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Abstract. We investigate the properties of multi-strangeness bound systems
in in-medium reactions induced by hadron beams and discuss the role of the
hyperon-nucleon interaction on the dynamical formation of double-A- and =-
hypernuclei. We found a considerable sensitivity of the in-medium hyperon
interaction on the hypernuclear yields. Furthermore, we study the production
mechanism of the decuplet 2-baryon. Our results are relevant for the forth-
coming PANDA-experiment at FAIR and important to understand better the
still less known hyperon-nucleon and hyperon-hyperon interactions in the high-
strangeness sectors.

PACS codes: 21.65.-, 25.70.-z, 25.80.Pw, 21.80.+a

1 Introduction

Nuclear reactions induced by hadron-beams [1, 2] offer a great opportunity to
explore with more details than before the strangeness sector of the equation of
state (EoS). While the EoS of pure nuclear matter is fairly well known at densi-
ties up to 3 times the saturation density, the in-medium features of strangeness
in hadronic matter are still little understood. A particular role play the hyperons
inside hadronic medium. Indeed, it is well known that baryons with strangeness
content modify the EoS significantly at high densities [3]. Hyperons are further
crucial for nuclear astrophysics. They can appear in the core of compact neutron
stars, since their production processes are energetically allowed at high baryon
densities [4]. This conversion relieves the energy exerted by the nucleons and
makes the equation of state softer. This model independent feature has lead to
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the so-called hyperon-puzzle [5]. Many nuclear approaches successfully applied
to nuclear structure and heavy-ion collisions fail to reproduce the recent accurate
measurements of the neutron star masses, M = 1.97 £ 0.04M, (PSR J1614-
2230 [6]) and M = 2.01 £ 0.04M (PSR J0348+0432 [7]), when hyperons are
accounted for in the theoretical descriptions.

Therefore, it is important for hadron physics and nuclear astrophysics as well
to investigate much deeper the in-medium interactions of strangeness in com-
pressed matter. A possible way to do this are heavy-ion collisions at intermediate
relativistic energies [8] or antiproton-induced reactions [1,2]. The latter reaction
case is preferable for several reasons. The dynamics in antiproton- (or gener-
ally hadron-) induced collisions on fixed nuclear targets does not suffer from
violent compression/expansion stages as in heavy-ion collisions. Furthermore,
the excitation energies of the residual target system are low, in contrast to the
hot and highly excited fireballs in nucleus-nucleus collisions. These advantages
of in-medium hadronic reactions simplify the theoretical treatment largely. An-
tiprotons annihilate also with target nucleons into multi-particle mesonic final
states. This leads to an enhanced secondary scattering and, thus, to increas-
ing multiplicity of multi-strangeness heavy-mass baryons (cascade particles, 2-
hyperons). Note that these baryons are produced with very low probability in
primary scattering channels.

In this work we address the question about the role of the multi-strangeness in-
teraction in medium to the dynamics of (anti)hadron-induced reactions. This
task will be one of the main research projects at FAIR. Indeed, the PANDA-
Collaboration proposes a two-step hadronic reaction with a primary antiproton
beam on a primary nuclear target and a secondary =-beam on an additional tar-
get. The idea is to create a beam which carries already strangeness degrees
of freedom, such that a copious production and easily measurable cross sec-
tions of multi-strangeness hypermatter are realizable. This work is based on the
transport-theoretical description of such reactions, as presented in the next Sec-
tion 2. In Section 3 we show results related to the strangeness dynamics and
discuss the impact of the underlying in-medium hyperon interactions. Section 4
summarizes and concludes this study.

2 Covariant In-Medium Dynamics

The description of nuclear reactions at incident energies far beyond the
Fermi-level is performed within the relativistic Boltzmann-Uheling-Uhlenbeck
(Giessen-BUU, GiBUU) equation [9] and reads as

K0T 4 (ki FP 4+ m*lm®) a[j*} F@, k) = Toon - (1

This transport equation consists of two parts. The Lh.s. of Eq. (1) describes the
propagation of the 1-body phase-space distribution function f(z, k*) under the
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influence of a hadronic mean-field. It shows up through the kinetic 4-momenta
k™ = kF — XH, the effective (Dirac) mass m*™ = M — X, and the field-strength
tensor F*” = 9F3Y — 9¥X#. The in-medium selfenergies >4 and 3* describe
the actual particle interaction. They can be derived microscopically within the
Dirac-Brueckner-Hartree-Fock approach or phenomenologically in the spirit of
the relativistic mean-field (RMF) theory [10]. Here we adopt the RMF approach,
that is, X¥ = g, ,w* + ngppg‘ and X5, = g,0 (13 = %1 for protons and neu-
trons) for the Lorentz-scalar (c-meson) and Lorentz-vector (w- and p-mesons)
in-medium interactions, respectively. For the RMF parameters (obvious meson-
nucleon couplings) we use the well-known N L3-parametrization [11].

