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Modeling of cluster and hypernuclei formation

Existing models for cluster formation: A. Andronic et al., PLB 697, 203 (2011}

2 10°E
=
O statistical model: 310
. . . [= T
- assumption of thermal equilibrium T
§1o:
d coalescence model: 3"
. . T 10
- determination of clusters at a freeze-out o
time by coalescence radii in coordinate and .
momentum space 10
10°
=» don‘t provide information on the dynamical 10°
origin of cluster formation LRET L

\/Spy (GEV)

In order to understand the microscopic origin of cluster formation one needs a realistic
model for the dynamical time evolution of the HIC

-> transport models:
dynamical modeling of cluster formation based on interactions:

O, .
— via potential interaction - potential mechanism :> .O.'

PHQMD
-- by scattering - kinetic mechanism



o, .
-@.‘ Cluster formation: QMD vs MF

PHQMD

O Cluster formation is sensitive to nucleon dynamics

= One needs to keep the nucleon correlations (initial and final) by realistic
nucleon-nucleon interactions in transport models:

= QMD (quantum-molecular dynamics) — allows to keep correlations

= MF (mean-field based models) — correlations are smeared out

= (Cascade —no correlations by potential interactions

Example: Cluster stability over time: V. Kireyeu, Phys.Rev.C 103 (2021) 5
Au+Au, b = sfm,m =252 GeV,t, =150 fm/c Au+Au,b=86 fm,m =252 GeV, t _ =150fm/c
QMD: - E S - -
g - ari = s _ Scenario 1 A=3
mmm PHQMD + psMST z - Scenario 1 A=2 z 102 : cenario
; 10 ;—

MF: 10 = E

PHSD + psMST L 1e
Cascade: 107 = g

SMASH + psMST 102 = 102
wim UrQMD + psMST 103 1073_2‘

= n-body QMD dynamics for the description of cluster production
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PHQMD O

PHOMD: a unified n-body microscopic transport approach for the description of
heavy-ion collisions and dynamical cluster formation from low to ultra-relativistic energies
Realization: combined model PHQMD = (PHSD & QMD) + (MST/SACA)

Parton-Hadron-Quantum-Molecular Dynamics

@ Initialization = propagation of baryons:

QMD (Quantum-Molecular Dynamics)

J.Aichelin, Phys. Rept. 202 (1991)

(b
I < =
& Propagation of partons (quarks, gluons) and mesons
| + collision integral = interactions of hadrons and partons (QGP)
% from PHSD (Parton-Hadron-String Dynamics) (2008 034045, NPABS: (3008) 215
o - L
Cluster recognition: R. K. Puri, J. Aichelin, J.Comp. Phys.
% MST (Minimum Spanning Tree) 107 (2000 285200
or SACA (Simulated Annealing Clusterization Algorithm)

PHQMD:
J. Aichelin et al., PRC 101 (2020) 044905;
S. GlaRel et al., PRC 105 (2022) 1;

G. Coci et al., PRC 108 (2023) 1, 014902

o il il

QMD&PHSD  MST/SACA time




PHQMD Collision Integral = from Parton-Hadron-String-Dynamics

PHSD is a non-equilibrium microscopic transport approach for the description of
strongly-interacting hadronic and partonic matter created in heavy-ion collisions

Dynamics: based on the solution of generalized off-shell transport equations derived
from Kadanoff-Baym many-body theory

Initial A+A
collision = @ Initialization of A-nuclei + QMD propagation of baryons

pHeM> | PHSD collision integral # PHQMD

LUND string model

:>E
<= Q) Initial A+A collisions :

_ N+N -> string formation = decay to pre-hadrons + leading hadrons
Partonic phase
(J Formation of QGP stage if local € > &gitica : T

dissolution of pre-hadrons = partons b i

[ Partonic phase - QGP:
QGP is described by the Dynamical QuasiParticle Model (DQPM)

matched to reproduce lattice QCD EoS for finite T and pg (crossover) w ‘\7
25 ! T % ]
- Degrees-of-freedom: strongly interacting quasiparticles: . E\ .
massive quarks and gluons (g,q,q9,,,) With sizeable collisional Ejjf"«‘\\ :
widths in a self-generated mean-field potential AN~ ]
- Interactions: (quasi-)elastic and inelastic collisions of partons b e T T
147 o meion

J Hadronization to colorless off-shell mesons and baryons:
Strict 4-momentum and quantum number conservation

WAN

Mmeson

J Hadronic phase: hadron-hadron interactions — off-shell HSD

PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3 5



QMD propagation

to d
O Generalized Ritz variational principle: 5/ dt < -e;i'a(t)|-a'ﬁ — H|(t) >= 0.
4 't

Assume that w H w ri,rio, Pio, t) for N particles (neglecting antisymmetrization !)

