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We analyze the experimental data on nuclei and hypernuclei yields recently obtained by the
STAR collaboration. 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.

PACS numbers: 21.80.+a, 25.75.-q, 24.60.-k, 21.65.+f

I. INTRODUCTION

During recent years the production of new nuclei has
become again one of the central topics in relativistic nu-
clear reaction studies. It is 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 hyper-
nuclei, including exotic nuclear species. In central rela-
tivistic nucleus-nucleus collisions the yields and spectra
of hydrogen and helium isotopes have been observed. In
addition, more heavy species, like Li, Be and others were
also under examination [2–5]. It is commonly accepted
these light nuclei are mostly formed on later stages of
the reaction from nucleons which are primary produced.
Although other production mechanisms, like direct ther-
mal production, have been proposed [6]. This indicates
that nucleosynthesis mechanisms can be studied in these
processes and they may complement and lead to bet-
ter understanding the nucleosynthesis in the Universe.
Recently the detection of hypernuclei was also reported
in relativistic nuclear collisions [7–10] providing an op-
portunity to extend the nucleosynthesis investigation to
strange nuclear matter. Also heavy-ion collisions open
new possibilities to obtain novel hypernuclei, including
multi-strange and exotic hypernuclei, which are more dif-
ficult to produce in other reactions.

In this paper we further develop the theory of hypernu-
clei production by analyzing the formation of light nuclei
and hypernuclei which were measured at the STAR ex-
periments with fixed targets in gold+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 en-

ergy range is important for both central and peripheral
collisions. Recently we have succeeded to describe the
formation of complex normal nuclei in central collisions
[13, 14]. Now we demonstrate that the same nucleosyn-
thesis mechanism can be effectively applied to describe
the hypernuclear production too.

II. MECHANISMS OF THE NUCLEI

PRODUCTION

In the most general consideration the reaction may be
subdivided 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 nu-
clear reaction at high energies. They take into account
the hadron-hadron interactions including the secondary
interactions and the decay of hadron resonances (e.g.
[15, 16]). For this reason they preserve important cor-
relations between hadrons originating from the primary
interactions in each event, which are ignored when we
consider the final inclusive particle spectra only. Using
dynamical models it was established that many particles
are involved in these processes by the intensive rescatter-
ing leading to collective behaviour 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 ex-
cited 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
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as a result of the dynamical production of individual
baryons a substantial amount of hyperons and nucleons
populate the midrapidity kinematic region. In this re-
gion new nuclei can be formed from these particles via
their subsequent interaction in the diluted nuclear matter
during the expansion process. Generally, at the end of
the dynamical stage (at a time around ∼20-40 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∼0.1ρ0 (ρ0 ≈ 0.15 fm−3

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 com-
plex fragment formation. We expect that such nucle-
ation processes will mostly produce the light nuclei. The
formation process may be simulated as the baryon at-
traction 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 rea-
sonably described as the statistical formation of nuclei in
the low density matter in local chemical equilibrium.

To describe the dynamical reaction part we use the
transport 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 par-
ticle production [28, 29]. The current version of UrQMD
include up to 70 baryonic species (including their an-
tiparticles), 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 to-
tal 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 start to decouple.
Such kind of a freeze-out is a general feature captures in
the transport approaches [30]. In that time-moment we
consider the relative coordinate positions 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 clusteriza-
tion of baryons (CB).

In our CB procedure the diluted nuclear matter is sub-
divided into many clusters with a coalescence-like recipe.
In particular, we assume that baryons (both nucleons
and hyperons) can produce a cluster with mass number
A if their velocities relative to the center-of-mass veloc-
ity of the cluster is less than a critical velocity vc. Ac-
cordingly we require |~vi − ~vcm| < vc for all i = 1, ..., A,

where ~vcm = 1

EA

∑A
i=1

~pi (~pi are momenta and EA is the

summed energy of the baryons in the cluster). In addi-

tion, we assume that the distance between the individual
baryons and the center of mass of the clusters should be
less than 2 · A1/3 fm, so these baryons can still interact
leading to the nuclei formation. In this case such clus-
ters with nucleons inside have the density of ρc ≈ 1

6
ρ0

as it was established in the previous studies of the sta-
tistical 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 ac-
cording to the method suggested in Refs. [13, 14]. The
excitation energy of the clusters is related to the proper-
ties 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
coexistence 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 Multifragmentation Model (SMM) which de-
scribes 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 experiment for central collisions of relativistic
heavy ions [4, 5], that was not possible with the pre-
vious models. It is especially important since we have
explained the cross-over behaviour of the 3He and 4He
light nuclei production with the beam energy: The 4He
yield dominates over 3He at low and intermediate ener-
gies, while the 3He yield is larger at high energies. This
was previously not understandable within simplistic co-
alescence models which always produce more light nuclei
than heavy ones. The reason of this behaviour is in the
decay of the primary large clusters that favor the 4He
production in comparison with 3He. 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 re-
gion 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
Lambda hyperons after the UrQMD simulations of cen-
tral Au + Au collisions (impact parameters b ≤ 3 fm)
at

