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We analyze the experimental data on nuclei and hypernuclei yields recently obtained by the STAR collab-
oration. The hybrid dynamical and statistical approaches which have been developed previously are able to
describe the experimental data reasonably. We discuss the intriguing difference between the yields of normal
nuclei and hypernuclei which may be related to the properties of hypermatter at subnuclear densities. New
(hyper)nuclei could be detected via particle correlations. Such measurements are important to pin down the

production mechanism.
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I. INTRODUCTION

During recent years the production of new nuclei has be-
come again one of the central topics in relativistic nuclear
reaction studies. It has been known since the late 1970s
that many different light complex nuclei can be formed in
central nucleus-nucleus collisions [1]. Later on these studies
were considerably extended and presently they involve the
production of both normal nuclei and hypernuclei, including
exotic nuclear species. In central relativistic nucleus-nucleus
collisions the yields and spectra of hydrogen and helium iso-
topes have been observed. In addition, more heavy species,
like Li, Be, and others were also under examination [2-5].
It is commonly accepted that these light nuclei are mostly
formed on later stages of the reaction from nucleons which are
primarily produced, although other production mechanisms,
like direct thermal production, have been proposed [6]. This
indicates that nucleosynthesis mechanisms can be studied in
these processes and they may complement and lead to better
understanding the nucleosynthesis in the universe. Recently
the detection of hypernuclei was also reported in relativistic
nuclear collisions [7-10] providing an opportunity to extend
the nucleosynthesis investigation to strange nuclear matter.
Also heavy-ion collisions open new possibilities to obtain
novel hypernuclei, including multistrange and exotic hyper-
nuclei, which are more difficult to produce in other reactions.

In this paper we further develop the theory of hypernuclei
production by analyzing the formation of light nuclei and
hypernuclei which were measured at the STAR experiments
with fixed targets in gold4-gold collisions [9]. As we have
previously demonstrated in our calculations the reactions with
a beam energy around 3—10 GeV per nucleon lead to a large
production of hyperons and can provide essential yields of
hypernuclei [11,12]. Therefore, the systematic comparison
with experiments in this energy range is important for both
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central and peripheral collisions. Recently we have succeeded
in describing the formation of complex normal nuclei in cen-
tral collisions [13,14]. Now we demonstrate that the same
nucleosynthesis mechanism can also be effectively applied to
describe the hypernuclear production.

II. MECHANISMS OF THE NUCLEI PRODUCTION

In the most general consideration the reaction may be sub-
divided into several stages: (1) The dynamical stage which can
lead to the formation of an equilibrated nuclear system. (2)
The statistical fragmentation of such system into individual
fragments, which can be accompanied by the de-excitation of
these hot fragments if they are in an excited state. Various
transport models are currently used for the description of the
dynamical stage of the nuclear reaction at high energies. They
take into account the hadron-hadron interactions including
the secondary interactions and the decay of hadron reso-
nances (e.g., [15,16]). For this reason they preserve important
correlations between hadrons originating from the primary
interactions in each event, which are ignored when we con-
sider the final inclusive particle spectra only. Using dynamical
models it was established that many particles are involved
in these processes by the intensive rescattering leading to
collective behavior during the evolution at the collisions. In
peripheral collisions the produced high energy particles leave
the system and the remaining nucleons form an excited system
(a residue). We may expect that this system evolves toward a
state which is mostly determined by the statistical properties
of the excited nuclear matter. Its decay leads to the production
of various new nuclei (see, e.g., [17-19]).

It is typical for relativistic collisions of two nuclei that as
a result of the dynamical production of individual baryons
a substantial amount of hyperons and nucleons populate the
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midrapidity kinematic region. In this region new nuclei can
be formed from these particles via their subsequent inter-
action in the diluted nuclear matter during the expansion
process. Generally, at the end of the dynamical stage (at a time
around 2040 fm/c after the beginning of the collision) many
new-born baryons escape from the colliding nuclei remnants.
Some of these baryons may be located in the vicinity of each
other with local subnuclear densities around an order of 0.1 0
(0o 7~ 0.15 fm™> being the ground state nuclear density).
This nuclear matter density corresponds to the coexistence
region in the nuclear liquid-gas type phase transition. It is
the proper place of the synthesis of new nuclei, because the
remaining attraction between baryons can lead to complex
fragment formation. We expect that such nucleation processes
will mostly produce the light nuclei. The formation process
may be simulated as the baryon attraction using potentials
within the dynamical transport models [20-22], or within
phenomenological coalescence models [3,23-26]. However,
as we have demonstrated recently [13,14], the clusterization
processes can be reasonably described as the statistical for-
mation of nuclei in the low density matter in local chemical
equilibrium.

