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The origin of weakly bound objects like clusters and hypernuclei, observed in heavy-ion collisions, is of
theoretical and experimental interest. It is in the focus of the experiments at the BNL Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC) since it is not evident how such weakly bound objects
can survive in an environment whose hadronic decay products point to a temperature of the order of 150 MeV.
It is also one of the key research topics in the future facilities of FAIR and NICA, which are under construction
in Darmstadt (Germany) and Dubna (Russia), respectively. The first results on the cluster dynamics within
the model-independent cluster recognition library “phase-space minimum spanning tree” (psMST) applied to
different transport approaches: PHQMD, PHSD, SMASH, and UrQMD are presented here. The psMST is based
on the “minimum spanning tree” (MST) algorithm for the cluster recognition which exploits correlations in
coordinate space, and it is extended to correlations of baryons in the clusters in momentum space. The sensitivity
of the cluster formation on the microscopic realization of the n-body dynamics and on the potential interactions

in heavy-ion collisions is shown.
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I. INTRODUCTION

Novel accelerator complexes provide us with the inter-
esting possibility to produce and to study a new type of
matter which cannot exist under the “normal” conditions—the
quark-gluon plasma (QGP). A “soup” of quarks and gluons,
which existed at the first microseconds after the Big Bang,
can be created at facilities like the BNL Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC).
In future experiments at lower energy, at the Nuclotron based
Ion Collider Facility (NICA) in Dubna and at the Facility for
Antiproton and Ion Research (FAIR) in Darmstadt, extend
these experiments toward strongly interacting matter of high
net baryon density [1].

Cluster and hypernuclei production, experimentally ob-
served in a wide energy range [2-12], is interesting for
several reasons: first of all, the mechanism of cluster for-
mation in nucleus-nucleus collisions is not well understood
and requires further investigations. For deuterons and tritons
having a small binding energy (of several MeV) compared
with freeze-out temperature (around 100-150 MeV), it is
very unlikely that they will survive a collisions with another
hadron. Consequently, it is most probable that the observed
deuterons and tritons, as well as the significant fraction of
few-nucleon bound states registered near midrapidity, are pro-
duced in the late stage of the reaction close to the freeze-out
point. Thus, the light nuclei, observed in the experiment and
formed near the freeze-out, may provide information on the
space-time structure of this late stage of the collision. The
capture of the produced hyperons by clusters of nucleons
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leads to hypernucleus formation, which is a very rare process
at strangeness threshold energies. Hypernuclei are a unique
probe for improving our knowledge on the strange particle-
nucleon interaction in a many-body environment and under
the controlled conditions. The theoretical description of the
cluster and hypernuclei formation is quite sensitive to the
strange baryon-nucleon interaction, which can therefore be
tested in such heavy-ion collisions.

Most of the transport approaches, developed for the dy-
namical description of heavy-ion collisions, use statistical
[13,14] or coalescence models [15—18] to describe the cluster
formation, or omit it. Recently these approaches were applied
to the ultrarelativistic quantum molecular dynamics approach
[19,20]. Another possibility is to use the “Minimum Spanning
Tree” (MST) [21] procedure. While the coalescence model
requires a multitude of parameters for each isotope, the MST
uses only the coordinate space information of the baryons to
identify clusters at the end of the reaction when free and bound
nucleons are well separated in space.

To overcome the MST limitation that clusters can be
formed only at the end of reaction, the simulated annealing
clusterization algorithm (SACA) [22,23] was developed based
on the idea of Dorso and Randrup [24] that the most-bound
configurations of clusters and free nucleons identified during
the collision evolution have a large overlap with the final
distribution of clusters and free nucleons. Thus, SACA can
be applied to identify clusters at earlier times, shortly after
the passing time, when interactions between nucleons are
still ongoing and the nuclear density is high. For each pos-
sible configuration of clusters and unbound nucleons, SACA

©2021 American Physical Society


https://orcid.org/0000-0002-5630-9264
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.103.054905&domain=pdf&date_stamp=2021-05-17
https://doi.org/10.1103/PhysRevC.103.054905

VIKTAR KIREYEU

PHYSICAL REVIEW C 103, 054905 (2021)

calculates the total binding energy (neglecting interactions
among clusters). The most-bound configuration is found
by the simulated annealing technique using a “metropolis”
algorithm. An extended version of SACA, the “fragment
recognition in general application” (FRIGA) [25] is under
development now. The FRIGA includes the symmetry and the
pairing energy as well as hyperon-nucleon interactions.

