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Abstract. We study light cluster and hypernuclei production in heavy-ion col-
lisions from SIS to RHIC energies based on the n-body dynamical transport ap-
proach PHQMD (Parton-Hadron-Quantum-Molecular-Dynamics). In PHQMD
clusters are formed dynamically due to the interactions between baryons de-
scribed on the basis of Quantum Molecular Dynamics (QMD) which allows to
propagate the n-body Wigner density and n-body correlations in phase-space,
which is essential for the cluster formation. The clusters are identified by the
MST (Minimum Spanning Tree) or the SACA (‘Simulated Annealing Clus-
ter Algorithm’) algorithm which finds the most-bound configuration of nucle-
ons and clusters. Collisions among hadrons as well as Quark-Gluon-Plasma
formation and parton dynamics in PHQMD are treated in the same way as in
the PHSD (Parton-Hadron-String-Dynamics) transport approach. We study the
time evolution of the cluster formation in the expanding medium and the stabil-
ity of the clusters. We present a comparison of the PHQMD results for d, *He
as well as for the hypernuclei with experimental data.

1 Introduction

The nature of cluster and hypernuclei production in heavy-ion collisions is one of the intrigu-
ing topics nowadays. The clusters have been observed experimentally at midrapidity from
SIS up to LHC energies (cf. [1-6]). However, according to statistical models, the temper-
ature of the surrounding matter at freeze-out is about 7 ~ 100 MeV. An understanding of
how weakly-bound objects, such as clusters (with binding energies below 10 MeV), can be
formed and survive in such a hot environment appears to be a puzzle, usually called "ice in
the fire".
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The theoretical study of cluster formation - based on statistical or coalescence models -
can not shed much light on the microscopic origin of such phenomena. In order to understand
the dynamical processes leading to the creation of clusters at midrapidity, we studied in Ref.
[7] the cluster and hypernuclei formation based on the Parton-Hadron-Quantum-Molecular-
Dynamics (PHQMD) approach [8]. The PHQMD is a n-body microscopic transport approach
for the description of heavy-ion collisions including cluster production. The dynamically
formed clusters are identified by the SACA and MST algorithms. The PHQMD merges
the collision integrals of the Parton-Hadron-String Dynamics (PHSD) approach [9, 10] with
density dependent 2-body potentials between baryons, similar to the Quantum Molecular
Dynamics (QMD) approach. Baryons are described by Gaussian wave functions which prop-
agate under the influence of mutual-density-dependent 2-body forces (and not due to a mean
field). As demonstrated in [8], PHQMD reproduces single-particle observables for energies
\sny ~ 2 +200 GeV and describes the cluster formation as well.

In PHQMD clusters are formed dynamically due to the potential interactions between
baryons. For this study we used a Skyrme density dependent static potential and a Coulomb
interaction entering the quantal Hamiltonian equations of motion with 2-body potential en-
ergies. The clusters are identified by the MST [11] or the SACA [12, 13] algorithm, which
finds the most-bound configuration of nucleons and clusters. In the MST algorithm only the
coordinate-space information is used to define clusters: Two nucleons are considered as part
of a cluster if their distance is less than ry = 4 fm in the cluster rest system obtained by a
Lorentz transformation from the computational frame. Nucleons, which are more distant, do
not feel anymore an attractive interaction. The MST procedure has been recently applied to
study the cluster production in different transport approaches [14]. This study showed that
in QMD-like approaches, where the few-body correlations are kept, more light clusters at
midrapidity are produced than in mean-field or cascade models.

In spite of the advantages of accounting for the n-body interactions (on the level of 2-
body potentials) compared to mean-field-based models, the semi-classical QMD models can
not achieve the stability of clusters, since they cannot project the n-body density onto the
quantum ground state of a cluster, which might influence the nucleon distribution inside the
cluster for very late times. To overcome this problem we have fixed a cluster freeze-out time ¢
at which the cluster production is terminated: ¢ = #y - cosh y, where £y is the cluster freeze-out
time at midrapidity. We call ¢ the "physical time" because it marks identical times in the rest
systems. Due to time dilatation it depends on the rapidity of the cluster rest system in the
center-of-mass frame of the heavy-ion collision.