Ansatz: trial wave function for one particle 4” [Aichelin, Phys. Rept. 202 (1991)]

Gaussian with width L centered at  Figs Pig

Pig () 42 P2, (1)

U (ri,rio, Pio, 1) = Ce_%( i) ipi(ririo(1) | =i

L=4.33 fm?2
O Equations-of-motion (EoM) for Gaussian centers in coordinate and
momentum space:

Lo_oH) o)
10 apm 10

Hamiltonian: H = ZH erjw _ZTjLZp”

VE

2-body potential: V; ; = V(ri,rj.rio, jo. 1)
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PHQMD

Two-body potential in QMD

 Nucleon-nucleon density dependent two-body potential:

DOO

V(I‘i, rj, Pi, pJ) =G+ VCoul

— VSkyrme + VYuk + ‘/mdi + ‘I'Vsym + VCoul

— t15(ri — I‘j) - t25(ri — I‘j)pq’_l(ri

_|_

exp{—|ri —xj|/u}
i —rj|/p
t411’12(1 —+ i5(pi — pj)z)d(ri — I'j)

| Z@.Zﬁfﬁz
te—T2TI6(r; — r;) + —L—
00 3+3 ( .]) ‘ri - rJ‘

i3

Skyrme forces and momentum dependent interactio

(6)

t, -t, depend on the EoS

t, contains the momentum
dependence of the potential

ns corresponding to the

volume energy. Their density dependence lead directly to the nuclear EoS of

symmetric matter
Yukawa forces corresponding to the surface energy

Coulomb forces corresponding to the Coulomb energy
Isospin dependent forces corresponding to the asymmetry energy and thus

leading to the nuclear EoS of asymmetric matter.



.@ Two-body potential in QMD

[ ]
PHQMD

L The single-particle potential resulting from the convolution of the distribution
functions f; and f; with the interactions Vg ,me + Vg (l0cal interactions including
their momentum dependence) for syplﬁetric nuclea\matter:

r

.- pint(Tio) pint (Tio )\ c1.2 ) 2 Pint (Tio)
Ui(rio, pio.1) Z < Vij >=|a _(T)A—j(T) + zj:aln (e(plo—pjg) +1)T
.
d Skyrme potential (‘static’) :
o Parameters t;t,t,correspond to a,B,y
. o . o )\
(Vskyrme(Tio, 1)) = «a (_pmt(l’lo. )) +0 (_}Omt(l‘lo, ))
P0 0 Uopt_[MeV] .
100 |
0 Momentum dependent potential : I 9
o Parameters 9, ¢ are given by fits to the ! * exp.data
optical potential extracted from elastic S0 S. Hama et al, PRC 41 (1990) 2737
scattering data in pA I
J. Aichelin et al., Phys. Rev. Lett. 58 (1987) 1926 : Ekin [GeV]
1 1 1 1 1 1 1 |
1 2




G. EoS in PHQMD

PHQMD

O modifed interaction density (with relativistic extension):

pint(ri[}sﬂ — CTZ(

— 1]
j

><e (I'iLo (t)_erD (t))g _-

In infinite matter a potential corresponds to EoS

13/20= 1 (55 (1) x5 (1)

% HIC €-> EoS for infinite matter at rest EoS for infinite matter at rest
100 : :
o compression modulus K of nuclear — hard EoS
. g0 | == soft EoS
matter: _ —--= soft mom dep EoS
dV (0p)? p=ro: =
<
—
3
a (MeV) 5 (MeV) v [K [MeV
S -390 320 1.14 200 =
H -130 59 2.09 380

SM  -625 56 1.08 200
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.@; Highlights: PHQMD ,bulk‘ dynamics from SIS to RHIC

