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Cluster production in heavy-ion collisions

before collision

after collision

Clusters and (anti-) hypernuclei

are observed experimentally at all energies

Pb+Pb, central. midrapidity

U Clusters are
abundant at low energy

ALICE

0-10% Pb-Pb, |/s,,, =2.76 TeV

ALICE, NPA 971, 1(2018)
| | | | |

O High energy HIC:

,Jce in a fire’ puzzle:
how the weakly bound
objects can be formed and
survive in a hot enviroment?!
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= Mechanisms of cluster formation in strongly
interacting matter are not well understood




Cluster production in heavy-ion collisions
is a continous process from /s =2 GeV to /s =10 TeV

Cluster formation at midrapidity happens from

E.,=1GeV to /s =200 GeV in a very continuous way

. . SRR T T T LA e
although environment changes drastically: : & EB02dp @ STARO-10%djp 3
E.., =1GeV 90% nucleons 10% pions e dlp ¢ ’;‘:&:‘fw ° f;”* U[L?%a’ﬁ i
. % p seee ermal d/p
— o | —
95% mesons 2 | iy A ALICE dip
hadronic environment > QGP 510_2'_ @..[h )
O f *5.q
: | ! S
ﬂ' 3 7 ! = "ﬁ]—'ﬁ
107 a/p o E
The slope of the transverse energy spectra - H ]
is rather similar i PRC99,064905
~ 107 B il TR T
T=100 MeV 10 100 1000

ISy (GEV)
- To study cluster production we should explore all data
(which cover often a larger rapidity interval than at RHIC/LHC
and where models have to make less assumptions than at RHIC/LHC)



Models for cluster and hypernuclei formation

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

statistical model:
- assumption of thermal equilibrium
no hadronic interactions - spectra wrong

Yield (dN/dy) for 10° events

Dynamical Models:

coalescence model:
determination of clusters at a freeze-out time
by coalescence radii in coordinate iy |
and momentum space ™
ad hoc model with free parameters (number increases with size) \ S (GEV)
third body for d-production?

O collisions NNN = dN ; NN - dm (kinetic deuterons)

U formation by potential interactions (potential deuterons)

corrections in the dense medium (d needs space)
complicated 3 body process (detailed balance)

o, .
only for deuterons |:> G .
* g

PHQMD

(the same as applied during the whole HI collision)
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O, PHQMD ;

PHQMD O

PHQMD: 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)

e

|:> Propagation of partons (quarks, gluons) and mesons
+ collision integral = interactions of hadrons and partons (QGP)

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

PHSD mode

from PHSD (Parton-Hadron-String Dynamics) 2008 031945, NPABS! (S0 215 |
Cluster recognition: 1Ré zl(izl’(‘)t(;lgi ;hgiglgglin, J.Comp. Phys.
MST (Minimum Spanning Tree)
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 N g

QMD&PHSD  MST/SACA time




Dirac-Frenkel-McLachlan approach

QM D ti me eVOI ution A. Raab, Chem. Phys. Lett. 319, 674

J. Broeckhove et al., Chem. Phys. Lett. 149, 547

O Generalized Ritz variational principle: %2 d _
é/ dt < (t)|i— — H|(t) >= 0.

Many-body wave function: "

Assume that (1) H Y(r;,rio, Pio,t) for N particles (neglecting antisymmetrization !)

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

Gaussian with width L centered at 7> P

1 p;o(t) )2 p2 (t)
—= | Tr;—I; t ——t_ t i i — ;20 ;
'Z/J(I“?:, ri0, Pio t) — (e i ( o(t) ey ) ) e?p o(t)(ri—rio(t)) . e~ om t

L=4.33 fm?
d Equations-of-motion (EoM) _in coordinate and momentum space:

o o) o)
10 c"")pm ' af‘iﬂ

Many-body H=S H = T; +V;) Vi)

Hamiltonian: Z Z ; ; !

2-body potential: Vi = V(ri,rj.Tio. Tjo. )

Antisymmetrization is neglected since it would be impossible to formulate collision term



0, .
.@; Local momentum dependent potential in PHQMD

PHQMD

§.

