribute to the yields of stable species [3]; see Table 1.
The corresponding antinuclei were also included. These
nuclei are sampled similarly to other hadrons, i.e., according
to their phase-space distribution functions. Nevertheless, there
is an important difference in the treatment of light nuclei and
other hadrons. While the hadrons pass through the UrQMD
afterburner stage after the the particlization, the light nuclei do
not, just because the UrQMD is not able to treat them. This is
a definite shortcoming because the light nuclei are destroyed
and reproduced during this afterburner stage [23,24,26].

III. RESULTS

To partially overcome the aforementioned problem of the
afterburner stage for the light nuclei, we imitate the after-
burner effect by later freeze-out for light nuclei. For this
imitation we need to estimate a suitable late freeze-out. This
we do by fitting the afterburner effect for protons by means
of the late freeze-out. We choose protons because they are
closely related to the light nuclei. The basic idea behind such
imitation is as follows. If the afterburner effect for protons can
be imitated by the late freeze-out, we anticipate that the same
late freeze-out can do the same for light nuclei.

In the 3FD calculations a differential, i.e., cell-by-cell,
freeze-out is implemented [53]. The freeze-out procedure
starts when the local energy density drops down to the
freeze-out value eg,, which is conventionally taken to
be 0.4 GeV/fm?® for all collision energies and centralities.
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FIG. 1. Transverse-momentum spectra of protons in central
Au + Au collisions at collision energy of Ej,, = 20A GeV calculated
with the crossover (upper panel) and 1PT EoS’s (lower panel). Re-
sults of the THESEUS simulations (without the subsequent UrQMD
afterburner) based on the 3FD calculations with different freeze-out
energy densities &g, = 0.1, 0.2, and 0.4 GeV/fm3 are shown. The
conventional results for 3FD with g5, = 0.4 GeV /fm3 and the sub-
sequent UrQMD afterburner are also presented. Experimental data
are from the NA49 Collaboration [55].

The freeze-out criterion is checked in the analyzed cell and
in eight surrounding cells. If the criterion is met in all cells
and if the analyzed cell is adjacent to the vacuum (i.e., if
at least one of the surrounding cells is “empty”!), then the
considered cell is counted as frozen out. The latter condition
prevents formation of bubbles of frozen-out matter inside
the still hydrodynamically evolving matter. Thus, the actual
energy density of a frozen-out cell turns out to be lower than
&fz. Therefore, ef, has a meaning of a “trigger” value that
indicates possibility of the freeze-out. This freeze-out pattern
is similar to the process of expansion of a compressed and
heated fluid into vacuum, mechanisms of which were stud-
ied both experimentally and theoretically; see discussion in
Ref. [53]. The freeze-out is associated with evaporation from
the surface of the expanding fluid.

In Figs. 1 and 2, transverse-momentum spectra of protons
in central Au + Au collisions at collision energies of Ej, =
20A and 158A GeV are shown. These spectra are calculated
by means of THESEUS simulations without the subsequent

'Frozen-out cells are removed from the hydrodynamical evolution.
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FIG. 2. The same as in Fig. 1 but for E},, = 1584 GeV. Experi-
mental data are from the NA49 Collaboration [56].

UrQMD afterburner, similarly to the light-nuclei simulations,
based on the 3FD calculations with different freeze-out energy
densities e, = 0.1, 0.2, and 0.4 GeV /fm>. The conventional
results for 3FD with g, = 0.4 GeV/fm3 and the subsequent
UrQMD afterburner are also presented. The results are pre-
sented in linear scale in order to better resolve the low pr
region, which is mostly affected by the afterburner effect [54].

As seen from Figs. 1 and 2, the late freeze-out with the
energy density &g, = 0.2 GeV /fm> approximately reproduces
the afterburner effect in midrapidity proton pr spectra at
both collision energies and in different EoS scenarios. The
reproduction of the high-p7 spectra is also good, though it is
hardly seen in the linear scale. We avoid fine tuning of the late
freeze-out because this is only an imitation of the afterburner.