To describe the dynamical reaction part we use the trans-
port ultrarelativistic quantum molecular dynamics (UrQMD)
model [16,27], which is modified for the present studies.
UrQMD is quite successful in the description of a large body
of experimental data on particle production [28,29]. The cur-
rent version of UrQMD includes up to 70 baryonic species
(including their antiparticles), as well as up to 40 different
mesonic species, which participate in binary interactions. In
the present calculations the hard Skyrme type equation of
state is used which includes also for the attraction between
baryons. We explicitly conserve the net-baryon number, net-
electric-charge, and net-strangeness as well as the total energy
and momentum. The produced particles can be located at
various rapidities, however, the main part is concentrated in
the midrapidity region. After a time of 20—40 fm/c the strong
interactions leading to the new particle formation cease and
the system starts to decouple. Such kind of a freeze-out is a
general feature of captures in the transport approaches [30].
In that time-moment we consider the relative coordinate po-
sitions and velocities of the produced baryons. We select the
nuclear clusters according to the coordinates and velocities
proximity, as was suggested in Refs. [13,24], and we call it a
clusterization of baryons (CB).

In our CB procedure the diluted nuclear matter is subdi-
vided into many clusters with a coalescence-like recipe. In
particular, we assume that baryons (both nucleons and hy-
perons) can produce a cluster with mass number A if their
velocities relative to the center-of-mass velocity of the cluster
is less than a critical velocity v.. Accordingly we require |7; —
Vem.| <veforalli=1,...,A, where Vo = é Z?zl i (Pi
are momenta and E, is the summed energy of the baryons
in the cluster). In addition, we assume that the distance be-
tween the individual baryons and the center of mass of the
clusters should be less than 24!/3 fm, so these baryons can
still interact leading to the nuclei formation. In this case, such
clusters with nucleons inside have the density of p. ~ % 00
as it was established in the previous studies of the statistical

multifragmentation process [17,31-37]. Since the baryons do
still move with respect to each other inside these clusters, they
present an excited nuclear system. The excitation energy of
such clusters is calculated according to the method suggested
in Refs. [13,14]. The excitation energy of the clusters is re-
lated to the properties of nuclear matter in local equilibrium
at the cluster density. It is also connected to the corresponding
baryon interaction in matter. These clusters are analogous to
the local freeze-out states for the liquid-gas type phase coex-
istence adopted in statistical models. The following evolution
of the clusters, including the formation of nuclei from these
baryons, can be described in a statistical way. According to
our procedure these hot clusters decay into nuclei. For the
description of this process we employ the statistical multi-
fragmentation model (SMM) which describes the production
of normal nuclei very well, and it was generalized for the
hypernuclear case (see Refs. [17-19,38,39]).

Within this approach we have succeeded to describe the
yields and energies of light nuclei observed in the FOPI ex-
periment for central collisions of relativistic heavy ions [4,5],
that was not possible with the previous models. It is especially
important since we have explained the crossover behavior of
the *He and *He light nuclei production with the beam energy:
The “He yield dominates over *He at low and intermediate
energies, while the *He yield is larger at high energies. This
was previously not understandable within simplistic coales-
cence models which always produce more light nuclei than
heavy ones. The reason for this behavior is in the decay of the
primary large clusters that favor the “He production in com-
parison with *He. For high collision energies the sizes of the
primary clusters becomes smaller and leads, after their decay,
to the production of smaller nuclei. The important result of
our studies is that the excitation energy of such clusters should
not be too high, around 10 MeV per nucleon, i.e., close to the
nuclear binding energy, and corresponding to the coexistence
region of the nuclear liquid-gas phase transition. Based on
these previous successes of our approach we extend it now
to analyze the hypernuclear observations.

