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Abstract. We shortly review the theory of hypernuclei production in relativistic ion collisions, that is ad-
equate to future experiments at BM@QN, NICA, and FAIR. Within a hybrid approach we use transport,
coalescence and statistical models to describe the whole process. We demonstrate that the origin of hyper-
nuclei can be explained by typical baryon interactions, that is similar to the production of conventional
nuclei. In particular, heavy hypernuclei are coming mostly from projectile and target residues, whereas
light hypernuclei can be produced at all rapidities. The yields of hypernuclei increase considerably above
the energy threshold for A hyperon production, and there is a tendency to saturation of yields of hyper-
nuclei with increasing the beam energy up to few TeV. There are unique opportunities in relativistic ion
collisions which are difficult to realize in traditional hypernuclear experiments: The produced hypernuclei
have a broad distribution in masses and isospin. They can even reach beyond the neutron and proton drip-
lines and that opens a chance to investigate properties of exotic hypernuclei. One finds also the abundant
production of multi-strange nuclei, of bound and unbound hypernuclear states with new decay modes. In
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addition, we can directly get an information on the hypermatter both at high and low temperatures.

1 Introduction

The scope of contemporary nuclear physics extends from
fundamental particles quarks and gluons to the most spec-
tacular cosmic events, like supernova explosions. Rem-
nants of these cosmic catastrophes are neutron stars. Hav-
ing a core with supra-nuclear densities and a crust with
sub-nuclear densities, these stellar objects merge all as-
pects of nuclear physics. The recent observations of two-
solar-mass neutron stars [1, 2] significantly constrain the
stiffness of the equation of state of hadronic matter at
high densities. But even these remarkable observations do
not allow a conclusive statement on the flavor composi-
tion of neutron stars. This still limited knowledge reflects
our incomplete understanding of the underlying baryon-
baryon and even more subtle multi-body interactions in
baryonic systems, not to mention their relation to the el-
ementary quark-gluon dynamics, i.e., the flavor mixing.
Detailed studies of the three-flavor nuclear equation of
state will be mandatory to approach the structure of neu-
tron stars, as well as to develop fundamental QCD theo-
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ries. Essential modifications for the nuclear Equation of
State (EoS) at high density and low temperature may
be expected from the properties of three-baryon interac-
tions [3-7]. Baryons with strangeness embedded in the nu-
clear environment, i.e., hypernuclei, are the only available
tool to approach the many-body aspect of the three-flavor
strong interaction. Hypernuclei are formed when hyperons
(Y = A, X =, 2) produced in high-energy interactions are
captured by nuclei. They live significantly longer than the
typical reaction times, therefore, they can serve as a tool
to study the hyperon-nucleon and hyperon-hyperon inter-
actions at low energies.

The investigation of hypernuclei is one of the rapidly
progressing fields of nuclear physics, since they pro-
vide complementary methods to improve traditional nu-
clear studies and open new horizons for studying parti-
cle physics and nuclear astrophysics (see, e.g., [8-16] and
references therein). Precision experimental studies of hy-
pernuclei confronted with precision structure calculations
based on basic principles of QCD will, at the same time,
help to explore the dominant two-baryon interaction in nu-
clei and disentangle, e.g., three-baryon forces and charge
symmetry breaking effects. Another pillar of contempo-
rary hypernuclear studies is the exploration of the limits
of stability in isospin and strangeness space.
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Presently, hypernuclear physics is still focused on spec-
troscopic information and is dominated by a quite lim-
ited set of reactions [8,11]. These are reactions induced
by high-energy hadrons and leptons leading to the pro-
duction of few particles, including kaons which are often
used for tagging the production of hypernuclei in their
ground and low excited states. In this case hypersystems
with baryon density around the nuclear saturation den-
sity, po =~ 0.15fm~3 are formed. Therefore, most previ-
ous theoretical studies concentrated on the calculation of
the structure of nearly cold hypernuclei. Recently they
started to develop new experimental methods: Heavy fis-
sioning hypernuclei were identified with a relatively high
probability in reactions induced by stopped antiprotons
and by protons with energy around the threshold [17,18].
Very encouraging results on hypernuclei come from ex-
periments with light relativistic projectiles: In addition to
well-known hypernuclei [19,20], evidence for unexpected
exotic hypernuclear states, like a A hyperon with two neu-
trons, was reported [21], which was never observed in other
reactions. The production of such new exotic states (see
also [22]) could be naturally explained within the break-
up of excited hypernuclear systems [21,23]. The case of
double hypernuclei illustrates the complementarity of the
various methods: Experiments using kaon beams and nu-
clear emulsions provide information on the ground-state
masses of double hypernuclei [24]. The spectrum of ex-
cited states will be explored by the PANDA experiment
at FAIR using antiprotons and performing high-resolution
~-spectroscopy [25]. Two-particle correlation studies be-
tween single hypernuclei and A-hyperons may —like con-
ventional two-particle correlation studies in heavy-ion re-
actions (see, e.g., [26])— provide unique information on
particle-unstable resonances in double hypernuclei.

