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The ,holy grail‘ of heavy-ion physics:

The phase diagram of QCD

Early Universe

The Phases of QCD
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O Clusters are very
abundant at low energy
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Experimental observables:
> ..Clusters and (anti-) hypernuclei

o i F

= projectile/target spectators= heavy cluster formation
= midrapidity=» light clusters
I Hyperons are created in participant zone

(Anti-) hypernuclei production:
- at mid-rapidity by coalescence of A with nucleons

during expansion

- at projectile/target rapidity by rescattering/absorption

of A by spectators

High energy HIC:
,Jcein afire® puzzle:
how the weakly bound
objects can be formed
and survive in a hot
enviroment ?!
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Modeling of cluster and hypernuclei formation

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

2 10°E . —-3He, %o ~+H
Q statistical model: 80k sy e TN
- assumption of thermal equilibrium z 1ot o He
% 10° T oo g— T
Q coalescence model: 5
. . 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 clusters formation 10° L — 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:

— via potential interaction (potential mechanism) - discussed in this talk
-- by scattering (kinetic mechanism)

Cf. Posters: POS-LF-08: SMASH - Jan Staudenmaier
POS-RES-08: PHQMD — Gabriele Coci



@, . E
O, PHQMD :
PHQMD [=]

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

4 =

Initialization = propagation of baryons:
QMD (Quantum-Molecular Dynamics)

—

Propagation of partons (quarks, gluons) and mesons
+ collision integral = interactions of hadrons and partons (QGP)
from PHSD (Parton-Hadron-String Dynamics)

-

Cluster recognition:
SACA (Simulated Annealing Clusterization Algorithm)
or MST (Minimum Spanning Tree)

J. Aichelin et al.,

> S. Glalel et al.,
QMD&PHSD MST/SACA  time PRC 105 (2022) 1

PRC 101 (2020) 044905;

0
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QMD propagation

O Generalized Ritz variational principle: 5/t2 dt < (t)|i % — H|(t) >= 0.
t1
Assume that ¥(t) Hw r;,rio, Pio,t) for N particles (neglecting antisymmetrization !)
Ansatz: trial wave function for one particle 9”
Gaussian with width L centered at  Figs Pjo
(e 0. pro. 1) = C e~ 72 ( —rio()=2L04)"  ipio () ri—ra() | g—itny

O Equations-of-motion (EoM) for Gaussian centers in coordinate and
momentum space:

O(H) . O(H)
I'io = — Pio = —
Jpio Irio

Hamiltonian: H = ZH erjw _ZTjLZp”

VE

I’Ti,j = I’?(I'i-. I'j.Tio. I'jo. t) = I’TE‘)lf.yrme + Vooul



QMD interaction potential and EoS

The expectation value of the Hamiltonian:
(H) = (I)+ (V) = Z(a,,’p?o +m? —m) + Z(ngyrme(rio, t))
i i

O Skyrme potential (‘static’) * :

(pia t a1\ a (MeV) g (MeV)  ~
(Vskyrme(Tio. 1)) = « (M) +3 (M) S -390 320 1.14
0 Po H -130 59 2.09

O modifed interaction density (with relativistic extension):

pint(Tio. 1) — CZ(_)S/Qe_%(ram_rﬁm)g EoS for infinite matter at rest
mt 100 bbbl

— hard EoS

Xe—%{r%(t)—r}o(t))g 80 | == soft EoS

< HIC €= EoS for infinite matter at rest

o compression modulus K of nuclear
matter:

dP | 2 O'(E[A(p))