III. EXCITED NUCLEAR CLUSTERS
AT SUBNUCLEAR DENSITY

In Fig. 1 we show the distributions of protons and A
hyperons after the UrQMD simulations of central Au + Au
collisions (impact parameters b < 3 fm) at /syyv =3 GeV
center-of-mass energy. (The considered A do not include
% hyperons since they decay later than the hypernuclei are
formed.) One can see that the baryons have very broad mo-
mentum distributions going beyond the projectile and target
rapidities. We have also performed the calculations with other
models, the Dubna cascade model [13,23], and the phase
space generation of all available particles in the center of
mass system [14]. The results are very similar, therefore,
we are sure to reproduce the general reaction picture. These
distributions characterize the baryon UrQMD input for the
following cluster selection. To evaluate the dynamical uncer-
tainties, the two time instances, 20 fm/c and 40 fm/c after
the collision, are analyzed. Since the interaction rate decreases
rapidly the momentum distributions change very little during
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FIG. 1. Total proton and A distributions (per event) after
UrQMD calculations of central gold collisions at center-of-mass
energy of \/syy = 3 GeV. (a) Rapidity distributions. (b) Transverse
momenta distributions, in the rapidity range |y| < 0.5.

the times. The coordinate distances between baryons increase
towards the later time. Nevertheless, it has a little effect on
the following clusterization in the CB procedure in the case
when we consider v. parameters (0.14c¢ and 0.22¢) which
were previously extracted as the best ones from comparison
with FOPI experimental data [4,5]. Such a low sensitivity is
because the hadron correlations are propagated explicitly in
UrQMD.

The results of the following selection of the baryonic clus-
ters within CB are shown in Fig. 2. We see that the cluster
yields decrease nearly exponentially with their masses, and
it is similar to a normal coalescence-like process. As was
mentioned, in our approach we assume that these clusters are
excited nuclear systems in local chemical equilibrium. The
bigger clusters can naturally be formed with larger velocities
parameters v.. The time dependence of the cluster sizes is
also understandable: It is obvious that the larger coordinate
distances between baryons slightly decrease the production of
big clusters because of the larger space separation. The im-
portant characteristic is the excitation energy of these clusters,
which are presented in the bottom panels. A larger v, leads to

T T T T T T T T T

2 -~ _ _ a
10 N Au+Au [syy =3 GeV v =0.14c
N\
101 8, —e— =20 fm/c —
o W v+ t=40 fm/c
10 \ UrQMD+CB |
10-1 \&\ baryon clusters _|
in local equilibrium
102 \\& a
103 ig\ —
© 10 “u. |
5 - (a)
— 10.5 ! | ! | ! | ! | ! | | | | | | [
o) LA I I S B I A B B N B
o 10° %—Q\B v¢=0.22c |
© 1 ™ (b)
> 10 \3\\\
10° 0\\&\_ o
10'1 <>\\‘\ 1
o,
o

6 _
I W

4 _
- ve=0.14c (c)

2 TR A N A TN T Y N Y AN N S S

FIG. 2. Calculated distributions of local nuclear clusters (per
event) formed from dynamically produced baryons after UrQMD
and the clusterization (CB) procedure by using the selection of
the baryons with the velocity and coordinate proximity. (a) Mass
distributions of the cluster with the velocity parameter v, = 0.14c.
(b) Mass distributions of the cluster with the velocity parameter
v. = 0.22¢. (c) Average excitation energy of the clusters versus their
mass number. The times for stopping the UrQMD calculations and
v parameters are shown in the panels.

a higher excitation energy, since the relative velocities of the
baryons inside the clusters are higher.

The kinematic characteristics of the primary excited clus-
ters (rapidity and transverse momenta) are depicted in Fig. 3,
for the case of v, = 0.22¢. Reflecting the properties of
the initial baryons (Fig. 1) these rapidity and transverse
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FIG. 3. Rapidity (a) and transverse momentum per nucleon
(b) (overall rapidities) distributions of the excited baryon clusters,
which have the mass numbers from A = 2 to 8. Yields are per event.

distributions are quite broad. It is interesting that relatively
large clusters can be eventually formed both in the midrapidity
region and the target/projectile kinematic region. This is a
consequence that even in central collisions some nucleons of
the target and projectile may go through the nuclear matter
with a small probability. Further information about new nu-
clei after their production via the decay of such clusters can
be found in Refs. [13,14]. For example, the products of the
cluster decay will preserve the kinematic characteristics (per
nucleon) corresponding to the dynamically produced baryons.
Many new exotic nuclei can be formed, and the specific par-
ticle correlations are the best way to distinguish this reaction
mechanism.