Many experimental collaborations (e.g., STAR at
RHIC [27]; ALICE at LHC [28]; PANDA [29], FOPI/
CBM, and Super-FRS/NUSTAR at FAIR [30,31]; BM@QN
and MPD at NICA [32]) have started or plan to investigate
hypernuclei and their properties in reactions induced by
relativistic hadrons and ions. The limits in isospin space,
particle unstable states, multiple strange nuclei and pre-
cision lifetime measurements are unique topics of these
fragmentation reactions. All these experiments tell us that
the production of hypernuclei in relativistic collisions is
confirmed, and that this mechanism is very promising for
exploring novel hypernuclear states.

It is important in this respect to note that the very first
experimental observation of a hypernucleus was obtained
in the 1950s in reactions of nuclear multifragmentation in-
duced by cosmic rays [33]. Recently remarkable progress
was made in the investigation of the multifragmentation
reactions associated with relativistic heavy-ion collisions
(see, e.g., [34-37] and references therein). This gives us
an opportunity to apply well-known theoretical methods
adopted for description of these reactions also for produc-
tion of hypernuclei [38-40]. Specially, we emphasize the
following features of hypernuclei obtained in the fragmen-
tation processes and new directions of the research:

1) Fragmentation reactions leading to the formation of
hypernuclei can provide new insights into mechanisms of
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such processes, including the phase transition phenomena,
and give access to the EoS of hypernuclear matter.

2) New hypernuclei can help to investigate the struc-
ture of nuclei by extending the nuclear chart into the
strangeness sector [8-11,15]. Complex multi-hypernuclear
systems incorporating more than two hyperons can be
created in such energetic nucleus-nucleus collisions, e.g.,
STAR at RHIC, CBM and NUSTAR experiments at
FAIR, ALICE at LHC. Indeed, heavy-ion reactions may
be the only conceivable method to go even beyond |s| = 2.

3) Important astrophysical states such as isospin asym-
metric hypermatter produced at high nuclear densities
and low temperatures in the core of neutron stars [12] can
be addressed by studying hypernuclei, especially multi-
hyperon ones, and those with extreme isospin.

4) Indications for new bound strange systems with
extreme isospin have been found very recently: As dis-
cussed, the HypHI Collaboration has seen signals compat-
ible with a neutral Ann state [21], the FINUDA Collabora-
tion claimed the observation of §H events [41]. These ex-
otic hypersystems may lead to the breakthrough in hyper-
physics and they are now under intensive experimental [42]
and theoretical [43, 44] investigation. The experimental
confirmation of these states and search for new states at
high-energy reactions has the highest priority [45,46].