The meson-hyperon couplings at the mean-field level are obtained from the nu-
cleonic sector using SU(6)-symmetry arguments. The in-medium nucleon-, A-,
Y- and =-potentials are Uy = —46, Uy = —38, Us = —39 and Uz = —22 (in
units of MeV), respectively, at saturation density and zero kinetic energy [12].
For the mean field of Q2-particles one could apply again the quark-counting ar-
gument. However, directly produced (2-baryons escape immediately from the
nuclear matter, thus inhibiting the formation of bound states. Important for the
dynamics of 2-particles inside matter will be secondary scattering processes.
Thus, we use the same mean-field for {2-baryons as that for the nucleons for
simplicity.

For antinucleons G-parity applies in the RMF-potential by changing the sigh of
the Lorentz-vector selfenergy. Note that such a prescription leads to a divergent
behaviour of the in-medium antiproton optical potential at high energies. This
is corrected by suppression factors in the meson-nucleon couplings, which are
fixed from antiproton-nucleus reaction data [13]. The main reason for this issue
is the absence of an explicit momentum dependence in the RMF-selfenergies. In
this context we emphasize the Non-Linear Derivative (NLD) model to RMF. The
NLD approach resolves such issues by accounting for higher order derivative
terms into the RMF interaction Lagrangian [14].

The rh.s. of Eq. (1) describes binary collisions between the particles. It is
known in the literature as the collision integral. It contains all necessary elastic
and inelastic binary processes for (anti)baryon-(anti)baryon, meson-baryon and
meson-meson scattering and annihilation [9]. The physical input here are the
corresponding total and differential elementary cross sections, which are taken
from theoretical calculations or from data of the Particle-Data-Group. Having
the cross sections for all exclusive elementary channels of interest, the collision
integral of the transport equation is then numerically realized within conven-
tional Monte Carlo methods.

The GiBUU transport equation provide us with full information of the pre-
equilibrium dynamics of (anti)nucleons and produced (anti)particles. However,
because of the absence of higher-order physical fluctuations the information on
dynamical correlations is missing. In order to describe the fragmentation of
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the excited system at freeze-out we use a statistical multifragmentation model
(SMM) [15], which includes all necessary processes of evaporation, fission,
multifragmentation and de-excitation depending on the excitation energy of the
residual system. The combination of pre-equilibrium dynamics (GiBUU) and
statistical modelling (SMM) gives the full information required to describe fully
hadron-induced reactions. The formation of hypernuclei is then treated by a sim-
ple, but effective phase-space coalescence model between the SMM-fragments
and GiBUU-hyperons.

3 Results and Discussion

We have applied the GIBUU+SMM hybrid model to nuclear reactions induced
by antiproton- and hyperon-beams at intermediate relativistic energies. In par-
ticular, we have performed the two-step reaction process as proposed by the
PANDA-collaboration [1,2]. At first, antiproton-induced GiBUU simulations
on a Cu-target were analyzed and production yields of strangeness baryons
and mesons were extracted. We have focused the analysis on the =- and (2-
production yields and their energy spectra. It was found that the production
probability of these heavy-mass hyperons is very low. The =- and Q-production
cross sections are in the range [0.35 — 1.5] mb and [0.7 — 3] ub, respectively,
for incident energies between 2 and 12 GeV. This is expectable, since the cor-
responding elementary cross sections in the pp — ZZ, QQ channels are of the
order of view pb and nb, only. These cross sections are by far to low relative
to the elastic pp-processes and the annihilation cross sections into mesonic final
states. Note that the actual production =- and €2-yields are enhanced moderately
in hadronic in-medium reactions due to secondary scattering.

An example of strangeness production in p+Cu reactions is shown in Figure 1
in terms of the rapidity distributions of produced =-particles. At first, inde-
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Figure 1. Rapidity distributions of =-hyperons in p-induced reaction on Cu-targets at
three incident energies as indicated. GiBUU calculations with two different theoretical
calculations for the =N -interaction, FSS [16] (solid) and ESC [17] (dashed) are shown.
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pendent on the underlying hyperon-nucleon interaction model (see below), the
peaks are shifted just below the initial beam-rapidity, with a small portion around
rapidity zero lying inside the target nucleus. This result arises from the high =-
production threshold. The cascade particles produced in primary pp-scattering
are highly energetic and escape the nucleus. On the other hand, secondary rescat-
tering retards some of the =-particles with the net result showing in Figure 1.
The probability of multi-strangeness hypernuclear production will be obviously
low.