IV. ANALYSIS AND INTERPRETATION
OF EXPERIMENTAL DATA

In this paper we concentrate only on the analysis of the
recent STAR data. In central collisions the main contribution
to the production of hypernuclei comes after the secondary in-
teraction of baryons inside the excited nuclear clusters which
have subnuclear densities and temperatures corresponding to
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FIG. 4. Comparison of full calculations including UrQMD trans-
port, formation of excited local thermalized clusters (CB), and
de-excitation of these clusters (De) with STAR experimental data.
The predictions for other important nuclei and hypernuclei are pre-
sented too. (a) Total yields of normal nuclei in central collisions.
(b) Total yields of hypernuclei in central collisions. Notations for
nuclei, and the used time and v, parameters are shown in the panels.

the phase coexistence. As a part of microcanonical SMM
describing this process as the cluster decay we have involved
the generalized statistical Fermi break-up model [39]. In this
way we can investigate the properties of the excited hypermat-
ter via its disintegration. For example, by comparing the yields
of different hypernuclei one can get information about their
binding energy and hyperon interaction in the matter [40].
The comparison with the experimental data on nuclei and
hypernuclei production [9,41] and the predictions within our
approach are shown in Figs. 4—6. We are able to reproduce the
main experimental results (involving the distributions trends)
by applying the models discussed in the previous sections with
reasonable parameters. Therefore, we believe that the idea
including the formation of the baryonic clusters under local
equilibrium and their following statistical disintegration is
very promising.

In Fig. 4 we show the yields of some light nuclei and
hypernuclei (normalized per event) obtained in central colli-
sions. In the STAR experiment these yields were evaluated
with a special procedure, however, we do it on an event per
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FIG. 5. Comparison of the calculations of the rapidity distribu-
tions of normal nuclei produced in central collisions with STAR
experimental data [41]. (a) Protons, deuterons, tritons. (b) *He, “He.
The model parameters are indicated in the panels.

event basis directly from the calculations. We can reach the
best description of the data for normal fragments with the
mass numbers A = 2—4 by using the parameter v, = 0.22c.
The yields manifest the exponential decreasing with A that is
expected from other experiments too. In our calculations we
have obtained that the de-excitation of local primary clusters
with mass number around 10 and with the corresponding
excitation energy of around 10 MeV per nucleon (see Fig. 2)
leads to the final nuclei with mass number around 4. This
excitation energy is consistent with the one extracted from the
analyses of other experiments [13,14].

The rapidity distributions of produced normal light nuclei
are depicted in Fig. 5. Our calculations are in qualitative
agreement with the data. However, the experimental yields of
nuclei for larger species show a slight increase towards the
target rapidity. We believe it is related to the experimental
selection of central events (0—10 %) via the particle multiplic-
ity and the applied spectator cut. In reality large multiplicities
may be also obtained in quasiperipheral events, when a large
group of nucleons is still located in the target and projectile
kinematic regions. These nuclear remnants are excited, and
they may even capture hyperons [11,24]. Namely the decay
of such residues can give an additional contribution to the
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FIG. 6. Comparison of the calculations of the rapidity (a) and
transverse momentum distributions (b) of 3H and 4H hypernuclei
with STAR experimental data [9]. The model parameters and the
rapidity intervals are shown in the panels. The branching decay ratios
(B.R.) are taken into account in the calculations.

yields of larger nuclei. The goal of the present calculations
is to investigate the true central events (b < 3 fm) without
this contribution. Figure 6 shows the rapidity and transverse
momentum distributions of the hypernuclei (4 H and 3 H). We
are able to reproduce correctly the main trends of the distri-
butions. With v, parameters which are in the range suitable
for the description of normal nuclei we may describe the total
yield of one of these two hypernuclei. However, we see that
in the experiment the production of 4 H nuclei looks similar
to f\H nuclei before the branching ratio correction, while in
the calculations it is essentially lower, even by taking the
corrections into account.

It is also important that by examining Fig. 4 carefully we
see an essential difference between the experimental yields
of hypernuclei and normal nuclei, which are obtained after
all experimental corrections. Namely, the yield ratio of iH to
4 H is less than a factor 2. Whereas the ratio of *He to “He
is more than factor 5. To our opinion it is one of the most in-
teresting and puzzling results of this experiment: The general
decrease of the yields with mass number A is a quite expected
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behavior and it is confirmed by many other experimental
measurements. Phenomenologically one can understand it as
a low probability to add an additional nucleon to the formed
fragments. However, the data seem to suggest that an increase
by one neutron for A = 3 fragments has a much larger prob-
ability in the hypernuclear case as in the case of a normal
nucleus. We note that our results were obtained by including
in the statistical model the excited states of hypernuclei for
which the importance for its production was previously widely
discussed, see, e.g., Refs. [39,42].