2 Production mechanisms for hypernuclei and
the models

The formation processes of hypernuclei are quite differ-
ent in central and peripheral ion collisions. There are in-
dications that in central collisions of very high energy
the coalescence mechanism, which assembles light hyper-
fragments from the produced hyperons and nucleons (in-
cluding antibaryons), is essential [27,28,47-49]. Thermal
models suggest also that only the lightest clusters, with
mass numbers A < 4, can be noticeably produced in this
way because of the very high temperature of the fireball
(T =~ 160 MeV) [50,51]. On the other hand, it was noticed,
some time ago, that the absorption of hyperons in specta-
tor regions after peripheral nuclear collisions is a promis-
ing way for producing hypernuclei [52-55]. An important
feature of peripheral collisions is that large pieces of nu-
clear matter around normal nuclear density at low tem-
perature can be created as compared to highly excited nu-
clear matter at mid-rapidity. In the simplified picture, nu-
cleons from overlapping parts of the projectile and target
(participant zone) interact strongly with themselves and
with other hadrons produced in primary and secondary
collisions. Nucleons from non-overlapping parts do not in-
teract intensively, and they form residual nuclear systems,
which we call spectator residues or spectators. It is well
established that moderately excited spectator residues
(T < 5-6MeV) are produced in such reactions [34-36,56].
The production of hyperons is associated with nucleon-
nucleon collisions, e.g., p+n — n+ A+ KT, or collisions
of secondary mesons with nucleons, e.g., 77 +n — A+K™T.
Strange particles may be produced in the participant zone,
however, particles can rescatter and undergo secondary
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interactions. As a result the produced hyperons populate
the whole momentum space around the colliding nuclei,
including the vicinity of nuclear spectators, and can be
captured by the spectator residues. A hyperon absorption
in these residues should not change the whole reaction
picture since the hyperon-nucleon forces are analogous to
the nucleon-nucleon ones. General regularities of the de-
cay of such hyper-residues into hyperfragments could be
investigated with statistical models (e.g., generalized Sta-
tistical Multifragmentation Model SMM [38-40]), which
were previously applied for description of normal fragment
production with great success [34-37].

At present the theoretical predictions of strangeness
and hyperon production in hadron and ion reactions can
be performed with various dynamical models employ-
ing similar general assumptions on the hadron transport
in nuclei but with different methods of solution of the
kinetic equations. In addition, the models have rather
different features concerning hadron-hadron interactions
and production of new particles. Involving various trans-
port models is very important since we obtain knowl-
edge about uncertainties in such calculations. At rela-
tively low-energy elementary hadron collisions (less than
1-2GeV in the center-of-mass system of colliding par-
ticles) the models use usually quite reliable approxima-
tions for the reaction channels supported by analysis of
large amount of available experimental data. However,
at higher energies, where hyperon formation is more es-
sential, theoretical estimations are mostly used. For ex-
ample, the Dubna Cascade Model (DCM) [55,57, 58] in-
volves the quark gluon string model (QGSM). The Ul-
trarelativistic Quantum Molecular Dynamics (UrQMD)
model [59, 60] has adopted the string formation and its
fragmentation according to the PYTHIA model for hard
collisions. The Lund FRITIOF string model (including
PYTHIA) is used in the Hadron String Model (HSD) [61],
however, for simulations including in-medium self-energies
of particles. The Giessen Boltzmann Uehling Uhlenbeck
(GiBUU) model [54] has also implemented PYTHIA for
reaction processes with the test particles representing the
Wigner transform of the hadron Green’s functions. All
these models were used successfully for description of
strangeness production [55,62,63]. The capture of pro-
duced A hyperons by nuclear species can be easily ob-
tained within the potential [55] or coalescence [51] criteria.
Recently we have developed a generalization of the coa-
lescence model [64,65], the coalescence of baryons (CB),
which can be applied after the dynamical stage described,
for example, by DCM, UrQMD, and HSD models. In such
a way it is possible to form fragments of all sizes, from
the lightest nuclei to the heavy residues, including hyper-
nuclei within the same mechanism. The advantage of this
procedure is the possibility to predict the correlations of
yields of hypernuclei, including their sizes, with the rapid-
ity on the event-by-event basis, that is very important for
the planning of future experiments.

There is a connection between dynamical and statisti-
cal approaches: The DCM and GiBUU can directly calcu-
late the parameters of residual nuclei obtained in periph-
eral relativistic ion collisions. In the case of simulations
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with UrQMD and HSD codes, besides the coalescence
of baryons, one can “mark” non-interacting nucleons of
the colliding nuclei and consider them as the ones form-
ing the residues together with other captured baryons.
In the following one can apply the statistical models for
description of the final reaction stage (de-excitation of
the residues [23,54]) by taking into account, for example,
the experimentally found relation between excitation en-
ergies and masses of the residues [37]. The disintegration
of heavy hypersystems can be described by the general-
ized SMM (15, 38]. The statistical Fermi break-up model
(FBM) is very the effective for the description of decay of
light systems, and it was generalized to describe the dis-
integration of the hyper-residues [66]. In this way we have
constructed a hybrid approach which can be directly used
for the analysis of experimental data, as well as for evalu-
ation of new experiments [23,30,31,57,67]. In particular,
the models predict the formation of multi-hyperon sys-
tems [55], exotic hypernuclei and those beyond the drip-
lines, which are hardly possible to obtain in other reac-
tions [15,23,57].