The effect of the late freeze-out on rapidity distribution
of net-protons is demonstrated in Fig. 3. The late freeze-out
with &g, = 0.2 GeV/fm> reasonably well reproduces results
for conventional freeze-out with the subsequent UrQMD af-
terburner in the midrapidity region. The reproduction for
Eiap = 20A GeV (not shown) is even better, as can be expected
from Fig. 1. However, the freeze-out energy density &g, =
0.2 GeV/fm?® is not that good in imitating the afterburner
effect at forward/backward rapidities; see Fig. 3. Below we
use this late freeze-out with g, = 0.2 GeV/fm3 for calcula-
tions of light nuclei for all considered collision energies and
centralities.

As seen from Fig. 3, the rapidity-integrated net-proton
yield &g, = 0.1 GeV/fm? is visibly larger than that at higher
&g, because the rapidity distribution at 0.1 GeV/ fm> extends
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FIG. 3. Rapidity distributions of net protons in central (b=
2.4 fm) Pb + Pb collisions at Ey;, = 158A GeV calculated with the
crossover EoS (upper panel) and the 1PT EoS (lower panel). Re-
sults of the THESEUS simulations (without the subsequent UrQMD
afterburner) based on the 3FD calculations with different freeze-out
energy densities &g, = 0.1, 0.2, and 0.4 GeV/fm3 are shown. The
conventional results for 3FD with &g, = 0.4 GeV/fm> and the sub-
sequent UrQMD afterburner are also presented. Experimental data
are from the NA49 Collaboration [57].

to larger forward/backward rapidities. The reason is that only
participant test particles (at the Lagrangian step of 3FD) are
recoded in the 3FD output and thus transferred to THESEUS.
The spectator test particles,” containing bound nuclear matter,
are omitted. At the late freeze-out, the participant region ex-
pands, involving more and more former spectators. Therefore,
the total number of net-proton participants increases.

A. Rapidity distributions

We start with analysis of rapidity distributions of light
nuclei; see Figs. 4 and 5. We compare our results with NA49
data [43], as well as with the 3FD coalescence results [51].

2Those whose proper energy per baryon charge of is less than the
nucleon mass.

Recall that the light nuclei are simulated without the after-
burner stage. To illustrate once again the expected effect of
the afterburner stage, we present results of the simulations
with conventional freeze-out, &, = 0.4 GeV/fm3, and late
freeze-out, e¢, = 0.2 GeV/ fm?, which imitate the afterburner
stage. As can be seen, in the midrapidity region the THESEUS
results systematically overestimate the data on light-nuclei
yields. The late freeze-out somewhat improves agreement
with the data but not completely. The extent of this agree-
ment depends on the EoS. The crossover EoS results in better
agreement with data than the 1PT EoS. It is surprising that
reproduction of the *He data turns out to be better than that
of the data on deuterons, in spite of *He being a heavier
nucleus.

The energy of Ejp = 80A GeV drops out of the sys-
tematics. The disagreement with data at 80A GeV is larger
than at neighboring energies of 40A and 158A GeV, as if
the clustering is additionally suppressed at 80A GeV. The
3FD coalescence [51], also presented in Figs. 4 and 5 by
short-dashed lines, much better reproduces the data because
the coalescence coefficients were tuned for each collision
energy and each light nucleus. Nevertheless, the THESEUS
simulations result in good agreement with the dependence
of light-nuclei production on the collision energy and light-
nucleus mass. This agreement does not need any additional
tuning parameters, i.e., in addition to those used for de-
scription of all other hadron yields, in contrast to the 3FD
coalescence.

Results of simulations without the contribution of low-
lying resonances of “He are also displayed Figs. 4 and 5 by
long-dashed lines. The effect of low-lying resonances of the
“He system in the midrapidity region is small at the consid-
ered collision energies, as already mentioned in Ref. [38].
However, it is essential in the fragmentation regions. These
feed-down contributions from decays of unstable “He are
compatible with the results obtained within the statistical
model [34].