K = —VW - gp (80)2 ’P:PO' ) 0.0 015 l_l[] 1.‘5 2.I0 2j5 3.0
P/ o

Work in progress: implementation of momentum dependent potential (M. Winn) 6




Highlights: PHQMD ,bulk‘ dynamics from SIS to RHIC

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
= FOPLp hard E 4 1
i S
100 T T T T T 1
80 |- AutAu, 10.7 AGeV, 5% central E 10" ——PHQMD: hard EoS
- . —— PHQMD: soft EoS
£ 80 60 | y B 10" [ —PHSD
-
- Authu @, =11GeV  Jb STAR 40 — } } }
Zz 0 o Ty - ’ e PHQMD: hard EoS 1 T
= 2w [ —— PHQMD: soft EoS ] % 10
10 N —==PHSD <]
' 0 Il Il I =
T T T T T =10t
20 " 100 AutAu, 8 AGeV, 5% central . =
s0 | h 3
0 5 10"
20 <15 -10 -05 00 05 1.0 1 " 60 | .!"m ] s
Yo " . 40 | 7 p =
] o kS T 10
s - 2o ] -
R : 5 o bt - - . E
> ' = . - ¥ T T L} T
3:‘ W gn T Zio | Aut+Au, 6 AGeV, 5% central h 10!
°le 3 ~
a7 ¥ s0 | : ] \
-5 ¥ 10
' ¥ wl }%\ ]
" - - ¥ - . .h““"“nt o £ \ ] o *
w - - . e
S e N ey gty 0 ,
w A Tl RS | .. - e, Ty 120 | Au+Au, 4 AGeV, 5% central ] 10
Pb+Pb | e Mt | ey TH - e TNy, 100 | E
T T T T » Ty . =y .y P o
s H ., -~ 80 | 3 10
60 - 20 A GeV, 7% central Tres ¥ ° w©
| o —:th 5 FTRTI T TR IVT. ST A TR ST | Ll | T o . ] 0.0 02 04 0.6
s 0204 08 0F 112 T4 18 YL, 02 04 08 08 1 1214 18 LR, 02 B4 08 0 1 12 14 18 (8.0, 40 | 4 J y
40 |- / \ " . »E E m_-m, [GeV]
r < hN [ .} ! 1 1 A
20 - / ——pHoMD  \ b 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 |
L/ U S O S N S B e B e 10 B E. /nE
5 Pb+FPh B T
60 40 A GeV, 7% cenfral 1 250 - . - - 1 < mon T 00
L Wb ] 20 AGeV, 7% 40 AGEV, 7% 80 AGeV, 7% d 3 " ll[l:;l\ i
40 [ &M - ;
[ /¥ ol 3 % N 200
20 | o I I I I I I
z T W \ g % 100
=
Z 0 Lo , 0
60 - 80 A GeV, 7% central b 10
[ 3 40
40 |- - 10 | | | | ) R
20l w' .""‘"‘Nq\
- E o - 20
L = wk 1] -,
N\ z *‘@“‘3\3 ° =2
[ e e e B =i - w'l A28 i Z 0
] = —_— —
o | 160 A GeV, 5% central 4 27 PHQMD WARE <
r ST e e R T 30
wl 1 2w 2
I m‘ M k| ‘y
20 | - ) o
L Wk ° o ] \ 10
0 o 0
4 P Y
i HRaee ] 10
Wl N ]
S,
'k [\/\"‘f © ¢ 5 5
| | | | | |
0.0 0.2 0.4 0.6 08 10 12 14 0 6 4 2 0 2 4 6 s _‘ 2 u 2 4 s 0
m [GeV] E E E E
m -m, [GeV] 32101123 v /
¥ 3 3

PHQMD provides a good description of hadronic ‘bulk’ observables from SIS to RHIC energies



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

;- 77 | <4fm

2. Particleis bound to a cluster if
it bounds with at least one particle
of the cluster.

* Remark:

inclusion of an additional momentum cuts
(coalescence) lead to a small changes: particles with
large relative momentum are mostly not at the same
position (V. Kireyeu, Phys.Rev.C 103 (2021) 5)

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




o, .
.G].' Clusters in semi-classical QMD models

PHQMD

Limitation of semi-classical models (as QMD):