3 Main regularities of hypernuclei formation

It was previously demonstrated [15,23,55,57,65] that the
most effective way to find novel hypernuclei is to use
the fragmentation of the projectile and target spectator
residues, and detect particles from the target (or projec-
tile) kinematic region. During the last several years this
was under intensive analysis with various dynamical ap-
proaches (DCM, UrQMD, HSD). These studies have led
to similar results [57,65]. For example, in fig. 1 we show
predictions of the yields of hyper-residues in collisions of
relativistic ions in the wide range of projectile energies.
The calculations were done with the DCM by taking into
account all impact parameters as in experiment. Within
this approach the absorption of A hyperons by spectators
was described in ref. [55]: It takes place if the hyperon
kinetic energy in the rest frame of the residual specta-
tor is lower than the attractive potential energy gener-
ated by neighbouring nucleons, i.e., the hyperon poten-
tial, which is around 30 MeV in matter at normal nuclear
density pg. This potential is calculated by taking into ac-
count the local density of the spectator residues, which
can be less than pg. In the dynamical simulations we fol-
low the propagation of all particles including A-hyperons
during the whole reaction time, up to about 100 fm/c, and
take into consideration secondary rescattering/interaction
processes, which may lead to the hyperon production, the
hyperon absorption, and making the absorbed hyperons
free. The predicted cross-sections for such strange specta-
tor residues are about ~ 1-100 mb (depending on the col-
liding nuclei), that is more than sufficient for modern de-
tectors which can reliably measure cross-sections of about
~ 1 ub. One observes a rapid increase of the yields with
the incident beam energy around the threshold of A pro-
duction and the saturation trend at the laboratory energy
of about 5-10 A GeV and higher. Therefore, there are ex-
cellent opportunities to study projectile- and target-like



Page 4 of 9

11—
i target hyper-residues
—1| 1
10 ¢ 208py, 4 208py, E
= o BN +8Ni
$10 £ E
> E
o F
g ]
'E 10—3; 26 120 i
2 ]
=
1 0—4; DCM transport calculation |
10_5; GSI FAIR RHIC LHC
| ol Lol Lol Lo
1 10 107 10°

Lab beam energy (GeV/nucleon)

Fig. 1. Predicted yields of hyper-residues of targets in colli-
sions of '2C, ®®Ni, and 2°®Pb beams with the same targets,
as a function of the incident energy. Projectile energies corre-
sponding to GSI, FAIR, RHIC, and LHC accelerators for the
fixed targets are marked by arrows. The DCM calculations are
integrated over all impact parameters, and normalized to one
inelastic collision event (from ref. [57]).

hypernuclei at the FAIR facility, as well as at more pow-
erful accelerators —RHIC and LHC. Because of this sat-
uration, nearly the same results for single hypernuclei are
obtained for all high energies (up to the TeV region). For
this reason, in the following figures we show the GeV en-
ergies. However, the high-energy accelerators may have
advantages, since the production of multi-strange hyper-
systems is more probable.

The characteristics of these hyper-residues are shown
in more detail in fig. 2, in the case of heavy-ion collisions.
The probability for the absorption of several hyperons falls
with the hyperon number, however, it remains quite large,
especially, at high projectile energy. One can see that even
3 A hyperons can be captured with significant probabil-
ity (~ 107°) and the capture of even more hyperons is
feasible. It is important that both DCM and UrQMD
lead to very close predictions. This opens an unique way
for studying multi-strange systems with |s| > 2. It is in-
structive for experiments at very high energies, since the
strangeness formation increases considerably. One can see
by comparing the left and right top panels that the proba-
bility of the hyperon capture is less decreasing with H for
the higher energy. Therefore, the high energetic reactions
enhance the production of multi-hyperon nuclei. Masses of
the hyper-residues are large, therefore, one can discuss for-
mation of excited hypermatter at density around normal
nuclear ones pg. The subsequent disintegration of this hy-
permatter into normal and hyperfragments can proceed
via fission and evaporation processes known well at low
excitation energies. At high excitations this disintegration
can give information about the liquid-gas-type phase tran-
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Fig. 2. Probability for formation of conventional and strange
spectator residues (top panels), and their mean mass num-
bers (bottom panels) vs. the number of captured A hyperons
(H), calculated with DCM and UrQMD model for p + Au and
Au+ Au collisions with energy of 2 GeV per nucleon (left pan-
els), and 20 GeV per nucleon (right panels). The reactions and
energies in the laboratory system are noted in the figure by
different histograms (from ref. [55]).

sition and the equation of state of the hypermatter, sim-
ilar to that obtained for the case of the normal nuclear
matter [34,56]. In addition, the products of such a disin-
tegration can be exotic species, which cannot be obtained
in other reactions.