For comparison, the rapidity distributions of net protons
are presented in Fig. 6. The net protons are reproduced much
better. The UrQMD afterburner slightly reduces net-proton
yield in the midrapidity region and drives it to even better
agreement with data. This reduction rises with the collision
energy increase. Still it is much smaller than that for light
nuclei, i.e., the difference between calculations with &g, = 0.2
and 0.4 GeV/fm?>. The crossover EoS again results in better
agreement with available data than the 1PT EoS. Apparently,
small inconsistency with proton data transforms in large in-
consistency with data on light nuclei.

The rapidity distributions of net protons and light nuclei
are quite different. While the net-proton distributions at Ej,, =
20A-80A GeV reveal a peak or a shallow dip at midrapidities,
the distributions of light nuclei demonstrate high maxima at
forward/backward rapidities. These maxima are formed be-
cause the matter at the periphery of colliding system (i.e.,
at forward/backward rapidities) is colder than in its center
(i.e., in midrapidity) and hence the relative abundances of light
nuclei become large. Only small humps in the midrapidity of
light-nuclei distributions remind about midrapidity peaks in
the net protons.
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FIG. 4. Rapidity distributions of deuterons in central Pb 4+ Pb collisions at collision energies of E},, = 20A-158A GeV calculated with the
crossover EoS (upper raw of panels) and the 1PT EoS (lower raw of panels). Results of THESEUS simulations with the conventional freeze-out,

&, = 0.4 GeV/fm3, and the late freeze-out, &, = 0.2 GeV /fm3, are displayed. Results of the simulations without contribution of low-lying
resonances of *He and the 3FD coalescence results [51] are also presented. Experimental data are from the NA49 Collaboration [43].
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FIG. 5. The same as in Fig. 4 but for the *He nuclei.
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FIG. 6. The same as in Fig. 4 but for net protons in central Pb + Pb collisions. Results of simulations without the UrQMD afterburner and
the 3FD results [51] are also displayed. Experimental data are from the NA49 Collaboration [57].

B. Transverse-momentum spectra

Transverse-mass spectra of deuterons and tritons at midra-
pidity in central Pb + Pb collisions at collision energies of
E, = 20A-158A GeV, measured by the NA49 Collaboration
[43], are compared with the results of the THESEUS simulations
in Fig. 7. Only the calculations with the crossover EoS are
shown because the 1PT scenario results in a similar picture,
where agreement with data is even slightly worse. Again,
results of THESEUS simulations with conventional freeze-out,
&ty = 0.4 GeV /fm3, and late freeze-out, &, = 0.2 GeV /fm3,
are displayed. The 3FD coalescence results [51] are also
shown.

The slopes of the 3FD coalescence and THESEUS (with
conventional freeze-out) spectra are very similar, in spite
of being obtained within different approaches. This is be-
cause the coalescence and thermodynamical expressions for
the light-nuclei yields are very similar except for the tun-
able coalescence coefficients implied in the coalescence
approach, which control the overall normalization. The agree-
ment of these spectra with the NA49 data is far from
being perfect. The normalization of the light-nuclei spectra
is strongly overestimated within the THESEUS with conven-
tional freeze-out. Imitation of the afterburner (THESEUS with
ef, = 0.2 GeV/fm?) somewhat improves the normalization
at low mr — m but worsens agreement with the slopes. The
overall normalization of the 3FD-coalescence spectra is better
but this is achieved by tuning the coalescence parameters.

The late freeze-out makes slopes of the my spectra less
steep, which is an expected effect of the afterburner [54]. This
effect of the afterburner on proton spectra is demonstrated in
Fig. 8. For the protons, it is the UrQMD afterburner after the
conventional 0.4 GeV /fm> freeze-out that reduces the slope,
rather than the late freeze-out for light nuclei. In the case of
the late freeze-out, this flattening of the slope is a result of an
increase of the radial-flow velocity over time.