 Clusters in QMD are semiclassical bound objects (with a binding energy close
to the Weizsacker mass formula) but not quantum system with a defined ground state

O In bound QMD clusters kinetic energy can be therefore accumulated by one of the
nucleons which may escape (what is not possible in a quantum cluster)

=» We have therefore to fix a time at which we analyse the clusters. This choice
influences the multiplicity. We verified that it does not influence the form of
- the rapidity distribution
- the p; distribution
- ratio of particles

|:> To compare the PHQMD results at different rapidities we have to chose the
same ‘physical time’ :
t =tycosh(y)

where t, is the time taken at y=0 (in the center-of-mass system) to compensate
for the time dilatation



.. Cluster production in HIC at AGS energies

PHQMD

y- distributions of d, t, 3He pt- distribution of deuterons
Au+Pb@10.6 AGeV Au+Pb@10.6 AGeV
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Q. Cluster production in HIC at AGS energies

[ ]
PHQMD

The p;- distributions of t and *He from Au+Pb at 10.6 A GeV

3 35F 06<y<04 = t D4<y<-02 7 3 35F 0D6<y<-04 = 3He 04<y<02 3
T 30E e PHQMD £ = B0 fmie —— s PHQMD £ = 55 fmlc — © 30F s PHQMD t = 60 fmle —— = PHQMD t = 55 fmic —
- E == PHQMD t=T70fmic s PHOMD t = 65 fmle o 255_ ==PHOMD t=T0fmlc == PHQMD t = 65 fm/c 3
N 25;_ * E884 = « E864 = N E o E264 E= * Ez84 E
g 20F + ; § 20t i 3
> e E 4 E = 1 E3 E
< 10F —:—/h\—; ¢ 10g; E3 E
a5 = 3 o 5F = E
—_ %l 1111 | 1111 I 1111 | 1111 |§§| 1111 | 1111 I 1111 | L1 11 |§ — E 1111 I 1111 | | | | 1111 |EEI | I I | | 111 1 | 1111 | L1 11 |E
§ 3¢ 02<y<00 £ 00<y<02 - 3 35 02<y<00 = 00<y<02 3
& 30 = PHQMD t = 55 fmic —f— —PHQMD:=55fmfc—f b 30 —FHOMD t = 55 fmle —— = PHOMD t = 55 fmic —
- = s PHOMD t = 80 fmic s PHOMD t = 60 fmlc = E = PHQMD t =60 fmic  F — PHQMD t = 60 fmic J
& 255_ + E884 =  Eo84 3 N 255_ = = * Es64 3
2o E3 E g 2 £ E
5 1sE = 3 S s £ =
=~ 10;MMé ol 1[]3_/\———~——\_E ++ E
(=% E o = Q E = =
i = E e I e £
—_ El 1111 | 1111 I 1111 | 1111 |§§| 1111 | 1111 I 1111 | 1111 |§ — El L1 1 1 I L1 1 | | | - | L1 1 1 |§§I L1 1 | | 111 | | 1111 | 111 ] |§
3 3F 02<y<04 04<y<06 - 3 35F 02<y<04 = 04<y<06 =
] = s PHOMD t = 56 fmie —— s PHQOMD t = 80 iz — T 30F = PHGMD t = 55 fmlc — = PHQMD t = 80 fmic —
- E = PHQOMD t=65fmic = PHQMD t = 70 fmic | = E = PHOMD t= 65 fmle == == PHQMD t = 70 fmic
s 25 - E854 = . 2884 3 & 25 . 884 = o E264 E
g 200 7 3 § 200 = —;
> 158 E3 E s 150 E3 + E
8 5F £ 3 s 5F = 3
—_ E 1111 | 1111 I 1111 | 1111 |:: LI I | LI I | I LI I | L I | B —_ E| L1 11 I L1111 | | | | 1111 |EEI | I I | | 111 1 | 1111 | 1111 |E
S aF : T b = E
§ 3¢ 06<y<08 = 3 35E 06<y<08 £ 08<y<10 =
© 30F = PHQMD t= 70 fmic = e 30 =PHQMD t = 70 fmic = PHQMD t = 80 fmic ]
- E = PHOMD t = 75 fmic = - E m=PHQMD t= 75 fmic 3 s PHQMD t = 85 fmic_J
E 255 » E254 E & 255 . SEE4 3 » E64 3
3 205— = g‘ 20F 3
s 15E E b 158 3
& 10E e = o 10 E
5 = 5 RO wu = 3