The latter is illustrated in fig. 3, where we predict the
yields of normal as well as hyperfragments after disintegra-
tion of a heavy system by assuming two absorbed hyper-
ons, and the isotope composition which can be produced
with special beams and targets [68,69]. The calculations
for this reaction stage were performed within the men-
tioned statistical approach (SMM), see refs. [15, 38] for
more detail. The model assumes that a hot nuclear spec-
tator with total mass (baryon) number Ag, charge Zo,
number of A hyperons Hj, and temperature T expands
to a low-density freeze-out volume, where the system is
in chemical equilibrium. The statistical ensemble includes
all break-up channels composed of nucleons and excited
fragments with mass number A, charge Z, and H is their
number of A’s. The primary fragments are formed in the
freeze-out volume V. We use the excluded volume approx-
imation V' = Vi + V, where Vy = Ay /po, and parametrize
the free volume V; = kVp, with x ~ 2. This and other
parameters in the model are taken as in the case of sta-
tistical fragmentation and multifragmentation of normal
nuclei, which give a very good description of the data (see,
e.g., [34-37)).

Nuclear clusters in the freeze-out volume are described
as follows: light fragments with mass number A < 4
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are treated as elementary particles with corresponding
spin and translational degrees of freedom (“nuclear gas”).
Their binding energies were taken from experimental
data [8,11, 34]. Fragments with A = 4 are also treated
as gas particles with table masses, however, some excita-
tion energy is allowed E, = AT?/eq (g9 ~ 16 MeV is the
inverse volume level density parameter [34]), that reflects
the presence of excited states in *He, 4H, and 4{He nu-
clei. Fragments with A > 4 are treated as heated liquid
drops. In this way one can study the nuclear liquid-gas
coexistence of hypermatter in the freeze-out volume. The
internal free energies of these fragments are parametrized
as the sum of the bulk (F¥), the surface (F5), the sym-

sym

metry (F3,}), the Coulomb (F¢,), and the hyperenergy
(Fig):

Fazu(T,V)=F5 + F§ + FS5, + F$, + FIOP. (1)

The first three terms are written in the standard liquid-
drop form [38]:

Fﬂnz(ﬂm—w)a

€o
T2 _ T2 5/4
FS T) = c A2/3
30 = (Torgs) A%
Sym (A — H— 2Z)2
Fion = T A (2)

The model parameters wg = 16 MeV, G, = 18MeV,
T. = 18MeV and v = 25MeV were extracted from
nuclear phenomenology. The Coulomb interaction of the
fragments is described within the Wigner-Seitz approxi-
mation, and F'{, is taken as in ref. [34].

The new term is the free hyperenergy Fgg’. We assume
that it does not change with temperature, i.e., it is deter-
mined solely by the binding energy of the hyperfragments.
We have suggested the liquid-drop hyper term [38]:

FYP = (H/A) - (~10.68A +21.274%/3).  (3)

In this formula the binding energy is proportional to the
fraction of hyperons in the system (H/A). The second part
represents the volume contribution reduced by the sur-
face term and thus resembles a liquid-drop parametriza-
tion based on the saturation of the nuclear interaction. As
demonstrated in ref. [15] the formula gives a reasonable
description of binding energies of known hypernuclei. A
captured A hyperon can occupy the s-state deep inside
nuclei, since it is not forbidden by the Pauli principle. For
this reason adding this hyperon to nuclei is a more effec-
tive way to increase their binding energies than adding
nucleons, especially for large species.