PHQMD

Au+ Au, 1.5AGeV, central . . T T T T T
120 [Wrort 21 PHOMD: PHQMD: J. Aichelin et al., PRC 101 (2020) 044905 e Autau, 11 AGEY, 5%, midrapidity
= FOPL p hard E E =
k -
100 T T T T T 1
80 |- AutAu, 10.7 AGeV, 5% central g 10" = ——PHQMD: hard EoS
= ~———PHQMD: soft EoS
Sl b MST 60 |- ’ ] wh mgn soft Eo
= AutAu @5, = 11GeV  Jr STAR " _ } } '
Zz o0 R B . e PHQMD: hard EoS 1 i
= - 20 L ——PHQMD: soft EoS ] % 10
10 o ==c=PHSD <]
, 0 ! ! I =
T T T T T = 10t
20 " 100 |- Au+Au, 8 AGeV, 5% central o =z
s0 | ] i
0 5 10"
20 <15 -10 -05 00 05 1.0 1 " 60 | .!rm ] s
Yo - 40 F 7 E =
] oo kS T 10
z " ¥ Ll ] -
g - : g o bty : . i ;
FU:' ‘.L. gn-n-h\||H-h-m||Mn{-|1\m\|n-| A Zio | Aut+Au, 6 AGeV, 5% central ] 10
°le 3 ~
- % b ‘ ] 10
. L e, 60 | / p
e L _"n-_,‘ ey "‘“x.“ or i ~ - N
N e w ey e 20 F ] 10
—rt P Yz
* E . s 0 =t .
w N e = . e . e 120 | Au+Au, 4 AGeV, 5% central E 10
Pb+Pb . w s 7" . L *- —————— T, 100 | .
T T T T " ey . T .y ) N
s H T -~ s0 | 3 10
60 1 20 A GeV, 7% central ad | S ok /m\\ 3
F N B R I I I T T T 40 \ 00 02 04 0.6
L, TR TS TR TR Wode L E "
40 - / \ " g »E E m_-m [GeV]
r < N [ .} ! 1 1 L
20 - / ——PHQMD \ - 2 1 0 1 »
0 [ . /n 1 1 1 1 L 8 Lo 20 A Gev. 7% Y I AutAu, s'%=200 GeV, 5% ceniral |
LA I S S S B S R S e e 100 & A GeV. 7% E
< Pbh+Ph 1 i
60 40 A GeV, 7% cenfral 1 250 - . - - 1 < mon T 00
L Wb ] 20 AGeV, 7% 40AGeV, 7% [ 80 AGeV, 7% g 3 " ll[l:;l\ i
40 [ &M - g
o 200
@ E L
20 [ o ' I I I I | h o . ° .
z 0 W 100 /) \ £ L) 100
=
R e e o e T B AR, , 0
60 - 80 A GeV, 7% central b 10
40 |- OmGimc, O=Om T 10" 40
2l v '
- AR N ! .
[ I ! } ! 5 *‘{d“\,‘ ) _E
0 et - owi A2 e ] Z 0
o 160 A GeV, 5% central 1 £ ¢ —rmow AR <
- £ we | | | I | | 3 30
X } } } } | !
wl ] 7wy 2
| iy M 1 \v
20 | - ) o
L Wk ° o ] \ 10
0 o 0
-4 4 ) R R R R
! Seaeasy,, 10% central 15
10 b '!Q&Q_ﬁm\ 1 o
Wk N 3
. R B 5 5
0 g L L L 1 L L 3
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PHQMD provides a good description of hadronic ‘bulk’ observables from SIS to RHIC energies 10



Mechanisms for cluster production in
PHQMD:
|. potential interactions (MST)
&
ll. kinetic reactions

@

@
PHQMD



l. Cluster recognition: Minimum Spanning Tree (MST)

R. K. Puri, J. Aichelin, J.Comp. Phys. 162 (2000) 245-266

The Minimum Spanning Tree (MST) is a cluster recognition method applicable for the
(asymptotic) final states where coordinate space correlations may only survive for
bound states.

The MST algorithm searches for accumulations of particles in coordinate space:

1. Two particles are ‘bound’ if their distance in the cluster rest frame fulfills

i d < L B B S S B B |
T'l - 7:'] | <4 fm 10% Fa) AusAus=3.0 GeV , 0-10%

10" F =

100 |

dN/dy

10" b

2. Particle is bound to a cluster if

it binds with at least one particle . __ deuterons
E B< euterons —=— 3

of the cluster.

o o &£ o 10° Fpb) Pb+Pbs=8.8 GeV , 0-10%
* . . - é) ’.éf !8 10! F
Remark: inclusion of an additional ® g

0

momentum cut (coalescence) leads 3‘@ +] - 101 /\
to small changes: particles with % o i o

large relative momentum are mostly e o w02y | | |
not at the same position (V. Kireyeu, © 10" F ) AusAu ¥5=200 GeV , 0-10%
Phys.Rev.C 103 (2021) 5) % 10° /\
107 F =
102 /ﬂw

103 |

1

dN/dy

Iyl<0.5

dN/dy

d MST + extra condition: Eg<O
negative binding energy for identified clusters

20 40 60 80 100 120



Simulated Annealing Clusterization Algorithm (SACA)