o = - -+
- Flovaoa o bv v i Iz ¢ E|||||||||||||||||||||EE||||||||||||||||||||-‘_|"E
0 . 0 . 1 . 20 5 . 2
P, (GeVl/e) P, (GeVic) P; (GeV/e)
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@. Cluster production in HIC at SPS energies

PHQMD

The rapidity and p;-distributions of d and 3He from Pb+Pb at 30 A GeV
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The PHQMD results for d and 3He agree with NA49 data
S. Glalel et al., Phys. Rev. C 105 (2022) 1
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.

Excitation function

of multiplicity of p, p
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The p, p yields at y~0 are stable, the d, d yields are better described at t= 60-70 fm/c
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.. Deuteron p; spectra from 7.7GeV to 200 GeV

PHQMD

11.5GeV ==t =50.0 fm/c

—t B{]Ufrnfc

Comparison of the
PHQMD results for
the deuteron
pr-Spectra at
midrapidity

with STAR data

1

10-" 14.5GeV _tgﬁg:[] fm o 19.6GeV _tgﬁuﬁu mic

|
g
|
|I| |§
:
coonComd v ol vl B ol ol cod ol o v o o ol ol |

—_—
S
3%}

- 1[]—3

T

27.0Gev i zeaame 39.0GeV —1Z200 e
10-2 —i=700fm ¢ —1t=700Mmc

* STAR
3

.r
—_—
S

T

—

q
=

|T|T|'| IIIII|'|T| TTTIT

10°°

et = 50.0 fmif ¢
62.4GeV o {=EDDfmc 200.0GeV

mmt=70.0fm/c
* STAR

102

dN'i2np_dp_dy) ((GeVie)’] dN"i@mp dp_dy)((GeVie)?] dN'l2mp dp_dy)[(GeVic)'] dN’i2mp dp_dy)[(GeVic)]
—
S

107
- 107
10° ,
o v b b b b b i b mms b b b b b e by Ly o L S.GlaBeletal.,PhyS.
1 15 2 25 3 35 4 45 1 15 2 25 3 35 4 45 Rev. C 105 (2022)1
P [GeV/e] pT[GeWc]

14



o, .
...' Coalescence parameter B, for d and 3He

PHQMD

& d
Coalescence parameter B,: = | Au-Au — ¢ =60.0 fm/c
= -
3 p_/A =0.65GeV/c —t=70.0fm/c
FERN ¥ d * STAR
d =
B _ Ed dS Pr_-._f ‘_clxn
2 - 2 @ 10—
| 3. ‘ :_F 2 L
P d=p, |Pp d/ i * }
L W
' central Au+Au collisions
S. GlaRel et al., Phys. Rev. C 105 (2022) 1 Ll : Ly .
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.G].' Hypernucleil production at 10.6 and 30 AGeV

PHQMD

The PHQMD results for hypernuclei

production in Au+Pt central
collisions at 10.6 A GeV

> - PHQMD ¢, = 100 fm/c
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U ® PHOMD ¢, = 110 fm/c
— 1072
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107
- \ |
3H 4H

A

dN/dy

The PHQMD predictions for dN/dy of
3H,, *H, and “He, from central Pb+Pb
collisions at 30 A GeV (s2=8.8 GeV)
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= Assumption on nucleon-hyperon potential: Vy, = 2/3 Vy