The break-up channels are generated according to their
statistical weight. In the Grand Canonics this leads to the
following average yields of individual fragments:

A3/2 1
Yazun=9gazn - VfAT exp |~ (Fazu(T,V)—pazm)| ,
T

paza=Ap+ Zv + HE. (4)
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Fig. 3. Characteristics of normal fragments (solid lines) and
hyperfragments with one (dashed lines) and two (dash-dotted
lines) A hyperons produced after disintegration of an excited
hypernuclear system with mass number Ay = 200, charge
Zy = 70, temperature T' = 4MeV, and containing two A hy-
perons (Ho = 2). Top panel: Relative yields of fragments wvs.
their mass number. Bottom right panel: Relative isotope yields
for molybdenum fragments (Z = 42) vs. the neutron number.
The arrow indicates the neutron drip-line. Bottom left panel:
Binding energies per baryon (E/A) of molybdenum hyper-
nuclei for the neutron numbers around the neutron drip-line
(from ref. [15].)

Here gayy is the ground-state degeneracy factor of species
(A, Z,H), \p = (27h?/myT)"/? is the nucleon thermal
wavelength, my is the average nucleon mass. The chem-
ical potentials u, v, and £ are responsible for the mass
(baryon) number, charge, and strangeness conservation in
the system.

As a result, there is a wide distribution of produced
fragments (top panel of fig. 3), similar to the one in the
break-up of normal nuclei corresponding to the onset of
the phase transition in finite systems. However, the hy-
perons are mainly concentrated in big fragments, since
the presence of A hyperons increases the nuclear binding
energy significantly, as one can see from the bottom-left
panel demonstrating the binding energy of hypernuclei vs.
the neutron number. It is clear from formula (3) that this
increase is larger for bigger fragments. Here we should
note that the shown decrease of the binding energy at
large numbers of neutrons is obtained under the standard
assumption on the nuclear symmetry energy coefficient -,
and an essential decreasing of this coefficient for neutron-
rich isotopes is disregarded [15,70]. This question, actual
for neutron star matter, could also be clarified in future
hypernuclear studies by taking into account the “gluing”
effect of hyperons inside nuclei. The isotope distribution
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jectile 12C with target carbon isotopes vs. the isotope mass
number A. The hybrid DCM and FBM calculations are in-
tegrated over all impact parameters, and normalized to one
inelastic collision event. The projectile energy is 20 GeV per
nucleon (from ref. [57]).

of produced nuclei (bottom-right panel) can go beyond
the neutron drip-line for both normal nuclei and hyper-
nuclei. Such normal nuclei are usually particle unstable,
while the hypernuclei may be stable and may remain be-
yond the drip-line even after emission of few nucleons in
the secondary de-excitation process. This is an original
mechanism for producing exotic hypernuclei which are not
feasible to obtain in other reactions.

Since the experimental methods for identification of
light hypernuclei are most reliable we demonstrate in fig. 4
the new opportunity for producing exotic light hypernu-
clei by means of relativistic ion collisions using various
targets. In this case the excited hyper spectator residues
produced after the dynamical stage are mostly light sys-
tems. For their disintegration we have used the Fermi-
break-up model generalized by including A hyperons in
ref. [66]. In the microcanonical approximation we take into
account all possible break-up channels, which satisfy the
mass number, hyperon number (i.e., strangeness), charge,
energy and momentum conservations, and simulate the
competition between these channels. The probability of
each break-up channel ch is proportional to the occupied
phase space and the statistical weight of the channel con-
taining n particles with masses m; (i = 1,...,n) can be
calculated as

n— n 3/2
mic x E Vf ! Hi:l m; i
ch G \ (27h)3 mo

(Brin = UG)*" 7, (5)
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where mg = Z?=1 m; is the summed mass of the particles,
S =T1,(2s; + 1) is the spin degeneracy factor (s; is the
i-th particle spin), G = H§:1 n;! is the particle identity
factor (n; is the number of particles of kind j). Eyy, is the
kinetic energy of nuclei and UCC;L is the Coulomb interac-
tion energy between nuclei, which are related to the energy
balance as described in ref. [66]. The table masses of both
ground states and known excited states of (hyper)nuclei
(see, e.g., [8,11]) are included. Our calculations were per-
formed on an event-by-event basis and can easily be fil-
tered by the experimental conditions in order to take into
account the experimental background for detection of hy-
pernuclei [57]. As can be seen from fig. 4 by selecting the
isotope composition of the projectile and target nucleus
we can influence the composition of produced hypernu-
clei significantly. This is again a unique chance which can
be realized in relativistic ion collisions. By comparing the
yields one can learn about the details of the production
mechanisms and the binding energy of hypernuclei. For ex-
ample, the recent discovery of exotic §H hypernuclei [41]
is now discussed intensively [43,44], and the low statistics
of traditional hypernuclear experiments is a serious prob-
lem. One can see that it is possible to increase the §H
relative yield nearly by two orders of magnitude by in-
volving neutron-rich targets. The reason is that the prob-
ability of formation of neutron-rich (hyper)nuclei increases
essentially as a results of the total increase of the neutron
number in the system. This method can be applied for
searching also for other exotic bound states. The experi-
mental evidences for An and Ann states in the projectile
residue region were discussed recently [21,22], and —if
confirmed— the observed yields are consistent with the
FBM production mechanism [23].