The extended study of cluster formation mechanisms
within the MST and SACA procedures have been performed
recently by employing the parton-hadron-quantum-molecular
dynamics approach [26]. In this study, the importance of the
dynamical n-body description of the nucleon-nucleon interac-
tions has been demonstrated. It allows us to conserve spatial
and momentum correlations of nucleons and hyperons, which
yields to the dynamical formation of (hyper)nuclei, which
later on can be recognized by MST and SACA.

The application of the MST ideas to other transport mod-
els would extend our understanding on the cluster formation
and on the consequences of different realizations of nucleon-
nucleon interactions. In particular, it allows us to study
whether the n-body quantum-molecular dynamics (QMD) ap-
proach provides for clusters at midrapidity different results
than approaches in which the one-body phase-space density
is propagated or which do not at all include potential inter-
actions. Furthermore, this also allows us to study the impact
of different matter equations of state (EoS) on the cluster-
formation process.

Therefore the use of the “phase-space minimum spanning
tree” (psMST) approach is advanced for the simulation of
the cluster production, which can be applied to any transport
model and allow addressing multiple physics phenomena in
the (hyper)nuclei formation process. In addition, it can be also
used for numerous feasibility study tasks for future experi-
mental setups at NICA and FAIR.

This paper is organized as follows: in Sec. II a description
of the psMST library is provided. A brief description of trans-
port approaches to which psMST is applied is presented in
Sec. III. First results for the cluster formation using psMST
for four transport approaches are shown in Sec. IV. Finally,
the conclusions are presented in Sec. V.

II. PHASE-SPACE MINIMUM SPANNING TREE

The phase-space minimum spanning tree (psMST) is based
on the idea of the MST algorithm for searching bound nu-
cleon systems in dense hadronic matter [21,26]. Since it is
an independent library, it can be applied to all transport mod-
els which propagate hadrons. This includes models based on
n-body dynamics like the different flavors of the quantum-
molecular dynamics (QMD) approach as well as models based
on mean-field (MF) dynamics or cascade approaches in which
no potential interactions between nucleons takes place. Thus,
a model + psMST combination allows us to study the impact
of particular realization of nuclear dynamics on the clusters
formation process. Moreover, in addition to the spatial corre-
lations used in the default MST version for cluster recognition,
psMST can be used to study the influence of the momentum
correlations of nucleons and hyperons for the formation of
(hyper)nuclei. The psMST library is open-source code [27],

which can be used either in stand-alone mode or can be
integrated in any software framework for detector simulation
and analysis.

In this work three different scenarios of using the psMST
library are studied:

(1) Scenario 1. Similar to the MST procedure, the psMST
algorithm is only dealing with the coordinate informa-
tion to find clusters: a pair of particles (i, j) forms
a cluster if the distance between candidates is less
than the “clusterization” radius which is chosen to
be roust = 4 fm, ie., Ar < reust. The distance Ar is
calculated in the pair center of mass frame. Moreover,
a particle is assigned to the existing cluster if it meets
the same condition as above with at least one particle
of the cluster. In this mode, psMST results are identical
to the original MST procedure.

(2) Scenario 2. The first step is identical to scenario 1,
but then, once all possible combinations for clusters
are found, an additional momentum cut is applied for
candidates. First, the cluster velocity is calculated as

> i1 Pi

V= , 1

er‘lzl E; M
where p;, E; are the ith particle momentum and en-
ergy in the calculational frame of heavy-ion collisions
(which is often taken as the N + N center-of-mass
frame), and n is the number of particles assigned to the
cluster. Then the momentum of each particle assigned
to the cluster is boosted to the cluster center-of-mass
frame by the corresponding Lorentz transformation
with the velocity V:

p' = L(V)p. )

In this scenario the momentum cut is applied for all
found clusters in order to investigate the deviation of
their momentum distribution from the Fermi momen-
tum distribution expected for stable clusters. A cluster
is excluded from the analysis if at least one its particle
has a momentum p’ > 300 MeV in the cluster rest
system.

