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The ,holy grail‘ of heavy-ion physics:

The phase diagram 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

= 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 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
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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

4 =

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

=

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

W. Cassing, E. Bratkovskaya, PRC 78

from PHSD (Parton-Hadron-String Dynamics) (2008) §34915; NPABSL (2009) 215

-

Cluster recognition:
MST (Mlnlmum Spannlng Tree) R. K. Puri, J. Aichelin, J.Comp. Phys.
or SACA (Simulated Annealing Clusterization Algorithm) | 162(000) 245266

‘b

® g iy ¥ ., i»‘i"

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

QM D&PHSD MST/SACA tl me G.. Coci et al., PRC 108 (2023) 1, 014902

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




@. QMD propagation in PHQMD

PHQMD

U Generalized Ritz variational principle: 5/t2 dt < (1)) d —H|(t) >=0
" L h d-l‘- LA I — '
t

1

Assume that ¥ (t) H?,b r;, T, Pio,t) for N particles

QO Equations-of-motion (EoM) for ¥ (ri,Tio, Pio,)- Gaussian centers in coordinate and
momentum space:

d(H) ) d(H)
I'io =— — Pio — —
Ipio I7Ti0

The expectation value of the Hamiltonian:

(H) = (T)+(V) = Z(a,,’p?o +m? —m)+ Z(Ierky-rme(riO: t))

{
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o, .
.@; Highlights: PHQMD ,bulk‘ dynamics from SIS to RHIC

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

AushAu @ 5,, = 1 GeV

E ] EAT RIS RTETR IR

* sTAR

FH——

-t oo

-N-|HI|H-h-l{\IIMIH-H\IIT\;D;-I

\,:—:\&m
- aa,
T, T

.

e,

Lol Ll
R )

Um, dNJdm dy [(Ge

10"

10"

10 g

107

10

10

10

107

10

10

10

107

Pb+Pb, mid-ra

Lol il
02 04 06 08 1 12 4 18 W g

idity

20 A GeV, 7% E

e,

‘!,;!.Q_gu\w

} I I =
T T T
158 A GeV, 5%

I
0.0 0.2 0.4 0.6

mm,

08 L0 12 14
[GeV]

T T T T T
PHQMD: J. Aichelin et al., PRC 101 (2020) 044905 o AV 11 AGEY, S0 mirapis
T T T T )
80 |- AutAu, 10.7 AGeV, 5% central 10" ——PHQMD: hard EoS
~———PHQMD: soft EoS
60 |- 10* [ ——PHSD
) 1 1
40 e PHQM D: hard EoS i ' ' !
20 ——PHQMD: soft EoS z 101
==c=PHSD <]
0 ! ! § =
T T T T =10t
100 [ AutAu, 8 AGeV, 5% central ey
bl 5 10"
60 | ’nm 2
40 | 7 %
20 | / T 10
£ o =t—y : . . F
= 1
A % 100 | AutAu, 6 AGeV, 5% central 10
zg 3 /m@\ 10"
::_:':“m 40 | 3 S~
e 20 10’
i .Tt" iy /: ! ; ! ‘ ! .
T 2o | AU+AU, 4 AGeV, 5% centr: ' 10t
e SRR 100 |
e . so E m\\ 10
e oF e : 00 02 o4 o
: 20 F / \ m,-m, [GeV]
o Lo ! 1 1 A
2 -1 [] 1 2
¥ I AutAu, s'%=200 GeV, 5% ceniral |
250 Pb+Pb 1 ® BRAHMS *
20 AGeV, 7% 40 AGeV, 7% 80 AGeV, 7% A PHENIX E 300
* STAR *
200
Ay .0 © .
100 g \ 4 % 100
1]
40
2. 20
-
—_—
Z o
=
30
\y 20
10
0
10% central 15
10
éw. 5 5
o 0
6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 6
3210123 ) }
¥y b ¥