2 Cluster and hypernuclei formation in heavy-ion collisions

Here we highlight some results from our recent study [7] and we refer the readers to this
reference for details and further results. We note that the MST algorithm is applied here for
cluster recognition.

We start with showing the comparison between the midrapidity clusters measured by the
NA49 Collaboration in heavy-ion collisions at the SPS at CERN and the PHQMD calcu-
lations. Figure 1 shows the rapidity distribution of deuterons (left)and *He (right) for cen-
tral Pb+Pb collisions at the beam energy Ey;,, = 40 AGeV. Here we identify the clusters at
to = 53 fm/c and 67 fm/c. The shape of the rapidity distributions are well reproduced by
PHQMD within the measurement uncertainties. We note also that in the whole pr range,
where experimental data are available, the transverse-momentum spectra in different rapidity
bins are remarkable well reproduced by PHQMD (cf. Fig. 9 in [7])). Similar findings hold
for the AGS and RHIC BES energies where the PHQMD provides a very good description
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of the rapidity distributions, py spectra and covariant coalescence function, By, for d, ¢, and

3He.
d, Pb+Pb, Sy, = 8.8 GeV, b = 0- 5 fm %He, Pb+Pb, (S, = 8.8 GeV, b = 0- 5 fm
3 18f g "F
2 [ ©®Na49 =PHQMD 2 F ©NA49 = PHQMD
i r T 0.04
16 F
141 i i 0.03[- i
I C u
12 F
g i # % i 0.02[ ¥ $
i3 : YVigae !
F 0.010
08 E
os:w\wwww\wwww\wwww\wwww\wwww\wwww\w o:wwww\wwww\wwww\wwww\wwww\wwww\wwww\wwww
95 1 05 o 05 1 15 45 1 05 0 05 1 15
y y

Figure 1. The rapidity distribution of deuterons (left) and 3He (right) for central Pb+Pb collisions at
the beam energy Ey;, = 40 AGeV. The dots indicate the experimental data from the NA49 Collaboration
[3]; the red squares show the PHQMD results taken at the physical time ¢ = £, cosh(y) for #, = 53 fm/c
for deuterons and for t, = 67 fm/c for 3He. The figure is taken from Ref. [7].
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Figure 2. Transverse-momentum distribution of ?\H (left) and j‘\H (right) for -0.5 < y < -0.25 in
central Au+Au collisions at /syy = 3 GeV. The filled circles indicate the preliminary experimental
data from the STAR Collaboration [15]. The PHQMD results are taken at the times t = 80 fm/c (red
lines), 85 fm/c (blue lines) and 90 fm/c (green lines). The figure is taken from Ref. [7].

Recently, first preliminary data of hypernuclei production at a center-of-mass energy
of +/syy = 3 GeV have become public. In their fixed-target program the STAR collab-
oration measured for two hypernuclei, f\H and j‘\H, the transverse-momentum distribution
d*N/prdpr in different rapidity bins [15].

In Fig. 2 we show the results for ZH (left) and j‘\H (right) for —0.5 < y < —0.25. The
filled circles indicate the experimental data from the STAR Collaboration [15]. The PHQMD
results are taken at the times # = 80 fm/c (red lines), 85 fm/c (blue lines) and 90 fm/c (green
lines), but at this low energy the time dependence of the cluster yield is weak. The cal-
culations show that the trend of the experimental pr spectra is well reproduced. We stress
that the AN potential implemented in PHQMD is presently quite simple (= 2/3 Vyy), so we
do not expect an exact quantitative agreement. We overpredict the differential yield of f\H ,
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but reproduce the yield of f\H . This demonstrates that PHQMD in its present version is a
good starting point for more sophisticated studies of hypernucleus production in this energy
regime.

Since PHQMD is a microscopic transport approach and allows one to follow the history of
each particle, we also studied the history of cluster production and identified when and where
clusters are formed. We find a visible similarity of the cluster production at midrapidity from
SIS to RHIC BES energies: the clusters are produced shortly after the collisions between
the hadrons have ceased and, most important, in coordinate space they are formed behind
the front of the fast expanding hadrons. This is the reason why clusters can survive. Thus,
according to our PHQMD study, the "ice in the fire" puzzle can be explained by the fact that
clusters come from different space regions than free nucleons. This does not exclude that
they have pr spectra compatible with those expected from a homogeneous thermal source.
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