QQ

(J Nucleon-nucleon local two-body momentum dependent potential:

V@ij = V(I"?:; r;,r;0.r;0, P, P;0, t)
— VSkyrme loc T vaom + VCoul

2

Lo — )+ —
=\|= r, —r;
1 j ’\/—|—1

tgé(r?; — I'j) ,07_1(1‘@', rj, T, ;0. t)

+V (rs,rj, pio, Pjo)| +

momentum dependent

1 Z@'Zj(fiz
2 ‘I‘,,j — I‘j‘ '
Coulomb

Skyrme

U The single-particle potential <V> resulting from the convolution of the distribution
functions f; and f; with the interactions Vg, + V,,,, (local interactions including
their momentum dependence) for symmetric nuclear matter:

1) Skyrme potential (‘static’) :

<If’f5ky'rme(ri0,t)> — Q(

0 0

with modified interaction density (with relativistic extension):

4

pint(Tio. 1) — cZ(_)B»/?e—%(r?.;(t)—r;%(t))?

7w

J
X eriLo (t) _ero (t)* )



PHQMD

.G. Momentum dependent potential > EoS in PHQMD

2) Momentum dependent potential :

] - ] — 100!

V(ry, 12, Por: Poz) = (aAp + 551’2) exp|—cy/Ap| d(r1 — ra) % 80!

= 60/

Ap = /(Po1 — poz)? —

(Po1 02) §_ 40!
Parameters a, b, c are fitted to the ”optical” potential > 20! * exp.data ,
(Schrddinger equivalent potential Usgp) ,, [ Vb~ py)ish O Sl e

extracted from elastic scattering data in pA: 572 = L2, 00 05 1.0 1.5 2.0 2.5

e _ Eiin [GeV]
* In infinite matter a potential corresponds to the EoS:

3 , ,
E/fl(P) — EEF T I/Safc:y:‘v":r’n,e sta.t(p) + I/'mo:rn(p)

EoS for infinite cold nuclear matter at rest

- A2V P
Vimom = ((I.Ap T b‘ﬁ‘p ) 6:*{'1)(_6\/ Ap) — Y — hard EoS
i P Po §Q | == soft EoS
v _ P 3 P
Skyrme = Q— + p— —--= soft mom dep EoS
0 0 ;
compression modulus K of nuclear matter: =
dp O*(E/A(p))
K=-V—= 9p2—2]p:p0'
dv (0p)
[Eo.S. a[MeV] B[MeV] ~ /K |MeV]]
S 3835 3295 115 200
H 125.3 71.0 2.0 \ 380 . ; . . .
SM 47887  413.76 1.10 200 0.0 0.5 1.0 1.5 2.0 2.5 3.0
a [MeV =l b[MeV =2 c[MeV 1] /

I 236.326  -20.73 0.901 |




.@'- EoS dependence of flow observables

® ®
PHQMD
Au+Au,y% = 3.0 GeV, 1000010020
. . . R 1=
SM potential acts differently on different 2 . soft SM :
= — pot-eos
Observables: 6 f_ d — pot-eos1
. . = — pot-eos2
> yield (dN/dy) like a soft EoS 55
> flow harder than a hard EoS aE
3SE hard
20
Au+Au, Sy = 2.4 GeV, 20-30%, 1.0 <g < 1.5 Au+Au, Sy = 2.4 GeV, 20-30%, 1.0 <g < 1.5 _'2 "_'1'.5"_'1' _0'5005 "1" 15 :'! -
> 06 — protons > 1.6 deuterons: all y
0.4; . ;/ﬁﬂ"":ﬂw . %’_f AU+AU,}I’% = 3.0 GeV, 1000020030
02 .. r',”ﬂ ,.”
: e -
0; p J"/‘ Vl
-0.2[ .;-’-:;;;-;: . Vl
-0.4 }M”"
Foe e Exp. data e Exp. data
R I Ll Ly o101 I T S [
06 04 02 0 02 04 06 02 04 06
y y
AutAu, Sy = 2.4 GeV, 20-30%, 1.0 <g < 1.5 AutAu, Sy = 2.4 GeV, 20-30%, 1.0 <p < 1.5
E protons PHQMD % [ deuterons: all PHQMD