(3) Scenario 3. In this scenario the clusterization criterion
of the spatial MST (scenario 1) is extended by a cut in
momentum space depending on the relative momen-
tum of cluster particles:

(a) Asin scenario 1, the algorithm is looking first for
the coordinate-space information. Particles are se-
lected as cluster candidates if the distance between
two particles (i, j) (or with at least one particle of
the cluster in case of an already existing cluster)
Ar < reust- The distance Ar is calculated in the
particles pair center-of-mass frame (i + j).

(b) Then an additional momentum cut is applied to
each particle: a particle can be added to the cluster
only if each particle of this cluster has a relative
momentum p’ < 300 MeV in the cluster center-
of-mass frame. This procedure is repeated after
a new particle is assigned to the cluster after the
proximity Ar check.
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FIG. 1. The rapidity distributions of unbound baryons (p, n, A, and X°) in semiperipheral (b = 6 fm) Au+ Au collisions at /s =
2.52 GeV. The y distributions at (left panel) 40 fm/c, at (central panel) 90 fm/c, at (right panel) 150 fm/c. The red solid lines show the
PHQMD results, the orange long dashed lines indicate the PHSD results, the green dashed lines correspond to the SMASH results, and the

blue dot-dashed lines correspond to the UrQMD results.

Contrary to scenario 2, the momentum cut is ap-
plied during the clusterization procedure. This leads
to a different cluster distribution since the particles
rejected from one cluster by the momentum cut can
become a member of another cluster.

III. APPLICATION OF THE PHASE-SPACE MINIMUM
SPANNING TREE TO TRANSPORT MODELS

To study the similarity and possible differences of the
cluster formation within different transport models (based on
mean-field, cascade, or QMD dynamics) the psMST algo-
rithm was applied to four transport approaches: PHSD-4.0,
PHQMD-2.0, SMASH-2.0 and UrQMD-3.4 at two energies
A/Svv = 2.52 GeV and /syy = 8.8 GeV. The basic ideas of
these approaches are briefly mentioned here.

The parton-hadron-string dynamics (PHSD) [28,29] is a
microscopic off-shell transport approach that describes the
evolution of a relativistic heavy-ion collision from the initial
hard scatterings and string formation through the dynamical
deconfinement phase transition to the quark-gluon plasma
as well as hadronization and the subsequent interactions in
the hadronic phase. It is based on the solution of Kadanoff—
Baym equations in a first-order gradient expansion employing
“resummed” propagators from the dynamical quasiparticle

model (DQPM) [30,31] for the partonic phase. At lower
energies it reduces to a hadronic transport model. PHSD in-
corporates a density-dependent Skyrme potential at low (SIS)
energies and the covariant momentum dependent potential at
high energies.

The parton-hadron-quantum-molecular dynamics
(PHQMD) [26] is an n-body dynamical transport approach
which is designed to provide a microscopic dynamical
description for the formation of light and heavy clusters and
hypernuclei as well as for hadrons in relativistic heavy-ion
collisions. The propagation of baryons is based on the n-body
QMD dynamics while the description of mesons and of the
QGP dynamics as well as the collision integral was taken from
the PHSD model. The PHQMD includes mutual two-body
density-dependent Skyrme-type potentials for the interaction
among baryons. The attractive interaction binds clusters with
a binding energy of about 8 MeV/N.

The simulating many accelerated strongly interacting
hadrons (SMASH) [32,33] model is a hadronic transport ap-
proach which provides a dynamical description of heavy-ion
reactions in the low and intermediate beam-energy range.
The relativistic Boltzmann equation with hadronic degrees of
freedom is solved including an (optional) density-dependent
Skyrme-type mean-field potential. In this study the SMASH
model is used in its default version without potential.
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Pb+Pb, b = 6 fm, (S = 8.8 GeV, 1, = 40 fm/c Pb+Pb, b= 6 fm, {5, = 8.8 GeV, t, _ =90 fm/c Pb+Pb, b= 6 fm, {5, = 8.8 GeV, 1, _ = 150 fm/c
> 10* - > 10* " > 10* N
3 Scenario 1 A=1 ] Scenario 1 A=1 o Scenario 1 A=1
2 10 g 10° 50
10? F 4 S | 102 F S 107 g S
Ed e
10 F 5 10 [/ \ 10
F. » ; A
1 E 1 l: A 1
I\
10 7 w0'E § A 10
102 i i 102 j \ 102
iy ]
3 .l | | I | | L — 3 [ | | | | | 1) - 3 | | | | | | —
10 32 10 12 8 10 32 10 12 8 10 32 10 1z o8