- =y . Based on ideas by Dorso and Randrup
Basic ideas of clusters recognition by SACA: (Phys.Lett, B301 (1993) 328)

» Take the positions and momenta of all nucleons at time t

» Combine them in all possible ways into all kinds of clusters or leave them
as single nucleons

» Neglect the interaction among clusters

» Choose that configuration which has the highest binding energy:

Take randomly 1 nucleon Add it randomly to another cluster

out of a cluster ° °
OOO” OOO,.
O O
0. .0 0. .0

i
O <
o
o O
E=Elin +E2n +VI+ V2 E'=El;, +E2|in+VI+V2

If E’ < E take a new configuration
If E’ > E take the old configuration with a probability depending on E’-E
Repeat this procedure many times
- Leads automatically to finding of the most bound configurations
(realized via a Metropolis algorithm)

SACA: R. K. Puri, J. Aichelin, PLB301 (1993) 328, J.Comput.Phys. 162 (2000) 245-266;
P.B. Gossiaux, R. Puri, Ch. Hartnack, J. Aichelin, Nuclear Physics A 619 (1997) 379-390

FRIGA: A. Le Févre, J. Aichelin, C. Hartnack, and Y. Leifels, Phys.Rev. C 100, 034904 (2019)

13
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PHQMD

PHQMD: heavy clusters

Heavy clusters (spectator fragments): experim. measured
up to E, .., =1 AGeV (ALADIN Collab.)

PHOMD with SACA shows an agreement
with ALADIN data for very complex cluster
observables as
O Largest clusters (Z,,ung)
O Multiplicity (Z,4ynq)

U Energy independent ‘rise and fall’

multiplicity Z[3,30]

=1

Ut

(S}
T

W
T T

‘/Au—I—Au, 600 AMeV, min bias, SACA

@® ALADIN

®

PHQMD

hard EOS
® 50 fmm/c

75 fm/c
¢ 100 fm/c
A 125 fm/c
* 150 fin/c

0 10

30 40
Zl)ound 2

Zpound 2 = »_ Zi O(Z; — (1 +¢))

T

(e < 1)

50 60

Au+Au, 600AMeV, min bias, SACA

0 PHQMD
° 171ard ];JOS
5 fm/c
60 | M 125 fm/c
50
240 |
N30t
20 +
10 | 1
0 ‘ . ‘ ® ALADIN
0 10 20 40 60 70
Zbcaune:l 2
, AuAu 600 AMeV, min bias, hard EOS, SACA
® ALADIN data A—7=3
10} — puqmD @ - 7=4

Zbound 2

J. Aichelin et al., PRC 101 (2020) 044905

14
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G, || Deuteron production by hadronic reactions

PHQMD

“Kinetic mechanism”
1) hadronic inelastic reactions NN «— dmr, TNN <= dmr, NNN < dN
2) hadronic elastic w+d, N+d reactions

* Collision rate for hadron “i” is the number of reactions in the covariant volume d*x = dt*dV

* With test particle ansatz the transition rate for 3->2 reactions:
W. Cassing NPA 700 (2002) 618
ANCOH[B +44+5— l(d) + 2]

AN ANAN, 5.2(V/s)

CBE{E]  Ry(\/5,m1,ms) 1
P. — FS ?,T‘LFLSO 7
3,2(\/5) P -/2E3E4E5 RS(\/_ m3,m4,m5) A‘/cell
v

Energy and momentum 2,3-body phase space
of final particles integrals
At [Byckling, Kajantie]

_ 2,3 =
P (\/E) Tiot (\/E)Uml AV, =» solved by stochastic method

+.0 +.0
* Numerically tested in “static” box: PHQMD provides a good agreement with A p e rid

analytic solutions from rate equations and with SMASH for the same selection of T +p+pern’+d
reactions ™t +n+neo®+d
* New in PHQMD: m+N+N«> d+m inclusion of all possible isospin channels allowed | o . . .+

by total isospin T conservation

0 _
G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902 mAntnor +d

15
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.@; Modelling finite-size effects in kinetic mechanism

PHQMD

How to account for the quantum nature of deuteron, i.e. for
1) the finite-size of d in coordinate space (d is not a point-like particle) — for in-medium d production
2) the momentum correlations of p and n inside d