Js  [H [Eswm

[]

V2 s Exp. data

V2 fe e s Exp. data 0.2

cl e b b b e e e 1 Cle e b b e e e e b 1
0.6 -0.4 0.2 0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
y y




Mechanisms for cluster production in
PHQMD:
|. potential interactions
(recongnized by MST)

2,
ll. kinetic reactions

lll. Coalescence (discussed later)

@

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

G —
e Tj | <4 fm (range of NN potential)

2. Particle is bound to a cluster if it binds with
at least one particle of the cluster

* Remark: inclusion of an additional
momentum cut (coalescence) leads to small
changes: particles with large relative
momentum are almost never at the same

position (V. Kireyeu, Phys.Rev.C 103 (2021) 5)

Advanced MST (aMST)

0 MST + extra condition: Eg<0

negative binding energy for identified clusters

O Stabilization procedure — to correct artifacts of

the semi-classical QMD:

recombine the final “lost” nucleons back into cluster

if they left the cluster without rescattering

dN/dy

dN/dy

dN/dy

f(a) Au+Auvs=2.52 GeV , 0-10%

10' |
10° k

-

after stabilization

before stabilization - - - -
Eg<0 before stabilization — - —

Eg<0 after stabilization —=—
1 1 1 1

.
10% E(b) Au+Auvs=7.7 GeV , 0-10%

A=2 ——
A=3 ——

o —_— ~ - |
= - ]
R RS ST RS [ i =T N

1 + T T T T T T T T T T T +
10" Ec) Au+Aus=200 GeV , 0-10%

G. Coci et al., Phys.Rev.C 108 (2023) 014902

20 40 60 80 100 120
t [fm]



.0.' When are the A=2 clusters formed?
PHQMD
' The normalized distribution of the O The conditional probability P(A) that the
freeze-out time of baryons nucleons, which are finally observed in
(nucleons and hyperons) which A=2 clusters at time 135 fm/c, were at time
are finally observed at mid-rapidity t members of A=1 (free nucleons), A=2 or
ly|<0.5 A=3 clusters
) AuAu 40 AGeV 10% central |y < 0.5 19 AuAu 40 AGeV 10% central |y| < 0.5
oAl ‘ Achaerved( 135 fm fc) = 2
0.35 + _ :: g;
0 | Freeze Out ] 1.0 N B
0.25 | ] 08 |
— 09 | ] —_ final A
& < 06 i
0.15 =
0.1 ] 04t
0.05 | _I_I‘ 0o |
0.0 —
0 10 20) 30 40 50 60 0 0.0 — I 0
freeze out time t 0 20 40 60 80 100 120 140

time [fm/c]

=» Stable clusters (observed at 135 fm/c) are formed shortly after the dynamical
freeze-out

S. GlaRel et al., Phys. Rev. C 105 (2022) 1 Iz



G. |I. Deuteron production by hadronic reactions

PHQMD

‘l L] L Ll " . = .
Kl netlc mecha nism SMASH: D. Ollmychenl‘(o et al.,, PRC 99 (2019) 044907;
J. Staudenmaier et al., PRC 104 (2021) 034908

1) hadronic inelastic reactions NN <= dmr, NN <= dmr, NNN < dN AMPT: R.Q. Wang et al. PRC 108 (2023) 3
2) hadronic elastic m+d, N+d reactions

e (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

= P, <
AN;AN,AN; 32(V/5)

E/E; R 1
Py 2(\/5) = FopinFiso 12 2(v/s, m1, ma)
| ‘/2E3E4E5 RS(\/§7 3, My, m5) AV;EH

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

_ .23 =
Py 3 (\/E) = Otot (\/E)U’”el AV..;; | = solved by stochastic method

. . . . . 70t p+n oot 4d
* Numerically tested in “static” box: PHQMD provides a good agreement with

analytic solutions from rate equations and with SMASH for the same selection
of reactions