The proton transverse-mass spectra at midrapidity in cen-
tral Pb 4 Pb collisions at the same collision energies are
presented in Fig. 8. Again, results of 3FD simulations are also
displayed. As seen, the afterburner (THESEUS curves in Fig. 8)
improves agreement with the NA49 data [55] at low my — m
as compared with 3FD, but the slopes disagree with the data.
However, this disagreement is much smaller than that for light
nuclei in Fig. 7.

The calculated *He spectra are closer to the data than the
deuteron data, which is again surprising. The spectra slopes
are better reproduced at lower energies. Together with better
agreement with rapidity distributions of light nuclei at lower
energies, this may suggest that THESEUS is more suitable for
simulating light nuclei at NICA and FAIR energies.

Again we may conclude that small disagreement with pro-
ton data transforms into a large disagreement with data on
light nuclei. In particular, slightly better reproduction of the
proton data within the crossover scenario, as compared with
the 1PT one (see Figs. 6 and 8), results in noticeably better
agreement with data on light nuclei; cf. Fig. 5.
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FIG. 7. Transverse-mass spectra of deuterons (upper raw of panels) and tritons (lower raw of panels) in central Pb + Pb collisions at
collision energies of Ej,, = 20A—158A GeV calculated with the crossover EoS. Results of THESEUS simulations with conventional freeze-out,
&, = 0.4 GeV/fm?, and late freeze-out, &, = 0.2 GeV /fm?, are displayed. The 3FD coalescence results [51] are also shown. NA49 data are

from Ref. [43].

The 3FD predictions overestimate the high-m; ends of
the spectra because of finiteness of the considered system.
Even abundant hadronic probes become rare at high momenta.
Therefore, their treatment on the basis of the grand canonical
ensemble results in overestimation of their yields. Moreover,
the more rare a probe is, the more strongly its high-pr end of
the spectrum is suppressed due to restrictions of the canoni-
cal ensemble. Therefore, the light-nuclei high-pr spectra are
more strongly overestimated than the proton spectra. The
UrQMD afterburner, as implemented in THESEUS [38,44],
does not improve the high-p7 description. The reason is that
the grand canonical distributions are sampled in the particliza-
tion procedure, rather than the canonical or microcanonical
ones. Thus, the high-pr overestimation persists. Of course, it
is difficult to indicate how much of this overestimation is due
to the grand canonical treatment, and not to the shortcomings
of the model.

We did not tune the 3FD model to reproduce the data on
light nuclei, in particular, the my spectra. The poor agree-
ment with the data on the my spectra is the price paid for
the intention to reproduce numerous data in a wide range of
collision energies with the same set of parameters described
in Ref. [40].

C. Yield ratios of light nuclei

Energy dependence of d/p, t/p, and t/d midrapidity ra-
tios for central collisions are presented in Fig. 9. Protons

in these ratios do not contain feed-down from weak decays,
in accordance with the experimental procedure [31,32]. As
can be seen, the model reproduces the energy dependence of
experimental data [32] but systematically overestimates the
values of these ratios. This reproduction is similar to that
within the statistical model [32].

The yield ratio of light nuclei, N,N,,/Nj, has been sug-
gested as a probe of the neutron density fluctuations associated
with the first-order phase transition [58,59]. Later it was also
associated with the possible critical point of the hot and
baryon-rich QCD matter [3-5]. Near the critical point, this
ratio increases monotonically with the nucleon density cor-
relation length [5]; besides, production of *He may increase
because of enhanced preclustering and subsequent decay of
“He-like clusters [3,4]. In turn, this may result in a maximum
in the N, N, /N7 ratio near the critical point. Recent data on this
ratio [32] show a nonmonotonic behavior with a peak located
around 20-30 GeV (see Fig. 10), which might indicate passing
through either the first-order phase transition or critical point
at this collision energy.