Realization: O TS . T e
1) assume that a deuteron can not be formed in a high e PHGID Wih 255pin + Sxel Vol R3=21 m ~ — -

density region, i.e. if there are other particles (hadrons 2t ]
or partons) inside the ‘excluded volume’: 15| ly|<0.5 P

number of deuterons

Excluded-Volume Condition: [ |7(i)* — 7(d)*| < Ry

Au+Au 7.7 GeV , b=3.5 fm, |y|<0.5

0.5 -

[ Strong reduction of d production

d p; slope is not affected by excluded volume condition %0 100
2) QM properties of deuteron must be also in momentum space T smRa .L%':S.ﬁ mra
- momentum correlations of pn-pair a A A L DA Bl
N,m N, @ .2t .
p \\—," —p ;% 15 |y|<0-5 i
Fon ~ SQrt(< 12y >) g
n & ——0n e ~oicew § 1 Au+Au 7.7 GeV , b=3.5 fm , |y|<0.5
Adapted from 4 '

[Haidelbauer, Uzikov PLB 562(2003)] 051
[Hoftiezer et al. PRC23 (1981)]
Same spirit as AMPT [ K.-J. Sun, R. Wang, C.-M. Ko et al., 2106.12742] (] ‘ ‘ ‘ ‘

0 10 20 30 40 50 60 70 80 20 100

 Strong reduction of d production by projection on DWF | ,(p)|? 16
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O, Kinetic vs. potential deuteron production

PHQMD

Excitation function dN/dy of deuterons at midrapidity

" STAR —e—
0 e kinetic ——
107 ¢ MST stabilization - - - 7
>
o
=
107 .
-2
10 — —
10 10°

(san) 2 [GeV]

(J PHQMD provides a good description of STAR data
 The potential mechanism is dominant for d production at all energies!

G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902 17
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Highlights: PHQMD cluster and hypernuclei dynamics
from SIS to RHIC
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PHQMD

PHOMD and UrQMD: Where clusters are formed?

AuAu 1.5

AGeV 10% central |y| < 0

e 0 fm/e
- T0fm/e

AuAu 40 AGeV 10% central |y| <0

20

5

= 30 fm/e
= T0fm/ec

30 fm/c

— A=1
- A —2
—— A=3

MST

6 & 10 12 14 16 18 20

rr [fm]

Pb+Pb, 7% central, |/s,, = 8.8 GeV

(b)

70fm/c |y| <1

UrQMD, potential
— d (COAL)
Free p+n (COAL)

UrQMD, cascade
----d (COAL)
===: Free p+n

(COAL)

Normalized probability

—
<

i/ PHQMD, potential

- d (COAL)
— Free p+n (COAL)
==d (MST)
— Free p+n (MST)
10—2III||IIII|||II|IIII|IIII|IIII1’ \ I I !
0 10 20 30 40 50 60 70 80 90 100
tr (fm)

=» Coalescence as well as the MST procedure
show that the deuterons remain in transverse
direction closer to the center of the heavy-ion
collision than free nucleons

= deuterons are behind the fast nucleons (and
pion wind)

V. Kireyeu, J. Steinheimer, M. Bleicher, J. Aichelin, E.B., Phys. Rev. C 105 (2022) 044909 19



v,, V, with different EoS
New in PHQMD: momentum dependent
potential
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o v,, v, with different EoS

Viktar Kireyeu, in progress
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 Strong EoS dependence of v,

() HADES data favor a momentum dependent potential

HADES: J. Adamczewski-Musch et al., Phys. Rev. Lett. 125, 262301 (2020), 2005.12217
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UrQMD: v, v, with hard EoS
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HADES: B. Kardan [HADES Collaboration], Nucl. Phys. A 982, 431 (2019)
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UrQMD: P. Hillmann et al.,arXiv:1907.04571
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PHQMD & UrQMD & SMASH models:
HADES data benchmarking

T. Reichert et al., J.Phys.G 49 (2022) 5, 055108



PHQMD & UrQMD & SMASH:

Comparison of heavy-ion transport simulations: Ag+Ag collisions at E;, = 1.58A GeV
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(] Reasonable agreement of transport models for the ‘bulk’ hadrons
(] Strong influence of EoS and medium effects for strangeness production
() Sizable increase of strange particle yields for the soft EoS

T. Reichert et al., J.Phys.G 49 (2022) 5, 055108
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PHQMD & UrQMD & SMASH:

Comparison of heavy-ion transport simulations: Ag+Ag collisions at E;, = 1.58A GeV

Inverse slope parameter T, in dependence of the rapidity extracted by fitting hadron m;-spectra
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All models show similar source temperatures around Zsource = 80 — 95 MeV
and average transverse flow around (v;) = 0.22¢c — 0.3¢

T. Reichert et al., J.Phys.G 49 (2022) 5, 055108
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