√
sNN=3 GeV center-of-mass energy. (The consid-

ered Λ do not include Σ0 hyperons since they decay later
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FIG. 1: Total proton and Λ distributions (per event) af-
ter UrQMD calculations of central gold collisions at center-
of-mass energy of

√
sNN=3 GeV. Top panel (a) - rapidity

distributions. Bottom panel (b) - transverse momenta distri-
butions, in the rapidity range |y| < 0.5.

than the hypernuclei are formed.) One can see that the
baryons have very broad momentum 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 re-
produce the general reaction picture. These distributions
characterize the baryon UrQMD input for the following
cluster selection. To evaluate the dynamical uncertain-
ties the two time instances, 20 fm/c and 40 fm/c after
the collision, are analyzed. Since the interaction rate de-
creases rapidly the momentum distributions change very
little during 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 vc parame-
ters (0.14c and 0.22c) 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.

FIG. 2: Calculated distributions of local nuclear clusters
(per event) formed from dynamically produced baryons af-
ter UrQMD and the clusterization (CB) procedure by using
the selection of the baryons with the velocity and coordinate
proximity. Top panel (a) - mass distributions of the cluster
with the velocity parameter vc=0.14c. Middle panel (b) -
mass distributions of the cluster with the velocity parameter
vc=0.22c. Bottom panel (c) - average excitation energy of
the clusters versus their mass number. The times for stop-
ping the UrQMD calculations and vc parameters are shown
in the panels.

The results of the following selection of the baryonic
clusters 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 pro-
cess. As was mentioned, in our approach we assume that
these clusters are excited nuclear systems in local chem-
ical equilibrium. The bigger clusters can naturally be
formed with larger velocities parameters vc. The time
dependence of the cluster sizes is also understandable: It
is obvious that the larger coordinate distances between
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baryons slightly decrease the production of big clusters
because of the larger space separation. The important
characteristic is the excitation energy of these clusters,
which are presented in the bottom panels. A larger vc
leads to a higher excitation energy, since the relative ve-
locities of the baryons inside the clusters are higher.

FIG. 3: Rapidity (top panel (a)) and transverse momentum
per nucleon (bottom panel (b) overall rapidities) distributions
of the excited baryon clusters, which have the mass numbers
from A=2 to 8. Yields are per event.

The kinematic characteristics of the primary excited
clusters (rapidity and transverse momenta) are depicted
in Fig. 3, for the case of vc=0.22c. Reflecting the prop-
erties of the initial baryons (Fig. 1) these rapidity and
transverse 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 of that even in
central collisions some nucleons of the target and pro-
jectile may go through the nuclear matter with a small
probability. Further information about new nuclei after
their production via the decay of such clusters one can
find 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 particle correlations are the best way to distin-
guish this reaction mechanism.

IV. ANALYSIS AND INTERPRETATION OF

EXPERIMENTAL DATA

FIG. 4: (Color online.) Comparison of full calculations in-
cluding UrQMD transport, formation of excited local ther-
malized clusters (CB) and de-excitation of these clusters (De)
with STAR experimental data. The predictions for other im-
portant nuclei and hypernuclei are presented too. Top panel
(a) - total yields of normal nuclei in central collisions. Bot-
tom panel (b) - total yields of hypernuclei in central collisions.
Notations for nuclei, and the used time and vc parameters are
shown in the panels.

In this paper we concentrate only on the analysis of the
recent STAR data. In central collisions the main contri-
bution to the production of hypernuclei comes after the
secondary interaction of baryons inside the excited nu-
clear clusters which have subnuclear densities and tem-
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peratures corresponding to the phase coexistence. As a
part of microcanonical SMM describing this process as
the cluster decay we have involved the generalized sta-
tistical Fermi-break-up model [39]. In this way we can
investigate the properties of the excited hyper-matter 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 mat-
ter [40]. The comparison with the experimental data on
nuclei and hypernuclei production [9, 41] and the pre-
dictions within our approach are shown in Figures 4, 5,
and 6. We are able to reproduce the main experimental
results (involving the distributions trends) by applying
the models discussed in the previous sections with rea-
sonable parameters. Therefore, we believe that the idea
including the formation of the baryonic clusters under
local equilibrium and their following statistical disinte-
gration is very promising.

In Fig. 4 we show the yields of some light nuclei and
hypernuclei (normalized per event) obtained in central
collisions. In the STAR experiment these yields were
evaluated with a special procedure, however, we do it on
an event per 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 vc=0.22c . The yields manifest the expo-
nential decreasing with A, that is expected from other
experiments too. In our calculations the final nuclei with
A ∼ 4 we have obtained after the de-excitation of local
primary clusters with A ∼ 10 and with the correspond-
ing excitation energy of around 10 MeV per nucleon (see
Fig. 2). This excitation energy is consistent with the one
extracted from the analyses of other experiments [13, 14].

The rapidity distributions of produced normal light nu-
clei are depicted in Fig. 5. Our calculations are in qualita-
tive 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 multiplicity and the applied spectator cut.
In reality large multiplicities may be also obtained in
quasi-peripheral events, when a large group of nucleons
is still located in the target and projectile kinematic re-
gions. 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 yields
of larger nuclei. The goal of the present calculations is
to investigate the true central events (b ≤ 3 fm) without
this contribution.