FIG. 2. The rapidity distributions of single baryons (p, n, A, and %°) in semiperipheral (b = 6 fm) Pb + Pb collisions at /s = 8.8 GeV.
The y distributions at (left panel) 40 fm/c, at (central panel) 90 fm/c, at (right panel) 150 fm/c. The color coding is the same as in Fig. 1.
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FIG. 3. The rapidity distributions of the clusters with the mass number A = 2 in semiperipheral (b = 6 fm) Au + Au collisions at /s =

2.52 GeV. The left column shows scenario 1, the central column shows scenario 2, the right column shows scenario 3 (see text). The black
short dashed lines (PHQMD + MST) show the PHQMD results at time ., Within the MST cluster recognition model, the red solid lines show
the PHQMD results within psMST, the orange long dashed lines indicate the PHSD results within psMST, the green dashed lines correspond
to the SMASH results within psMST, the blue dot-dashed lines show the UrQMD results within psMST. The upper row corresponds to the

model calculations at f¢, = 40 fm/c, the middle row at z.,5, = 90 fm/c, and the lower row at ., = 150 fm/c.

The ultrarelativistic

quantum molecular dynamics
(UrQMD) [34,35] model is a microscopic transport approach
which describes hadronic reactions at low and intermediate
energies in terms of collisions among hadrons and their

resonances. At higher energies the multiparticle production
within UrQMD model is dominated by the excitation of color
strings and their subsequent fragmentation into hadrons. The
default version of UrQMD without potentials was used here.

Au+Au, b = 6 fm, |/s, = 2.52 GeV, t = 40 fmic Au+Au, b = 6 fm, |5, = 2.52 GeV, t = 90 fmic Au+Au, b = 6 fm, s, = 2.52 GeV, t = 150 fm/c
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FIG. 4. The momentum spectra of baryons (p, n, A, and %°) from A = 2 clusters in semiperipheral (b = 6 fm) Au + Au collisions at

/s = 2.52 GeV (integrated over all rapidity range). The momentum is calculated in the cluster center of mass frame. The left column shows
taust = 40 fm/c, the central column shows 7, = 90 fm/c, the right column shows 7., = 150 fm/c. The color coding is the same as in Fig. 3.
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FIG. 5. The rapidity distributions of clusters with the mass number A = 3 at#.,5, = 40, 90, 150 fm/c in semiperipheral (b = 6 fm) Au + Au
collisions at /s = 2.52 GeV. The left column shows scenario 1, the center column shows scenario 2, the right column shows scenario 3. The

color coding is the same as in Fig. 3.

Thus, in this study several different models are used:
one model based on quantum-molecular dynamics (PHQMD
with a Skyrme potential for baryons), one mean-field model
(PHSD, based on the Kadanoff-Baym equation including po-
tentials for baryons), and two cascade approaches (UrQMD
and SMASH). The psMST algorithm is applied to “snapshots”

from these models at different times and compare the results
for the yields of clusters. A snapshot means that, at a given
time, all coordinates and momenta of all baryons are stored
for a further psMST analysis. It should be pointed out that
all resonance states are excluded from the cluster recogni-
tion process. However, the standard output from SMASH and

Au+Au, b = 6 fm, |5 = 2.52 GeV, { = 40 fmic Au+Au, b = 6 fm, |5, = 2.52 GeV, t = 90 fmic Au+Au, b = 6 fm, |5, = 2.52 GeV, 1 = 150 fm/c
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FIG. 6. The momentum spectra of baryons (p, n, A, and £°) from A = 3 clusters in semiperipheral (b = 6 fm) Au + Au collisions at
/s = 2.52 GeV (integrated over all rapidity range). The momentum is calculated in the cluster center-of-mass frame. The left column shows
toust = 40 fm/c, the center column shows 7., = 90 fm/c, and the right column shows 7., = 150 fm/c. The color coding is the same as in

Fig. 3.
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FIG. 7. The rapidity distributions of clusters with the mass number 4 < A < 20 at #.,q = 40, 90, 150 fm/c in semiperipheral (b = 6 fm)
Au + Au collisions at 4/s = 2.52 GeV. The left column shows scenario 1, the center column shows scenario 2, the right column shows scenario
3. The color coding is the same as in Fig. 3.