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

;- 77 | <4fm

2. Particleis 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 mostly not at the same
position (V. Kireyeu, Phys.Rev.C 103 (2021) 5)

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




0. Cluster production in HICs

PHQMD

y- distributions of d, t, 3He y-distributions of d and 3He
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PHQMD

Light cluster production at s2 =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

PHQMD: t =60 fm/c
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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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PHQMD: S. Gléalel et al., Phys. Rev. C 105 (2022) 1

Sk, t = 80 fm/c
S AH t =85 fmic
8 o[ Avauoion L= 90fmie
S oy « STAR
=
Q10
S 107k
= F
5 [ L
(8]
= 104F
S
5 f
10°%
£ 075<y<-05 ]
Bl e by b b b by v by
L Y- R - B VR R Y

_x
2

T

dp_dy) [(GeV/c)?]
5 3
/ M

T

dN31(2mp
3
T

p, [GeVie]
4 t=80fm/c
“H t =85fmic
Au-Au 0-10% —t=90fm/c
F 3Gev « STAR

% —Nj\@\
0

1075_
0.5<y<-0.25 P
) I T R T T T I B A A B B A I
L T - L I
p. [GeVic]
Sk, t = 80 fm/c
S AH t =85 fmic
8 [ AvAucaow ~— —i=90fmie
Qe TTU « STAR
S
s 10|
S
a
=3 ®
N el
o 10 L]
%
1075_
0.25 <y <-0.0
Al v bvv v b b v b b Py
10 0.5 1 15 2 25 3 35

p. [GeVic]

11



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

[ Hadronic reactions for d+m and d+N scattering have very large cross sections 0., =200 mb

Nd - NNN
mtd 9 7NN sqri(s) [GeV]
250 1 w ‘ . 0.79 2.95 5.4 8.37
exp. gatta 1:++g i ‘ ‘
| exp. data e —
% fit tgt.inclunsi;re 200 | g;p: g:}: ﬁ:g ]

_ 200 1 zed->N+N (Ohelzaasotg; ] exp. data p+p (PDG 2018)
=) ; ; . —— _ - PHSD param.
€ % inelastic n+d -> N+N+x S p+pﬁt tot. inclusive
S 150 | E 150 | inelastic N+d->N+N+N —— 1
3 s |
- 7]
@ 100 & 100 f
8 ®
o Heh g

50 f 5

© 50}
s
2.0 K 35 0 L . | .
sqri(s) [GeV] 0.01 0.1 1 10 100 1000

PLAB [GeV]

[ the rates for the inverse processes pNN = pd, NNN->dN in hadronic matter are large due to the time-reversal
symmetry

* Kinetic production by inverse reaction N + p + n = N + d first studied in HICs at E, —~ 1 AGeV
by P.J. Siemens, J. Kapusta PRL 43 (1979) 1486

G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902
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Models for deuteron production by hadronic reactions

1)

2)

SMASH, AMPT: Inverse reactions X+N+N = X+d (X=m,N with X catalyzer)