* New in PHQMD: t+N+N<« d+7 inclusion of all possible isospin channels allowed O +ptpeoat+d
by total isospin T conservation = enhancement of the d production O ntn o +d

T +p+pen4+d

Tt +n+neo 1 +d

G. Coci et al., Phys.Rev.C 108 (2023) 014902 13



o, .
Pﬁ.; Modelling finite-size effects in kinetic mechanism

. G. Coci et al., PRC 108 (2023) 014902
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 in the entrance channel

. . [ ) Y\ . T T T T T T T T ]
Realization: 25 P20  PHQMD with ishpin —— |
h d be f di hich on@ PHAMD with :2323:::32:: var E:’;;ﬁ il
1) assume that a deuteron can not be formed in a hig ]
density region, i.e. if there are other particles (hadrons 2 Zf ]
or partons) inside the ‘excluded volume’: 3 s| ly|<0.5 i
Excluded-Volume Condition: [ |7(i)* — 7(d)*| < Ry E o AU+AUT.7 GeV , b=3.5 fm, ly|<0.5 ]
0.5
(J Strong reduction of d production
d p; slope is not affected by excluded volume condition °o
2) QM properties of deuteron must be also in momentum space " smRa s
N o 25 with isospin +P£|)8MI‘:I)°with orsm —_— ]
- momentum correlations of pn-pair ; PPHGMD with 1560pin + projection [ox(oI j
N,n N,n 2l ]
P \\‘—",I —_—p g 1.5:— |y|<05 % 7
Fon > SQrt(< riy >) g ? ]
n 7\ § ! - Au+Au 7.7 GeV , b=3.5 fm , |y|<0.5 1
Adaoted f 1A p~1/y/<ri>~01GeV [ ]
apted from 3 - 1
[Haidelbauer, Uzikov PLB 562(2003)] os T ]
[Hoftiezer et al. PRC23 (1981)] [ ]
Same spirit as AMPT [ K.-J. Sun, R. Wang, C.-M. Ko et al., 2106.12742] ol ‘ ‘ ‘ ‘ ‘ ‘ ‘ ]

0 10 20 30 40 50 60 70 80 90 100
t [fm]

d Strong reduction of d production at early times by projection on DWF | d,(p) |2 14



0 . Liinkli: .
,@.- Highlights: PHQM

PHQMD

D cluster and hypernuclei dynamics
from SIS to RHIC

|

< oF 1
o 1.4F d -
oy E —— PHQMD t, = 45 fm/c ]
=1.2F —— PHQMD t; =50 fm/c
g 3 « E864 A
3 E 1
z0.8- d _+_ =
k=] C 3
=06 E
2 0.4 =
0.25 Au+Pb@10.6 AGeV
— :\ 1 ‘ L1l | | ‘ L1l | | | 1 !:
P ¢ i
%1207 — PHOMD t, =55 fm/c
o — PHQMD t, =60 fm/c 7
'3100; o ES54
& 80- t ]
> L 4
o - —
= 60: 1
— 40+ -
2 20 =
5— = 4
— j\‘\\\\||\\\\\\\|\\\|[
> L ]
8120  He .
I & = PHOMD t; =55 fm/c |
'31 00 —— PHQMD t, = 60 fr/c 9
- o E384 A
s 80: 1
3 60K |
tw\ SHe |/
> 40 -
g 20F 3
5’ :\ 1 ‘ L1l | | 1 | 1 | 1 \:
-1 -05 0 05 1
Y
d, Pb+Pb, (s, = 8.8 GeV, b=0-5fm
0
. d ® NA49 =PHQMD
> E
g
’; L
T
-
[« X
T 1o
o g
F
o
©
L -04<y<0.0
1072 L ‘0‘5‘ L ‘4 L \1\5\ coooc b e b