It is instructive to demonstrate a connection between
formation of all fragments, i.e., normal ones, large and
small hypernuclei. This can be analyzed within the coa-
lescence mechanism for producing fragments from the in-
dividual nucleons and hyperons obtained after the dynam-
ical stage [65]. The criterion of the coalescence is the prox-
imity of baryons in the velocity and coordinate space. A
variation of the coalescence parameters within reasonable
values does not change the general picture of the fragment
formation. The selection of the adequate parameters can
be directed by comparison with experiments. Below we
show the results obtained with the parameters extracted
from an analysis of the yield of normal fragments.

The total mass yields of the normal fragments and hy-
perfragments (with one bound A) are shown in fig. 5. The
coalescence of baryons (the CB model) was applied after
the UrQMD, for the reactions of relativistic energies initi-
ated in ion collisions on carbon and gold targets. Though
the yields are normalized per one inelastic event, one
should take into account that only events with production
of hyperons have been analysed in this case. For this rea-
son there is no characteristic increase of the yield of nor-
mal fragments with masses around the projectile/target
mass, which are caused by very peripheral collisions. One
can see that the production of fragments of all sizes is
possible. As expected, the yield of conventional fragments
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Fig. 5. Yields (per one inelastic event) of normal fragments
(solid lines with squares) and hyperfragments with one cap-
tured A (notation H = 1, dashed lines with circles) wvs. their
mass number (A) in reactions induced by carbon and gold col-
lisions. The dotted lines present the corresponding fragments
originated from the spectator residues. The projectile lab ener-
gies are shown in panels. The calculations are performed within
the hybrid UrQMD plus CB model, and integration over all
impact parameters (see ref. [65]).

is by few orders of magnitude higher than the yield of
hyperfragments. Nevertheless, the production of hyper-
fragments is sufficient to be experimentally measured (see
also [57]). It is a natural result of the coalescence that the
yield of the lightest hyperfragments is dominating. How-
ever, the capture of hyperons by residues saturates the
yield for large masses and leads to abundant production
of heavy hyperfragments. Within this approach one can
see clearly that nearly all normal fragments and hyper-
fragments with A > 3—4 in the carbon collisions, and with
A > 10 in the gold collisions originate from the capture of
A hyperons by spectator residues (dotted lines). As was
mentioned we believe that these hyperfragments represent
excited pieces of hypermatter whose evolution can be cal-
culated with statistical models [15, 38].

There is a relation between the formation mechanisms
and the velocities of produced hyperfragments. Their to-
tal rapidity distributions are demonstrated in figs. 6 after
UrQMD and CB calculations. One can see that the big
fragments, which can come only from the residues, will
be concentrated around the target and projectile rapidity
(dashed lines). Whereas the small fragments, which are
formed after the coalescence of fast baryons, can popu-
late the midrapidity region also. It is interesting that in
the carbon collisions the hyper-residues are responsible for
producing nearly all hyperfragments in their kinematic re-
gions. In the gold case, many new strange particles of rel-
atively high energy are produced in this region, therefore,
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Fig. 6. Rapidity distributions (in the center-of-mass system,
Ye.m.) of produced hyperfragments (solid lines) and hyper-
residues (dashed lines) calculated within the UrQMD plus CB
model (ref. [65]). The reactions, parameters and other nota-
tions are as in fig. 5.