UrQMD, used in this study, contains also particles under for-
mation time and those are also included in the cluster-finding
procedure. The PHSD and PHQMD provide a separate output
for the formed baryons only, used for the clusters recogni-
tion algorithm. A study with PHQMD shows that including
unformed nucleons in the MST, additionally to the formed
nucleons, gives only small differences at early time steps.
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IV. RESULTS FOR THE CLUSTER FORMATION

Figure 1 presents the results of calculations for the rapidity
spectra of A = 1 baryons (p, n, A, and X°) in semiperipheral
(b =6 fm) Au + Au collisions at /s = 2.52 GeV (scenario
1). The left plot represents the distributions at 40 fm/c, the
central column—at 90 fm/c, the right column—at 150 fm/c.
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FIG. 8. The momentum spectra of baryons (p, n, A, and X°) from 4 < A < 20 clusters in semiperipheral (b = 6 fm) Au + Au collisions at
/s = 2.52 GeV (integrated over all rapidity range). The momentum is calculated in the cluster center-of-mass frame. The left column shows
taust = 40 fm/c, the center column shows 7., = 90 fm/c, the right column shows 7., = 150 fm/c. The color coding is the same as in Fig. 3.
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FIG. 9. The rapidity distributions of clusters with the mass number A = 2 in semiperipheral (b = 6 fm) Pb + Pb collisions at /s = 8.8 GeV
at fous = 40, 90, 150 fm/c. The left column shows scenario 1, the center column shows scenario 2, the right column shows scenario 3. The

color coding is the same as in Fig. 3.

The red solid lines show the PHQMD results, the orange long
dashed lines indicate the PHSD results, the green dashed lines
correspond to the SMASH results, and the blue dot-dashed
lines show the UrQMD predictions.

The rapidity spectra for Pb+ Pb collisions at /s =
8.8 GeV are shown in Fig. 2; the colors are the same as in
Fig. 1. It is very remarkable that all four transport approaches

Pb+Pb, b = 6 fm, |5, = 8.8 GeV, Y = 40 fmic

Pb+Pb, b = 6 fm, |5, = 8.8 GeV, te = 90 fm/c

give a very similar rapidity distribution and hence a very
similar stopping despite of the complexity of this process.
That is important for our study of clusters since they are
more sensitive to the spatial and momentum correlations than
single-particle observables.

Next comes the rapidity spectra of clusters with mass num-
ber A = 2 in semiperipheral (b = 6 fm) Au + Au collisions at

Pb+Pb, b = 6 fm, s, = 8.8 GeV, t, _ =150 fm/c
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FIG. 10. The momentum spectra of baryons (p, n, A, and £°) in A = 2 clusters in semiperipheral (b = 6 fm) Pb + Pb collisions at
/s = 8.8 GeV (integrated over all rapidity range). The momentum is calculated in the cluster center-of-mass frame. The left column shows
toust = 40 fm/c, the center column shows 7., = 90 fm/c, the right column shows 7., = 150 fm/c. The color coding is the same as in Fig. 3.
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FIG. 11. Rapidity distributions of clusters with the mass number A = 3 at ., = 40, 90, 150 fm/c in semiperipheral (b = 6 fm) Pb 4 Pb
collisions at /s = 8.8 GeV. The left column shows scenario 1, the center column shows scenario 2, the right column shows scenario 3. The

color coding is the same as in Fig. 3.