2.5
P, (GeV/c)

~ b Au+Au @ 14.5 GeV, 0-10%

. 27

S E sum —— 4

£ 1ll) both effects STARd, |yl < 0.3 —e—

kinetic
Future option aMST, Eg<0.0 MeV — —
L sum

7.7

deuterons

£ AutAu @ 7.7 GeV, 0-10%

1 15 2 25 3
pr[Gev]
[ ) both eftects STARd, |yl <03 —e— |

kinetic
aMST, Eg<0.0 MeV

BES 145

Future option

deuterons

1 15 2 25 3
prlGev]
£ 1ll) both effects STARd, |y|< 0.3 —e— |

kinetic

Future option aMST , Eg<0.0 MeV

deuterons
F Au+Au @ 27.0 GeV, 0-10%

1 15 2 25 3
pr[Gev]
£ 1ll) both effects STARd, |y|< 0.3 —e— |

kinetic

Future option aMST, Eg<0.0 MeV — —

62.4

deuterons

F o Au+Au @ 62.4 GeV, 0-10%

1 15 2
prlGev]

25 3

-

dN/(d%prdy) [GeV

10’

10°

107"

deuterons.

STARG, |yl <03

E 1) both effects
kinetic
Future option aMST , Eg<0.0 MeV
L sum

deuterons

FAu+Au @ 11.5GeV , 0-10%

deuterons
F o Au+Au @ 19.6 GeV , 0-10%

1 15 2 25 3
prlGeV]
[ ot effects STARG, |yl <03 —e— |
kinetic ——
Future option aMST, Eg<0.0 MeV — —
F sum —— 4

| 19.6 |

kinetic
aMST, Eg<0.0 MeV

Future option

1 15 2 25 3
priGev]
E 1) both effects STARd, |y| <03 —e— |

39

deuterons
F o Au+Au @ 39.0 GeV , 0-10%
1 15 2 25 3
pr[GeV]
F 1ll) both effects STARd, |y| < 0.3 —e— 5
Future option kinetic
[ aMST, Ep<0.0 MeV — — ]
sum ——

deuterons
F Au+Au @ 200.0 GeV , 0-10%
1 15 2 25
pricev]

—_—

B,(*He/1.19p%)(GeV*/ ¢

x10°°
14 ———————
Au-Pb 0-10% 3He 0.2<y <00+ sxm:)
—0.0<y <0.2(+6x107)
0. .
qpl 106AGeY —02<y <04 (+4x109)
[ —PHQOMDt,=55fm/c — 0.4 <y <08 (+2x107)
[ PHQMD t, = 60 fm/c —— 0.6 < y <0.8
10~ e E864 3I I
8— E

T

(=

Lo, I Ll
0o 02 0.3 0.4 0.5
pT/A(GeWc)
3
— q 4><1 0 -
o T AuPboion 0V2<y< U-U((+ Bxﬂ?c))
—0.0<y < 0.2 (+6x10
S o 108ACGeV 02 <y < 0.4 (+4x10%)
8 PHQMD t, = 45 fm/c — 0.4 < y < 0.6 (+ 2x10°)
= PHQMD ¢, =50 fm/c — 06<y <08
<10 e E864

04 o5
o) T/A(GeV/ c)

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

S.
G.

GlaRel et al., PRC 105 (2022) 1;
Coci et al., PRC 108 (2023) 1, 014902
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PHQMD

Light cluster production at s'2 =3 GeV

The PHQMD comparison with recent STAR fixed target p; distribution of p, d, t, *He, “He
from Au+Au central collisions at /s =3 GeV

-
o
i3

2
d*Ni2n p dydp. )
=

=
5

10—10
107
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m= 03y c02xi0f== 0dcy <0310ty
14 == 05<y c0dx10¥== 06y <05x10°

== 0T<y <-05x10%mm 0By <07 X107
09<y <-0BX10%== 10<y <-09x10°

Diay <00x10° = = 02y <01 k10N

--PHOMD EOS s0ft
we PHOMD EQS hard
==PHQMD EOS SM
@ STAR

05 1 15 2

. 3
“He+ He
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DFcp = 08x 0 mm 10y = 08107
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v |
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P {GeVie)
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2
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T
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=
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More in detail

PHQMD

hard EOS

— 10° o~ 10—
© d+ ® STAR © + ® STAR
= Au-Au 3.0 GeV 0-10 % 3 Au-Au 3.0 GeV 0-10 %
> y —PHOMDEOShad | B 4 — PHQMD EOS SM
a B [
= — = =Blast Wave Fit = == == Blast Wave Fit
b= [
g g
"@L S
a a
2 =
& &
=3 =
2 3
R °