S. GlaRel et al., Phys. Rev. C 105 (2022) 1
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.. Light cluster production at s2 =3 GeV

PHQMD

The PHQMD comparison with recent (preliminary) STAR fixed target p; distribution of
p, d, t, 3H, “H from Au+Au central collisions at /s =3 GeV
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= Good description of cluster production S. Glagel, PHOMD calculations 17
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PHQMD

Hypernuclei production at s2 =3 GeV

The PHQMD comparison with recent STAR fixed target p;
distribution of *H,, “H, from Au+Au central collisions at

Vs =3 GeV

STAR: Phys. Rev. Lett. 128, 202301 (2022)

= Assumption for nucleon-hyperon potential: Vy, = 2/3 Vy
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=» Reasonable description of hypernuclei production
at /s =3 GeV

PHQMD: S. Gléalel et al., Phys. Rev. C 105 (2022) 1
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o, .
.G].' When does the system freeze out?

PHQMD

O The normalized distribution of the freeze-out time of baryons (nucleons and
hyperons) which are finally observed at mid-rapidity |y|<0.5
* Here freeze-out time as defined as a last elastic or inelastic collision,
after that only potential interaction between baryons occurs

0 AuAu 1.5 AGeV 10% central |y| < 0.5 0.4 AuAu 40 AGeV 10% central |y| < 0.5
0.35 - 0.35
0.3 _I_ . 03 r
025 + - 0.25 ¢
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=» Freeze-out time of baryons in Au+Au at 1.5 AGeV and 40 AGeV:
= similar profile since expansion velocity of mid-rapidity fireball is roughly
independent of the beam energy

S. GlaRel et al., Phys. Rev. C 105 (2022) 1 19



o, .
.@.‘ Where are the clusters formed?

PHQMD

O The snapshot (taken at time 30 and 70 fm/c) of the normalized distribution of the
transverse distance r; of the nucleons to the center of the fireball.
4 It is shown for A=1 (free nucleons) and for the nucleons in A=2 and A=3 clusters
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=>» Transverse distance profile of free nucleons and clusters are different!
Clusters are mainly formed behind the “front” of free nucleons of the
expanding fireball

S. GlaRel et al., Phys. Rev. C 105 (2022) 1 20



o, .
O; Comparison of the coalescence and MST for d

O
PHQMD
Coalescence MST
Pb+Pb, 7% central, |s,, = 8.8 GeV Pb+Pb, 7% central, \s,, = 8.8 GeV
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=» Coalescence and MST give very similar multiplicities and y- and p;—=distributions

= PHQMD and UrQMD results in the cascade mode are very similar

=>» Deuteron production is sensitive to the realization of potential in transport
approaches

Coalescence in UrQMD - cf. talk by Tom Reichert (PA-RES, 14.04.22)
V. Kireyeu, J. Steinheimer, M. Bleicher, J. Aichelin, E.B., Phys. Rev. C 105 (2022) 044909 21
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PHQMD

Comparison of the coalescence and MST for d

Pb+Pb, 7% central, |s,, = 8.8 GeV
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=» 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.

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

PHQMD

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

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

- predicts the dynamical formation of clusters from SIS to RHIC energies
due to the interactions among the nucleons

- reproduces cluster data on dN/dy and dN/dp+ as well as ratios d/p and 3/1_9 for
HI collisions from AGS to top RHIC energies.

A detailed analysis reveals that stable clusters are formed

- shortly after elastic and inelastic collisions have ceased

- behind the front of the expanding energetic hadrons

- since the ‘fire’ is not at the same place as the ‘ice’, cluster can survive.

[ Coalescence and MST give very similar deuteron distributions within the PHQMD and
UrQMD transport approaches

% In progress: PHQMD with potential + kinetic mechanisms for deuteron production
POS-RES-08: PHQMD — Gabriele Coci



Thank you for your attention !

Thanks to the Organizers !
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