Energy dependence of the midrapidity N(¢) x N(p)/N>(d)
ratio in central Au 4+ Au and Pb + Pb collisions is presented
in Fig. 10. Simulations were performed at b = 4 fm for
Au+ Au, and at b = 3 fm (/syy < 17.4 GeV) and b = 4.6
fm (/syn = 17.4 GeV) for Pb 4 Pb in rapidity bin |y| < 0.5
with the crossover and 1PT EoS’s. The proton yields does
not include contribution from the weak-decay feed-down.
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FIG. 8. The same as in Fig. 7 but for protons calculated with the crossover EoS (upper row of panels) and the 1PT EoS (lower row of
panels). Results of conventional THESEUS simulations (i.e., with the UrQMD afterburner) and the 3FD results [51] are displayed. NA49 data
are from Ref. [55].
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FIG. 9. Energy dependence of d/p, t/p, and t/d midrapidity means of the UrQMD simulations, and with final data [32] (filled

ratios for central (0-10%) Au + Au collisions. Simulations were circles), with the weak-decay feed-down determined by experimental

performed at b = 4 fm for Au+ Au and at b = 3 fm for Pb + Pb means, for central (0-10%) Au + Au collisions. The experimental

in rapidity bin |y| < 0.5. Results with the crossover and 1PT EoS’s results extracted from the NA49 data on Pb + Pb collisions (0-7%

are presented. Results of the calculations are compared with STAR at 20A-80A GeV and 0-12% at 158A GeV) [43] are also displayed
data [32] for central (0—~10%) Au + Au collisions. (open boxes).
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FIG. 11. Directed flow of deuterons (upper row of panels) and protons (lower row of panels) as functions of rapidity in semicentral (b = 6
fm) Au + Au collisions at collision energies of /syy = 7.7, 11.5, and 19.6 GeV calculated with the crossover and 1PT EoS’s. Results of the
3FD simulations [61], i.e., without the UrQMD afterburner, are also presented for protons. Experimental STAR data for deuterons are from

Ref. [62] and those for protons are from Ref. [63].

simulation underestimates the proton feed-down contributions
from weak decays. If so, our simulations suffer from the same
shortcoming of UrQMD. Therefore, we also present these
preliminary data [35] in Fig. 10 for comparison.

The calculated N(t) x N(p)/N?(d) ratios overestimate the
final STAR data both for the crossover and 1PT EoS’s. At the
same time they are, as a rule, below preliminary STAR data.
Therefore, the overestimation can be related to the aforemen-
tioned shortcoming of UrQMD. The calculated ratios show
an increase as the energy approaches 20 GeV, in spite of
absence of the critical point in the considered EoS’s. This is
not an effect of a special tune of the model parameters. As
described above, there was no such special tune. This increase
can be also an artifact of the underestimation of the proton
feed-down contributions from weak decays at the UrQMD
stage. Indeed, from Fig. 10 we can see that the difference
between the preliminary and final STAR data becomes larger
at ./synv = 20 GeV as compared with that at lower energies.

We may conclude that the feed-down contributions of hy-
peron weak decays should be carefully subtracted from the
proton yield in order for the calculated N(t) x N(p)/N*(d)

ratio to serve as probe of production characteristics of light
nuclei and the structure of the QCD phase diagram. The
UrQMD is not quite accurate for such subtraction. A similar
conclusion was made in Ref. [60].

D. Directed flow

The directed flow (v;) is one of the most delicate character-
istics of the heavy-ion collisions. Nevertheless, we calculated
the deuteron v; relying on relatively successful description of
the proton v; within the 3FD model [61]. This is a straightfor-
ward calculation because light nuclei are treated on an equal
basis with other hardrons in the present approach.

The directed flow of deuterons (upper raw of pan-
els in Fig. 11), calculated for late freeze-out (i.e., &, =
0.2 GeV/fm3) to imitate the afterburner effect, is shown and
compared with STAR data [62] in Fig. 11. The directed flow
of protons (lower row of panels in Fig. 11) is also presented
for comparison. In these simulations, experimental acceptance
[62] was used: 0.4 < pr < 2.0 GeV/c for protons and 0.8
< pr < 4.0 GeV/c for deuterons. To illustrate the effect of
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the afterburner, results of the 3FD simulations of protons v,
are displayed. As seen, the afterburner insignificantly changes
proton v;. The “afterburner” effect in deuteron v; (not dis-
played) is sightly stronger but still not dramatic.