Because of the expected low production probability of double-A or = multi-
strangeness hypernuclei in p-induced reactions, the PANDA-collaboration has
proposed the two-step reaction experiment [1,2], as explained in the introduc-
tion. We have realized this idea by performing GiBUU+SMM simulations for
low-energetic =-beams on a nuclear target. An example is shown in Figure 2
in terms of the mass distributions of nuclear fragments (dashed curves) and =-
hyperfragments (solid curves). Again, two types of GiIBUU+SMM calculations
are displayed. They differ in the underlying ZN-interaction (see below). At
first, one sees that, double-strangeness =-hypernuclei are produced with high
probabilities over the different fragmentation regions (evaporation part, fission
part and multifragmentation part). Due to the low energy of the =-beam, the
cascade particles can be captured easily by fragments of the residual target nu-
cleus through the attractive mean-field at low momenta and further decelerating
through secondary scattering. These calculations support the PANDA-proposal,
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Figure 2. Mass distributions of produced fragments (dashed curves) and =-hyper-
fragments (solid curves) for Z-induced reactions as indicated. GiBUU calculations with
two different theoretical calculations for the =V -interaction, FSS [16] and ESC [17] are
shown, as indicated.
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in which one will expect a copious production of double-strangeness hypermat-
ter.

The PANDA-proposal is very well suited to examine the in-medium hyperon
interactions. For this purpose we have performed two types of transport calcu-
lations by using two different theoretical approaches for the ZN-interaction. In
particular, the elastic =N — =N- and inelastic =N — AA-channels are rel-
evant for the production of double-strangeness hypernuclei. These interaction
channels were theoretically studied in the frameworks of a quark-cluster model
(FSS) [16] and extended meson-exchange approach (ESC) [17]. Both theoreti-
cal approaches predict very similar results for the NN-interaction, but they differ
considerably in the strangeness sector.

This is shown in Figure 3 in terms of the elementary elastic and inelastic cross
sections for ZN-scattering within these two approaches. It is seen that in the
ESC model the elastic ZV-processes are suppressed in favour of AA produc-
tion. On the other hand, the FSS-calculations predict the opposite trend with
a significant elastic Z/N-scattering and much less contribution into the inelastic
channel. The main reason for these differences between the two microscopic ap-
proaches is due to the completely unknown information from the experimental
side. Thus, it is difficult to determine the model parameters and, in particular,
the form-factor cut-off, which usually are inserted in ladder-diagram prescrip-
tions. This still open issue is also nicely discussed in a more recent work, which
is based on a more fundamental level within the chiral effective field theory [18].
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Figure 3. Elastic (upper panel) and inelastic (lower panel) =N -cross sections as function
of the laboratory momentum. Theoretical calculations are shown according the FSS [16]
(solid) and ESC [17] (dashed) models.
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It is an important result in our transport calculations that, these model differ-
ences in the multi-strangeness hyperon interaction are clearly observable. The
transport results using the FSS-model lead to a broader =-rapidity spectrum
around target rapidity (solid curves in Figure 1) as compared to the results us-
ing the ESC-approach. This is due to the enhanced elastic =/N-scattering in
FSS, which weakens the initial energy of the =-beam in subsequential binary
elastic collisions with the target nucleons. As a consequence, the low-energetic
Z=-particles can be captured easier by target fragments and form =-hypernuclei.
This interpretation is clearly seen in Figure 2, where the =-hyperfragment yields
are enhanced largely, when the FSS approach is used. Note that the transport
calculations using the FSS model predict also the production of exotic double-
strangeness hypermatter around the fission region between evaporation and mul-
tifragmentation of low-mass hyperfragments. It would be thus a challenge to
measure such hypernuclear cross sections in the forthcoming experiments at
FAIR and, therefore, may constrain the still less known in-medium hyperon in-
teraction in the high strangeness sector.

The question arises about the formation of triple-strangeness hypernuclei in such
type of reactions discussed here. A possible candidate for this purpose could be
the (2-baryon, which carries three strangeness s-quarks. While 2-production
in the pp-channel is very difficult due to the formation of three s-quarks from
the vacuum, the formation of (2-particles from a =N-initial process is more
favourable. Indeed, The =-baryon carries already two s-quarks making the pro-
cess to the (2-hyperon easier. A possible scattering scenario can be realized
through the strangeness-conserving process =N — QN K (K stands for a kaon
with strangeness S=1). There are neither experimental nor microscopic calcula-
tions for such kind of elementary processes. At this level of study we rely on the
high-energy PYTHIA-model [19], which is implemented into the GiBUU trans-
port code. In particular, the Q2-production cross sections from relevant initial
=N-channels are in the mb-range for =-energies considered here. Thus, using
high-energy =-beams one can investigate the {2-dynamics in =-induced hadronic
reactions.