Fig. 6 shows the rapidity and transverse momentum
distributions of the hypernuclei (4

Λ
H and 3

Λ
H). We are

able to reproduce correctly the main trends of the distri-
butions. With vc parameters which are in the range suit-
able 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

Λ
H nuclei

looks similar to 3
Λ
H nuclei before the branching ratio cor-

rection. While in the calculations it is essentially lower,

FIG. 5: (Color online.) Comparison of the calculations of
the rapidity distributions of normal nuclei produced in central
collisions with STAR experimental data [41]. Top panel (a) -
protons, deutrons, tritons. Bottom panel (b) - 3He, 4He. The
model parameters are indicated in the panels.

even by taking the corrections into account.

It is also important that by examining carefully Fig. 4
we see an essential difference between the experimental
yields of hypernuclei and normal nuclei, which are ob-
tained after all experimental corrections. Namely, the
yield ratio of 3

Λ
H to 4

Λ
H is less than a factor 2. Whereas

the ratio of 3He to 4He is more than factor 5. To our
opinion it is one of the most interesting and puzzling
results of this experiment: The general decrease of the
yields with mass number A is a quite expected behaviour
and it is confirmed by many other experimental mea-
surements. Phenomenologically one can understand it
as a low probability to add an additional nucleon to the
formed fragments. However, the data seems to suggest
that an increase by one neutron for A = 3 fragments
has a much larger probability in the hypernuclear case
as in the case of a normal nucleus. We note that our re-
sults were obtained by including in the statistical model
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FIG. 6: (Color online.) Comparison of the calculations of
the rapidity (top panel (a)) and transverse momentum distri-
butions (bottom panel (b)) of 3

ΛH) and 4

ΛH) hypernuclei with
STAR experimental data [9]. The model parameters and the
rapidity intervals are shown in the panels. The branching de-
cay ratios (B.R.) are taken into account in the calculations.

the excited states of hypernuclei which importance for
its production was previously widely discussed, see e.g.
Refs. [39, 42].

We think this effect may be used extract an impor-
tant experimental information on the properties of hy-
permatter of subnuclear density and on the Λ interaction
in this matter. We have investigated possible reasons of
this effect within our approach. It is known that the Λ
interaction in nuclei is lower than for nucleons approxi-
mately by factor 2/3. One can phenomenologically sup-
pose 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 hyper clusters may be lower than in
normal clusters. We have performed the corresponding
calculations by assuming that the excitation of such clus-
ters are only 2/3 of the normal clusters to simulate the
effects of the hyperon interaction in the low-density clus-

ters. In the same time the properties of normal clusters
dominating in the system remain unchanged. We obtain
that the yields of 4

Λ
H increases much stronger than 3

Λ
H,

and the ratio becomes closer to the experimental one.
Another possibility to explain this effect is related to the
prolonged space structure of weakly bound 3

Λ
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

Λ
H yield.

Presently we do not have a sufficient experimental in-
formation to distinguish between the two alternative sce-
narios. In particular, the production of other nuclei and
hypernuclei in 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 heav-
ier nuclei (5Li, 6He, 6Li), and hypernuclei (4

Λ
He, 5

Λ
He),

which should be produced in addition within the corre-
sponding reaction mechanism. The 5Li production can
be measured via its decay into proton and 4He, or into 2H
and 3He, with a probability compared with the probabil-
ity of correlations measured for identification of 3

Λ
H and

4
Λ
H. The 4

Λ
He and 5

Λ
He hypernuclei can be identified via

three particle correlations. Generally, more heavy nu-
clei 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 experi-

ments, and the measurement of new hypernuclei with dif-
ferent masses as extremely important for further progress
in hypernuclear physics. The great variety of produced
hypernuclei is an important advantage of relativistic
heavy ion collisions in comparison with the traditional
hypernuclear methods concentrated on reactions leading
only to a few species. By comparing the yields of differ-
ent hypernuclei produced in same reaction one can ex-
tract additional information about the properties of hy-
permatter, 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 novel theoretical approach to ex-
plain the yields of light nuclei and hypernuclei measured
in the STAR experiment in the central relativistic nu-
clear 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 nu-
cleation process inside these sources as their statistical
decay. As was shown previously [13, 14] this approach
can be successfully used to analyze the production of
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normal nuclei. We have demonstrated that the present
experimental data concerning the production of hypernu-
clei can also be described within this approach by using
similar parameters for the local sources. This may indi-
cate an universal character of the nucleation process in
rapidly expanding nuclear matter.
We believe the production of hypernuclei in relativis-

tic 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 describing stellar matter in supernova explo-
sions and in binary neutron star mergers. The suggested
approach can correctly explain the main trends of the
hypernuclear production, and provide consistent quanti-
tative predictions too. We emphasized the puzzle of the
relative yields of 4

Λ
H and 3

Λ
H nuclei in comparison with

4He and 3He yields, which can not 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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