The directed flow of deuterons is quite different from the
proton one. As can be seen, the deuteron v; is stronger than the
proton v;. Even signs of the midrapidity slopes of the deuteron
and proton v;(y) are not always the same. The crossover and
1PT EoS’s predict different v;, which is not surprising because
the proton v (y) are also very different for these EoS’s. While
the crossover EoS well reproduces the data on the proton vy,
overall reproduction of the deuteron data is much worse than
that for protons. Nevertheless, the order of magnitude of the
deuteron v is comparable with the data, except at the energy
of 11.5 GeV, where the deuteron v; collapses similarly to the
proton v;.

Contrary to our naive expectation, the reproduction of the
proton directed flow does not guarantee a good description of
that for light nuclei. The nucleon directed flow, represented
by the proton one, measures azimuthal asymmetry of the
baryon current because all baryonic resonances decay into
nucleons after the freeze-out. The light-nuclei directed flow
does not contain the contribution of the baryonic resonances
in accordance to the thermodynamic approach. It additionally
depends on the azimuthal asymmetry of the temperature and
baryon density because denser and colder regions give larger
contributions to the light-nuclei production. All these make
the light-nuclei directed flow and even its midrapidity slope
different from those of the proton. In Sec. IIl A, we already
discussed how inhomogeneity of the temperature distribution
along the beam direction makes rapidity distributions of net
protons and light nuclei quite different.

The afterburner stage may essentially change the light-
nuclei flow because of decays and reproduction of light nuclei,
as realized in, e.g., the SMASH [23,24] and PHQMD [26,27]
transport models. These processes may result in deviation
from the kinetic equilibrium. Our imitation of the afterburner
by means of the late freeze-out does not violate the kinetic
equilibrium.

IV. SUMMARY

Simulations of the light-nuclei production in relativistic
heavy-ion collisions within the updated THESEUS [38] event
generator were performed for Pb + Pb and Au + Au colli-
sions in the collision energy range of ,/syy = 6.4-19.6 GeV.
The results were compared with available data from the NA49

and STAR Collaborations. The updated THESEUS treats the
light-nuclei production within the thermodynamical approach
on an equal basis with hadrons. The only additional parameter
related to the light nuclei is the energy density of the late
freeze-out, €, = 0.2 GeV/ fm?, which is the same for all
collision energies, centralities, and combinations of colliding
nuclei. For comparison, the conventional freeze-out energy
density in 3FD is ef, = 0.4 GeV/fm3, that is also univer-
sal. This late freeze-out imitates the afterburner stage of the
collision because the light nuclei are not subjected to the
UrQMD afterburner. €1, r, 1S not a free parameter; it is chosen
using the condition of the best reproduction of the proton pr
spectrum after the UrQMD afterburner by the spectrum at the
late freeze-out without the afterburner.

The updated generator revealed imperfect but reasonable
reproduction of the data on bulk observables of the light
nuclei, especially the functional dependence on the colli-
sion energy and light-nucleus mass. It is important that this
reproduction is achieved with a single universal additional
parameter related to late freeze-out. The collective directed
flow of light nuclei turns out to be more involved. Apparently,
it requires an explicit treatment of the afterburner evolution
of light nuclei with due account of violation of the kinetic
equilibrium.

Various ratios, d/p, t/p, t/d, and N(t) x N(p)/N*(d),
were also considered. We conclude that the feed-down con-
tributions of weak decays should be carefully subtracted
from the proton yield in order for the calculated N(t) X
N(p)/N*(d) ratio to serve as probe of production charac-
teristics of light nuclei and the structure of the QCD phase
diagram. The UrQMD is not quite accurate for such subtrac-
tion.

Imperfect reproduction of the light-nuclei data leaves room
for medium effects in production of light nuclei, which were
advanced in Refs. [64,65]; see also [66].
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