SM EOS

11‘,]‘IZ 01y <00x107 ) 02<y<-01x10 . ~ DA<y <00x10° O D2<y<-012010
.
B o03<y<02x10® [0 04<y<03x107 W W o3<y<02xi0® [] 04y <-03x10° Sel
.
107" A 05cyc04xi0* A 0B<y<05x10° . s 10" A 05<y<04xi0t A DB<y <-05%10° ~ ..
$ 07cpc08x® O 0Bey<0TX0T ., § 07<y<08x10® DBy <0TXI0 Sy
- -
08<y<08x10° A0<y<-08% 107 - 08 <y <-08x10° A0<y <-09%10° -
,n—lﬂ.....Y......‘r\ﬁ‘...{....|||||||||||||r'+_|||| ,n—16...........%........m||||||||||||‘+-||||
g 3' - -3 g 3— 0 -3
m - 01wy =00x10" O Vd<y=<-03x10 m - D1<y=00x10 1 04 =y=-03x107
g'-: 2 $ 07<y<06x10° 3L qp=zy<09x10® E s & 07<y<06x10% 3L 10<y<-09x10°
e E
(0 w L [
2 By ~  BA¥ O
R ] g -
2 mestdBunnggiy g @ew
r F ¢ T F
o U— 1 1 1 1 1 1 1 o 0— 1 1 1 1 1 1 1
Q 05 1 1.5 2 25 3 35 4 0 05 1 15 2 25 3

P (GeV/e)

SM describes data best

difference PHQMD-data at low p; > blast wave fits ok?
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Kinetic vs. potential deuteron production

PHQMD

Excitation function dN/dy of deuterons at midrapidity

 STAR —e—
0 . Kinetic ——
107 - MST stabilization - - - 7
>
S
=
107 © ]
-2
10 —
10 10°

(san) 2 [GeV]

O Very continuous as a function of /s
 Functional form similar for kinetic and potential deuterons
() PHQMD provides a good description of STAR data
O The potential mechanism is dominant for d production at all energies!
G. Coci et al., Phys.Rev.C 108 (2023) 014902 18



Can the production mechanisms bhe

identified experimentally?
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dN/dy

dN/dy

dN/dy

8.

PHQMD

Coalescence in PHQMD and UrQMD

MST deuterons

I B T
a) Au+Aus=3.0 GeV , 0-10%

deuterons

Eg<0 deuterons —=— 7
+ PR B T (I | I
e R

—
£b) Pb+Pb Vs=8.8 GeV , 0-10%

£ c) Au+Ab Vs=200 GeV , 0-10%

freeze out

L | | L | | | | | | | | | | | | | | | | L | | |
20 40 60 80 100 120
t [fm]

Why may the observables be different
in coalescence and in MST?

Same simulation

» Coalescence deuterons produced earlier

> Most of the coalescence deuterons
unbound

» Factor 3/8 brings them to the physical
value

» Many surrounded by other hadrons when
produced

Coalescence parameters from UrQMD
- in PHQMD

Coalescence and MST (potential) deuterons
calculated in the same PHQMD run
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PHQMD

T

(2n pT}dszclp dy (c*/GeV?)

dN/dy

dN/dy

.

Mechanism for cluster production
coalescence and MST <{===) experimental data
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o
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== MST+Kinetic

Deuterons:

= p; distributions
similar for
coalescence/
MST-kinetic

= y-distributions
show differences
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The analysis of the presently available data points tentatively to the MST + kinetic
scenario but further experimental data are necessary to establish this mechanism.

V. Kireyeu et al., PRC109, 044906 27



°G] Difference big enough for an experimental decision?