We think this effect may be used to extract important ex-
perimental information on the properties of hypermatter of
subnuclear density and on the A interaction in this matter.
We have investigated possible reasons of this effect within
our approach. It is known that the A interaction in nuclei is
lower than for nucleons approximately by factor 2/3. One can
phenomenologically suppose that it is related to the number of
u and d quarks in the baryons. For this reason the excitation
energy of the primary local hyperclusters may be lower than
in normal clusters. We have performed the corresponding
calculations by assuming that the excitation of such clusters
is only 2/3 of the normal clusters to simulate the effects
of the hyperon interaction in the low-density clusters. In the
same time the properties of normal clusters dominating in the
system remain unchanged. We obtain that the yields of 4 H
increase much stronger than iH, and the ratio becomes closer
to the experimental one. Another possibility to explain this
effect is related to the prolonged space structure of the weakly
bound 3 H nucleus formed in the phase transition coexistence
region. In the statistical model it can be taken into account by
reducing the coordinate phase space of such hypernuclei, as it
was suggested before for some normal nuclei [17]. This can
decrease the calculated 3 H yield.

Presently we do not have a sufficient experimental infor-
mation to distinguish between the two alternative scenarios.
In particular, the production of other nuclei and hypernuclei in
the same reactions is crucially important for the understanding
of the underlying physical process. In Fig. 4 we show the
predictions for the yields of few heavier nuclei (°Li, ®He, °Li)
and hypernuclei (‘l‘\He, iHe), which should be produced in
addition within the corresponding reaction mechanism. The
3Li production can be measured via its decay into proton and
“He, or into >H and *He, with a probability compared with the
probability of correlations measured for identification of 3 H
and 4 H. The 4 He and 3 He hypernuclei can be identified via
three particle correlations. Generally, more heavy nuclei and
hypernuclei are very instructive, because their production is
related to fundamental properties of the nucleation in nuclear
matter [17,18,38,40]. Therefore, the inclusion of larger nuclei
in the analysis will allow to exclude alternative theoretical
explanations.

We specifically emphasize the needs for new experiments,
and the measurement of new hypernuclei with different
masses as extremely important for further progress in hyper-
nuclear physics. The great variety of produced hypernuclei is
an important advantage of relativistic heavy ion collisions in
comparison with the traditional hypernuclear methods con-
centrated on reactions leading only to a few species. By

comparing the yields of different hypernuclei produced in the
same reaction one can extract additional information about the
properties of hypermatter, and also about exotic hypernuclei
[40]. In this respect larger hypernuclear isotopes can provide
further information (see also Ref. [43]).

V. CONCLUSIONS

We have applied a theoretical approach to explain the
yields of light nuclei and hypernuclei measured in the STAR
experiment in the central relativistic nuclear collisions. Our
approach combines 1) the adequate dynamical models for the
baryon production in the first reaction stage, 2) the formation
of intermediate local sources in equilibrium (excited large
baryonic clusters) at subnuclear density, and 3) the description
of the nucleation process inside these sources as their statis-
tical decay. As was shown previously [13,14] this approach
can be successfully used to analyze the production of normal
nuclei. We have demonstrated that the present experimental
data concerning the production of hypernuclei can also be
described within this approach by using similar parameters
for the local sources. This may indicate a universal character
of the nucleation process in rapidly expanding nuclear matter.

We believe the production of hypernuclei in relativistic ion
collisions opens the possibilities to investigate the properties
of hypermatter at subnuclear densities, where the nuclei are
formed. It is also important in astrophysics for models de-
scribing stellar matter in supernova explosions and in binary
neutron star mergers. The suggested approach can correctly
explain the main trends of the hypernuclear production, and
provide consistent quantitative predictions too. We empha-
sized the puzzle of the relative yields of 4H and 3 H nuclei
in comparison with 4He and He yields, which cannot be
explained within the existing models, and which may carry
information on the hyperon interaction during the formation
of the hypernuclei. This can provide essential complementary
information on the nuclear interaction, and on the nucle-
osynthesis process at low densities which was previously
studied for normal nuclei only. Additional experiments on the
comparative yields of several different hypernuclei in same
reactions are crucially important.
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