/s = 2.52 GeV, which are shown in Fig. 3 for different sce-
narios for the cluster recognition: the left column corresponds
to scenario 1 (see Sec. II), the central column to scenario 2,
and the right column to scenario 3. In the upper row the cluster
analysis is applied at f¢,s = 40 fm/c, in the middle row at
st = 90 fm/c, and in the lower row at z,se = 150 fm/c. The
red solid lines show PHQMD results with psMST, the orange

long dashed lines indicate results of PHSD with psMST, the
green dashed lines correspond to SMASH results with psMST,
and the blue dot-dashed lines show results of UrQMD with
psMST. Additionally, the PHQMD results with its internal
MST cluster recognition algorithm as described in Ref. [26]
are presented—cf. the back short dashed lines (PHQMD +
MST) in the left column of scenario 1. For scenario 1, the

Pb+Pb, b =6 fm, {5y = 8.8 GeV, 1, = 40 fm/c Pb+Pb, b =6 fm, {5y = 8.8 GeV, 1, = 90 fm/c Pb+Pb, b= 6 m, {5y = 88 GeV, 1, = 150 fm/c
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FIG. 12. Momentum spectra of baryons (p, n, A, and £°) in A = 3 clusters in semiperipheral (b = 6 fm) Pb + Pb collisions at /s =
8.8 GeV (integrated over all rapidity range). Momentum is calculated in the cluster center-of-mass frame. The left column shows 7,5 =
40 fm/c, the center column shows 7,5 = 90 fm/c, the right column shows 7, = 150 fm/c. The color coding is the same as in Fig. 3.
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FIG. 13. The rapidity distributions of clusters with the mass number 4 < A < 20 at g, = 40, 90, 150 fm/c in semiperipheral (b = 6 fm)
Pb + Pb collisions at 4/s = 8.8 GeV. The left column shows scenario 1, the center column shows scenario 2, the right column shows scenario

3. The color coding is the same as in Fig. 3.

results for PHQMD with psMST and that obtained by apply-
ing the internal MST algorithm are identical, as expected.

At an early time, f¢,5c = 40 fm/c, all models show a similar
rapidity distributions, at the later times #.,5 = 90, 150 fm/c
the PHQMD predicts more clusters in the midrapidity region
than the MF-based PHSD approach (with potential) or the cas-

cade approaches, SMASH and UrQMD (without potential).
This shows the importance of the n-body dynamics (realized
by two-body potential interactions between the baryons in
PHQMD) for the cluster formation.

The momentum spectra of baryons in A = 2 clusters (in-
tegrated over all rapidities) found by psMST within scenario

Pb+Pb, b = 6 fm,|s, = 8.8 GeV, 1 = 40 fm/c Pb+Pb, b = 6 fm,|s,, = 8.8 GeV, 4 = 90 fmic Pb+Pb, b = 6 fm,|s, = 8.8 GeV, t = 150 fmic
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FIG. 14. Momentum spectra of baryons (p, n, A, and »% in 4 <

1. 12 8 1
P (GeV/c) P (GeV/c)

A < 20 clusters in semiperipheral (b = 6 fm) Pb + Pb collisions at

/s = 8.8 GeV (integrated over all rapidity range). Momentum is calculated in the cluster center-of-mass frame. The left column shows
toust = 40 fm/c, the center column shows 7., = 90 fm/c, the right column shows 7., = 150 fm/c. The color coding is the same as in Fig. 3.
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FIG. 15. The transverse momentum spectra of clusters with the mass number A = 2 (top row) and A = 3 (bottom row) at midrapidity
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1 in semiperipheral (b = 6 fm) Au + Au collisions at /s =
2.52 GeV are shown in Fig. 4. Recall that, in this scenario,
only coordinate-space information is used to determine the
cluster size and that the nucleon momenta are calculated in
the cluster center-of-mass frame.

Similar to the rapidity distributions, the momentum dis-
tributions at the early time 7,y = 40 fm/c are very close to
each other; however, different dynamics of hadrons leads to a
spreading of momentum distributions at later times. Figure 4
also gives an indication of the fraction of clusters which can
be discarded by the momentum condition of scenarios 2 and 3.

A similar trend is found for clusters with the mass number
A = 3, shown in Figs. 5 and 6, and for the intermediate-mass
clusters with 4 < A < 20, presented in Figs. 7 and 8: at the

lower energy (\/syny = 2.52 GeV), PHQMD predicts several
orders of magnitude more clusters at midrapidity than the
other models of this study. This shows the importance of
spatial-momentum correlations which are kept in the QMD
dynamics, in contradiction with the MF dynamics where the
forces between test particles are reduced by Num, the number
of test particles per physical particle.