This is shown in Figure 4, where the )-rapidity distributions are displayed. The
rapidity spectra of bound A- and bound =Z-hyperons are shown too just for com-
parison. The transport calculations predict that, the production of Q-hyperons
will be indeed possible in the PANDA-experiment by using high-energetic sec-
ondary =-beams. A detailed analysis of the GiBUU simulations has shown that,
the major contribution to the total {2-production yield arises from the primary
= N-binary processes with a fraction of around 75-80%. The secondary chan-
nels through decay of higher hyperonic resonances and through re-scattering in-
volving mesonic states (kaons, atikaons and corresponding kaonic resonances)
contribute moderately (6-7%) and increase the low-energetic part of the rapidity
spectra.
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Figure 4. Rapidity distributions of bound A-, bound E- and 2-baryons for the E-induced
reaction at different =-energies, as indicated. The set of percentage values at each panel
presents the contributions from primary =Z/N- and secondary processes to 2-production
(percentage value on the top and just below at each panel, respectively).

There is a significant difference in the energy spectrum of Q-particles in Fig-
ure 4 as compared to the =-hyperon rapidities (see again Figure 1). The Q-
rapidity spectrum is shifted considerably and closely to the initial beam rapidity.
That is, most of the produced (2-hyperons escape the target nucleus with high
energies, in contrast to the =-dynamics. This is attributed to the fact that, the
Q-production originates from a three final-state channel, i.e., =N — QN K, be-
cause of strangeness conservation. Thus, a high energy is needed to overcome
the highly energetic production threshold. It is thus less probable to form triple-
strangeness hypermatter with bound §2-hyperons. An alternative way to increase
the formation of such exotic multi-strangeness bound systems might be the us-
age of much heavier target nuclei with more sizeable effects of re-scattering.

At this stage of investigations we predict an abundant production of double-
strangeness hyperfragments with an important sensitivity to the underlying in-
medium hyperon interaction in hadron-induced reactions. On the other hand,
the question about the production of more exotic multi-strangeness hypernuclei
needs a more systematic analysis. A detailed study on size effects will be here
useful. This task is under progress.
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4 Summary and Conclusions

We have investigated the multi-strangeness dynamics in hadronic reactions rel-
evant for the forthcoming project at FAIR. In particular, reactions induced by
antiproton- and cascade-beams were theoretically modelled by the relativistic
transport theory of Boltzmann-type. That is, covariant kinetic equations for the
in-medium hadronic propagation were used. The underlying interaction enters
into the transport equation through relativistic (anti)nucleon and (anti)hyperon
mean-fields and through cross sections for the various binary scattering pro-
cesses. We have focused the theoretical analysis to the multi-strangeness dynam-
ics of hyperons and exotic hypernuclei. A particular attention has been made to
possible influences of the hyperon-nucleon interaction to the strangeness forma-
tion and production. We have studied transport calculations by using two differ-
ent theoretical prescriptions for the hyperon-nucleon interaction in the collisions
involving hyperons with strangeness |S| = 2. We have analyzed the calculations
in terms of cascade-spectra and corresponding double-strangeness hypernuclei.
The production of 2-hyperons has been investigated too.

The transport results show considerable effects of the hyperon-nucleon inter-
action to the formation processes of Z-hyperons. Indeed, the large differences
in the low-energy elastic and inelastic =N cross sections between two models
for the hyperon-nucleon interaction affect the =-rapidity spectrum particularly
at low energies. This causes dramatic consequences to the formation of double-
strangeness hypernuclei. In fact, according to the transport-theoretical calcula-
tions, the mass distributions of =-hypernuclei show a strong model dependence
on the hyperon-nucleon interaction. We thus conclude that such hypernuclear
distributions can be used as observable signals at PANDA to constrain better the
hadronic interaction in the higher strangeness sectors. The PANDA-experiment
could be also used to explore the strangeness interactions in the |S| = 3-sector.
In fact, we predict detectable 2-production cross sections, when high-energetic
=Z-beams are used. In summary, we conclude the relevance of these theoreti-
cal transport studies for experimental research projects, e.g., at FAIR, which are
planed to start in the close future.
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