important for d formation in HICs
at RHIC and LHC energies: large w abundance

- deuterons form by m-catalysis: m+p+n 2> w+d

at SIS energies: large N abundance

¢ HADES (prelim.)
% ER895 (Witt thesis)
®  E802 1
A
*

=)
T

NA49
STAR
— hydro + transport

dN/dy
Q/

*
- deuterons form by N-catalysis: N+p+n = N+d —
0.01f 4
.. . (b) d
SMASH (hydro + kinetic): TNN <> dmr, NNN <> dN are realized 000! — -
e ge aegs . , snx [GeV]
via fictitious dibaryon resonance d’ as two-step
processes of N+N > d’andt+d 2> w+d ssas 201 010 %, |y < 0.5
D. Oliinychenko PRC 99 (2019) 4, 044907 200] 0 o Wodstparicizaton — 2102
%]
via 3 < 2 transition rates I
J. Staudenmaier et al., PRC 104 (2021) 3, 034908 §1_257 7
© 1,001 ]: pmemm TSI
é 0.754 :‘ ,’,
. . . . I
AMPT: TNN <> d7t via impulse approximation: 0% 7 AR
0251 ,:" NA49
M'ﬂ'd—}'ﬂ'NN 9 (pN‘d)d>MTrN—HTN .00 20 a0 60 80 100
. e .. . t [fmy/c]
+ accounting of the finite size of deuterons via
Wigner functi € wl S o R T T L s |
igner function 8 \ s LT w7
= 10 ¢ goao% PN C N AVPTSRE ]
LoEV2 3im Wy — (Aer2)3/2,.—DP03 z « He(o-12% He (0-20%) 1
e o T I e
leads to the suppression of d production in pp g ;T*\ U\ o 1
C
10-9012345601234567(;12345671

K.-J. Sun, R. Wang, C.-M. Ko et al., 2106.12742

pr (GeVlc) pr (GeVlc) pr (GeV/c)
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. L]
G collision Integral: covariant rate formalism

PHQMD

ll HY

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

dNou[3+4+5 — 1(d) + 2] > Py ,
o - f E T fulz,pr) | x W. Cassing NPA 700 (2002) 618

d’pr d’py ¢
/(27r)32E1 /(Eﬂ):‘ZEg Wa,z(P:a:PmPﬁ.EPJ:P:;)(QW)4 O(p1 + P2 — p3 — Pps— Ps)
use transition ampliture: 1}/(,/s) + detailed balance

* With test particle ansatz the transition rate for 3->2 reactions:

AN u[3+4+5— 1(d) + 2]

= P35( /s
AN3;AN,AN; 52(V9)

EfEf Ro(y/s, m1,m3) 1
P. — Fs ’I,TLFZSO ;
3,2(\/5) P -/2E3E4E5 Rg(\/_ ms, My, m5) A‘/cell

v
Energy and momentum 2,3-body phase space
of final particles integrals

[Byckling, Kajantie]

At
Urel AV..; = solved by stochastic method

P2.3 (\/g) — a?o?(\/g)

* 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 y



@, .
.@; Deutron production by 3=>2 reaction in the PHQMD

PHQMD

T+N+Ne d+m , d+N <= p+n+N, N+N < d+m, d+X elastic 750 4 p+n o a0+ d

- ; 0
Novel aspects in PHQMD: T +pt+pT +d

Tt +n+neoad+d

O m+N+Ne d+1 —

0 _, +
inclusion of all possible channels allowed by total isospin T conservation: T +p+per T +d

Pt n+neoa +d

1) RHIC BES energy Vs = 7.7 GeV:

STAR —e—
25 | SMASH [J. Staugarar:\lna[i)e:; FzRgv?l/(:fi(szooszgi)r! -- -
* Hierarchy due to large w abundance PHQMD 3<->2 with isospin

m+N+N->m+d >> N+p+n=>N+d 2| [\
1 I:iso

* Inclusion of all isospin channels
enhances deuteron yield ~ 50%.

number of deuterons
-
- o
T
7
3
]
1
1
]
]
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
o 1
1
1
1

* p;slope is not affected 05 |

0 1‘0 éO :;0 4‘0 50 ELO 7‘0 éO 2;0 100
2) GSI SIS energy Vs < 3GeV : tim]
* Baryon dominated matter

* Enhancement due to inclusion of isospin 7+N+N channels is negligible

G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902 15



o, -
.@; 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 T . T e
1) assume that a deuteron can not be formed in a high e PHGHD i 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 smaRa .L%';S.ﬁ mra
- momentum correlations of pn-pair 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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PHQMD

Kinetic vs. potential deuteron

production

Total deuteron production = Kinetic mechanism with finite-size effects
+ MST (with stabilization) identification of deuterons (“stable” bound (E;z<0) A=2, Z=1 clusters)