The picture becomes different at the higher energy: there
PHQMD, SMASH, and UrQMD show qualitatively simi-
lar results for the rapidity and momentum distributions in
semiperipheral (b =6 fm) Pb+Pb collisions at ,/syy =
8.8 GeV which are presented on Figs. 9—14 for three scenar-
ios. Here the large difference in cluster production between
the PHQMD and the other models at midrapidity becomes

s PHQMD + MST === PHQMD + psMST PHSD + psMST SMASH + psMST =1m UrQMD + psMST
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FIG. 16. The transverse momentum spectra of clusters with the mass number A = 2 at midrapidity |y| < 0.5 in semiperipheral (b = 6 fm)
Pb + Pb collisions at ,/syy = 8.8 GeV. The left column shows f, = 40 fm/c, the middle column shows 7,5 = 90 fm/c, the right column

shows 7y = 150 fm/c. The color coding is the same as in Fig. 3.

054905-10



CLUSTER DYNAMICS STUDIED WITH THE PHASE-SPACE ...

PHYSICAL REVIEW C 103, 054905 (2021)

much less visible compared with the results for /syy = 2.52
GeV. That can be attributed to the fact that the dynamics at
high energy is dominated by collisions rather than by potential
interactions. Moreover, the QGP formation is included in the
PHSD and the PHQMD explicitly, while the SMASH and the
UrQMD are hadronic cascades only.

Finally, the transverse momentum pr spectra for clusters
with the mass number A =2 (top row) and A = 3 (bottom
row) are presented in Figs. 15 and 16 for ,/syy = 2.52
GeV and ,/syny = 8.8 GeV, respectively, at fcus = 40 fm/c
(left column), .t = 90 fm/c (central column), and f.us =
150 fm/c (right column). The transverse momentum spectra
are calculated at midrapidity (|y| < 0.5). The large splitting
of the results for the py spectra at later times is attributed
to the differences in the rapidity distribution between the
PHQMD and other models at low energies, which are large
at midrapidity. It should be mentioned that the slopes of the
pr spectra from different models are in a good agreement.
Unfortunately, A = 3 spectra were affected by insufficient
statistics, especially at the higher energy, ,/syy = 8.8 GeV.

V. CONCLUSIONS

In this study, the results on cluster dynamics within the
novel model-independent cluster recognition library for the
clusters finding the phase-space minimum spanning tree
(psMST) have been presented. The psMST is a tool which
can be applied to different transport approaches: the input for
psMST are the baryon coordinates and their four-momenta at
a selected time. The psMST is based on the MST method
for the cluster recognition by correlations in the coordinate
space; however, it is extended for the possible inclusion of the
momentum-space information, which allows us to study the
momentum correlations of baryons in the clusters as well as
to modify the criteria for the cluster recognition.

The psMST algorithm has been applied to QMD-
based (PHQMD) and mean-field-based (PHSD) transport
approaches as well as to two cascade models, SMASH and
UrQMD, which are used here without potentials. PHSD incor-
porated the mean-field potential for baryons and the PHQMD
follows the n-body quantum molecular dynamics based on
density-dependent two-body interactions.

One finds that the rapidity and momentum distributions
of baryons (p, n, A, and >0) at early times are very similar
within all four models. At later times the rapidity distributions
of clusters with A = 2, 3, [4-20] are rather different at low
energies. The PHQMD with psMST predicts more clusters
in the midrapidity region than the other models. This can
be explained by the fact that the n-body quantum molecu-
lar dynamics allows us to keep the potential-induced spatial
correlations of baryons, contrary to the mean-field dynam-
ics of the PHSD and the cascade versions of SMASH and
UrQMD. This observation shows the sensitivity of the clusters
production at low energies to the realization of the potential
interactions. This sensitivity is much more pronounced for
the clusters than for the single-particle observables. At higher
energies all models gives qualitatively similar results since the
dynamics there is driven mainly by collisions and multiparti-
cle productions rather then by potential interactions.

Note that the psMST library is an open-source tool [27],
which can be used in a stand-alone mode or can be inte-
grated into experimental software frameworks. Being applied
to different transport models, the psMST might be useful for
simulations of the cluster production for experimental studies
of detector performances, etc., which are of particular impor-
tance for the future experiments of NICA and FAIR.
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