[ ]
PHQMD
pr >1.2 GeV (experimental acceptance)
3 Au+Au, b =5 fm, s, = 3.0 GeV, p_> 1.2 GeVic
E= 4l ==n Coalescence MST
wnn Kinetic == MST+Kinetic
Common
3l—

Difference between COAL and MST
mostly at low p;

S og| PP mEIm Bues S, 12 oot In the measured p; range signal is gone

0:5 : i gl’nnitr‘:]con == MST+Kinetic fo r ﬁ — 3 G ev

T But: there seems to be a sweet spot

e ed e b e e s, around /s = [6 — 8] GeV
So| RAUSTSIm e Solp 2 2 e to identify the reaction mechanism

Common

--------------------
................

=» We have to wait for more precise rapidity distributions
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Where the clusters are formed?
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PHQMD

PHQMD and UrQMD: Where clusters are formed?

0.15

AuAu 1.5 AGeV 10% central |y| < 0.5

e 30 f /e
= T fm/e

rr [fm]

AuAu 40 AGeV 10% central |y| < 0.5

w30 fi e — A=1
e 70 /e A=2
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0 20
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Yy
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Pb+Pb, 7% central, |'s,, = 8.8 GeV

IIII|IIII|IIII|IIII|IIII|IIII‘1’I e L L

(b)

70fm/c |y| <1

UrQMD, potential
—d (COAL)
Free ptn (COAL)

UrQMD, cascade

----d (COAL)
===: Free p+n
PHQMD, potential (COAL)
- (COAL)
— Free p+n (COAL)
==-d (MST)
— Free p+n (MST)

70 80 90 100
ty (fm)

10 20 30 40 50 60

=» COAL(escence) as well as the MST 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
the pion wind)

V. Kireyeu, J. Steinheimer, M. Bleicher, J. Aichelin, E.B., Phys. Rev. C 105 (2022) 044909 24



. Summary

[ )

PHQMD

The PHQMD is a microscopic n-body transport approach for the description of heavy-ion dynamics
and cluster and hypernuclei formation identified by Minimum Spanning Tree model

combined model PHQMD = (PHSD & QMD) & (MST | SACA)

Clusters are formed dynamically

1) by potential interactions among nucleons and hyperons
Novel development: momentum dependent potential with soft EoS

2) for d also by kinetic mechanism: hadronic inelastic reactions NN < dm, tTNN < dm, NNN < dN
with inclusion of all possible isospin channels which enhance d production

+ accounting for quantum properties of d, modelled by the finite-size excluded volume effect

in coordinate space and projection of relative momentum of p+n pairs on d wave-function
in momentum space leads to a strong reduction of d production

-

U PHQMD reproduces cluster and hypernuclei data of dN/dy and dN/dp; as well as ratios d/p and
dlp for heavy-ion collisions from AGS to top RHIC energies.

0 Measurement of dN/dy beyond mid-rapidity seems to distinguish the mechanisms for cluster
production: coalescence versus dynamical cluster production recognized by MST + kinetic
mechanism for deuterons

U Dependencee of y- and p;-spectra (and v,,v,) on EoS - soft, hard, soft-mom. dependent - at SIS
energies

U The influence of U(p) decreases with increasing collision energy since the modelled Uggp(p) has a
maximum at energy 1.5 GeV and decreases for large p € no exp. data for extrapolation of Ugp(p)
to large p!

O HADES data data on v,,v, STAR data at 3 GeV favour a soft momentum dependent potential (SM)

25



What did we learn
(besides that PHQMD describes the data)?

O Cluster production at midrapidity is a smooth process from /s 2.4 GeV to 5 TeV
 Stable clusters are formed (shortly) after elastic and inelastic collisions have ceased
O They are formed behind the front of the expanding energetic hadrons

O They can survive the expansion because “ ice does not meet the ‘fire’

O This result is the same for the PHQMD and UrQMD transport approaches
(and very probably this is true for all other transport approaches)

(] Coalescence as well as MST(+kinetic) can describe the data
however: to describe A[2-4] (and at low energy larger A)
MST does not need any (free) parameters for cluster production
Coalescence needs two for deuterons, 4 for 3He,t ..... + problem of hadrons

close by

Major problem to be solved:

» complete relativistic kinematics

> how to project classical phase space distributions on quantum states



... .
g
PHQMD

Thank you for your attention !

Thanks to the Organizers !
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