1) excluded-volume 2) Momentum projection

3) both effects

[ o e e o L B e e o B Trrr T
Lo — E. NA49 , d —e—
A ] 6 L (iia) 3 6 L (iiia) MSTkin%tlic 3
o ] o _ ] o stable = = = = ]
: ] 5: Pb-Pb ELab_zo AGEV.: 5:_ PHQMD SuMm — ]
: ] P b = 0-5fm F ]
s 1 T4 T 4F ;
5 3} 1 S 3} % 3¢
: 2 | 2 |
: : 1F 1F
0: 1 1 1 1 1 : 0 U: 1 1 1 1 1
1.5 1 05 0 05 1 1.5 15 -1 05 0 05 1 1.5
y y
T T T rr T T T T T
— — 10° - 10"
> > >
@ Lik] LiF]
O, O, S,
] ) =)
T T A T
!fg 10 : !51 10 ﬁ 10
4 NA49 ,d —e— 3 Z Z
- kinetic - =]
MST stable = = = =
10-2 F:‘.|_|(|-':rr‘h‘1Ds"i"ﬂ||| .IDE 10-2 [ A B Ll
0.5 1 15 2 25 0.5 1 1.5 2 25
pr [GeV] pr [GeV]

* Good description of mid-rapidity NA49 data [PRC 94 (2016) 04490699]

G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902
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o, -
O, Kinetic vs. potential deuteron production

PHQMD

Total d = Kinetic mechanism with finite-size effects + MST (with stabilization) identification of d

op T — 100F T T T T STAR e
E - 3 _kinetic E
d.lyl<03 ] 3 o MST stabilization — — ]
E S 10 sum
=
2 —
:{?{ 10° F “‘%—H____H <
5 Py
5 -3 [ b)Au+Au11.5 GeV , 0-10% =
z 10 N
0 T T T T T (1] T T T T T

dN/(dprdy) [GeV?)
dN/(d*prdy) [GeV %]

dN/(d®prdy) [GeV?)
dN/(d®p+dy) [GeV™)

-1 T T T T T

o 10 &

— -3 — =
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* Good description of mid-rapidity STAR data [PRC 99, (2019)]
G. Coci et al., Phys.Rev.C 108 (2023) 1, 014902 18
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O, Kinetic vs. potential deuteron production

PHQMD

Excitation function dN/dy of deuterons at midrapidity
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(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 19
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.@; Cluster formation near midrapidity - can the
" mechanism be identified experimentally?

3 mechanisms: coalescence at kinetic freeze-out, kinetic, potential deuteron productions
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Observables, which are sensitive to the deuteron production mechanism:
the rapidity distribution has a different form while the transverse momentum

distribution has a different slope at low p+ V. Kireyeu et al., 2304.12019
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O, When are the A=2 clusters formed?
PHQMD
A 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
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=» 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 21



@. Comparison of the coalescence and MST for d

PHQMD

Pb+Pb, 7% central, |/s,, = 8.8 GeV
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V. Kireyeu, J. Steinheimer, M. Bleicher, J. Aichelin, E.B., Phys. Rev. C 105 (2022) 044909 22
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; Summary

D

Q

The PHQMD is a microscopic n-body transport approach for the description of
heavy-ion dynamics and cluster and hypernuclei formation

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

Clusters are formed dynamically by potential interactions among nucleons and hyperons and identified by
Minimum Spanning Tree model

Kinetic mechanism for deuteron production is implemented in the PHQMD with inclusion of full isospin
decomposition for hadronic reactions which enhances d production

However, accounting for the quantum properties of the deuteron, modelled by the finite-size excluded
volume effect in coordinate space and projection of relative momentum of the interacting pair of nucleons on
the deuteron wave-function in momentum space, leads to a strong reduction of d production, especially at
target/projectile rapidities

The PHQMD reproduces cluster and hypernuclei data on dN/dy and dN/dp; as well as ratios d/p and d/p
for heavy-ion 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
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