besides big hyperfragments coming from the residues ad-
ditional energetic light hypernuclei can yield too. This cor-
relation should be taken into account by planning the pro-
duction of specific hypernuclei and analyzing the data: It
is important that different reaction mechanisms, e.g., the
statistical disintegration of hyper-residues (a many-body
process) and the coalescence of baryons in final states (a
two-body process), may lead to different hypernuclei.
The lightest hypernuclei 3H and 4H are specially in-
teresting: They can be easily identified by their decay into
7~ and He, and into 7~ and *He, respectively. These cor-
relations have been observed already in many heavy-ion
experiments at high energies [19-21,27, 28,47, 48]. Such
hypernuclei can serve as indicators for the production of
hypermatter. In fig. 7 we show the rapidity distributions
of these light hypernuclei in the same reactions. One can
see an instructive behaviour: The 3 H nuclei are essentially
formed over all rapidities. As was mentioned, the central
midrapidity region corresponds to a fireball with very high
temperature contrary to the nearly cold remnants of the
target and projectile. The larger nuclei (4H) are more
grouped at the target and projectile rapidities. This is the
consequence of the reaction mechanism: The secondary
interactions contributing considerably to the formation of
hyperons with relatively low momenta, which can be cap-
tured by larger pieces of nuclear matter, happen mostly
in the residue region. As was demonstrated in ref. [65]
the saturation of the yields for single hypernuclei with en-
ergy concerns the light nuclei produced at the midrapidity
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Fig. 7. Rapidity distributions of produced 3H (dotted lines)
and 4 H (dashed lines) hyperfragments in reactions as in fig. 6.
The UrQMD and CB calculations are taken from ref. [65].

region too. It is because in the fireball region the primary
hadron interactions lead to the production of high-energy
hyperons, and, as a result, the nucleons and hyperons are
far from each other in momentum space. Therefore, de-
spite increasing the number of hyperons with the energy
the total number of the coalescent hyperfragments does
not increase considerably.

The correlation measurements (of pions, baryons and
fragments) are the most promising tool for future research
in this field. They allow for identification of hypermatter
and can reveal the hypernuclei properties. For example,
by detecting the momenta of their decay products one
can find the life-time of the hypernuclei and their bind-
ing energies. By analyzing the decay of free A hyperons
and hypernuclei in the same events one can investigate
the unbound hyperon states in double hypernuclei. It is
crucial for constraining the hyperon interaction in matter
and determining the properties of hypermatter at low tem-
peratures. As discussed, the last one is also important for
compact astrophysical objects such as neutron stars [12].
The background of these correlation processes can be eval-
uated with the developed theory models too [57].

4 Conclusion

We conclude that relativistic collisions of hadron and ion
with ions are a very promising source of hypermatter and
hypernuclei. By comparing the previous results obtained
with various models we note that it is a universal process
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and well established theoretically. A large amount of hy-
pernuclei of all masses and in a wide range of isospin can
be produced. Systematic investigations of multi-strange
hypernuclei can be naturally performed in these reactions.
The production of strangeness is possible at all rapidities,
however, the most instructive results are expected in the
target (or projectile) kinematic regions. This nicely corre-
sponds to future BM@N and FAIR experiments. In this
case the extraction of large pieces of nearly cold hyper-
matter becomes possible and its properties including the
EoS can be investigated. In addition, new exotic hyper-
nuclei can be formed in such reactions, and new methods
of their investigation (e.g., by using many-particle corre-
lations) can be applied, which gives advantages over the
traditional hypernuclear studies.

We also note that the general mechanism of such re-
actions leading to fragmentation and multifragmentation
is well established for normal nuclear processes. Hyper-
ons are also participating in such a process because the
hyperon-nucleon interaction is of the same order as the
nucleon-nucleon one. This universality leads to an impor-
tant conclusion that any baryon with an attractive poten-
tial may be bound in a nucleus. It may concern the pro-
duction of “charmed” and “bottom” nuclei after a possible
capture of charmed (e.g., A7) and bottom (AY) baryons.
Nobody has observed such nuclei yet, real interaction po-
tentials of such baryons are not known, therefore, this sug-
gestion should be still considered as a hypothesis. In any
case, a probability for production of these nuclei may be
by several orders of magnitude lower than for conventional
hypernuclei. However, very high energies and the presence
of heavy residues in the target and projectile rapidity re-
gions may provide an adequate place to search for the ex-
tension of nuclear physics into the new flavor dimensions.
Obviously a first step for this experimental study would
be a construction of a set up for reliable detection of rare
decays associated with hypernuclei.
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