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Clusters in HICs
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Clusters are very abundant at low energy;
at 3 AGeV in central Au+Au collisions ~20% of the
baryons are in clusters!
cluster production continues to STAR energies

1% - 0.3% of the nucleons are bound ind at y,,

U decreases slightly up to LHC energies

- midrapidity clusters exist at all beam energies

there fireball temperatures T>100 MeV

=» production mechanism is heavily discussed
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C [|pp, Ys =900 GeV, d/p (PRC 97 (2018) 024615)

= [¥pp, {s = 2.76 TeV, dip (PRC 97 (2018) 024615)  ALICE Preliminary
— BElpp, ¥s = 7 TeV, dip (PRC 97 (2018) 024615)

- [®pp, Vs =7 TeV (PLB 794 (2019) 50-63)
- [®W]Pb-Pb, s, =5.02 Tev
[%]pp, Vs = 13 TeV
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Thermal-FIST CSM (PLB 785 (2018) 171-174)
-- T=155MeV, V, = 3dV/dy
—T =155 MeV, V, = dV/dy
— Coalescence (PLB 792 (2019) 132-137)
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Au+Au, semi-central

There i1s more than multiplicity of clusters

FOPI, NPA 876,1
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Scaled transv. velocity

Baryons in clusters have quite different
properties (v, Vv,, dn/dp)

and explore therefore different phase

space regions:
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In addition, cluster open new physics opportunities

possible signals of a 1storder phase transition at finite p
fluctuations of the phase space densities of nucleons
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hyper-matter production has even more info

particrpants

before collision after colliston

Access to the nuclear dynamics:

different mechanisms for hyper-nucleus production vs. rapidity:

- at mid-rapidity : A — hyper-nuclei test the phase-space distribution of baryons in
the expanding participant matter

- at target/projectile y: A-absorption by spectators - elucidates the physics at the
interface between spectator and projectile matter

Hyper-nuclei as bound objects:
o give access to the third dimension of the nuclear chart (strangeness)
o give information on hyperon-nucleon and hyperon-hyperon interactions

o important e.g. for neutron stars (production of hypermatter at high densit
and low temperature)

o new field of hyperon spectroscopy




Last but not least: How it is possible that clusters are created ?

Q

a

Freeze out temperature: 120 - 158 MeV
Binding energy of clusters: around 5 MeV/N

Clusters cannot survive a heat bath of more than 120 MeV. The first
first collision with a heat bath constituent would destroy them

ALICE

Ice in a fire’ puzzle:

how the weakly bound o
objects can be formed

. . 107/ 0-10% Pb-Pb, \5,,, =2.76 TevV ¥
and survive in a hot i SR

enviroment ?!

ALICE, NPA 971, 1 (2018)



We need two tools:

Q a dynamical simulation of a heavy-ion reactions
(including a late stage of baryons and mesons)
a a model which identifies clusters

There are two ways:
Q hybrid model of cluster production - sudden transition from a dynamical model to
clusterization via coalescence or statistical model

d dynamical cluster formation
formation of clusters continuously during the time evolution

There are two types of clusters:
Midrapidity cluster dominating at small b (mostly newly formed)

Proj/target cluster dominating at larger b (initial final state correlations)
AuAu 4AGeV min bias

. AulAu 4AG|eV min bllas ; . PP
® 7= ~, ~ , o
M 7 0] d . I s S PORSSE S,
30| 5 g \ T N e w e e
)| ®zain0 | ! p ﬁ: Z s ’,./',,/:,:’- =
IO-I i 7 \ FI \N -# g 5 _,«'/ /:// . e
o 5 . " I'.; *: " . joh 1 / // 3 /'
T S Il | £ 10 o A
£ 02 f #‘ ': BB ERE e ®7-3
10 . \ e S J SR
s I Pl e o2 - /‘ * 74
2 { I' | L 2L : A Z=
3 ce . RN o/
10 ' [. | » * . 5 ! -
; BIEE } 8
| '. . 5 _ -
loj DR (2P S Tt A S A 10° . 1 ¢ Z=10
-3 2 1 0 1 2 3 0 2 4 6 8 10 12
y b [fm)]

Transition smooth in b and +/s : better we use the same approach



Total number of reactions
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All hybrid models assume that heavy-ion reactions have three phases:
- a phase in which particles collide frequently
a part of the system comes close to (local or global) equilibrium
- a sudden formation of clusters (given by a local temperature or time)
- a free streaming of clusters to the detector without further interactions

Problems: I) Dynamical models (UrQMD) do not show such a sudden transition but a

very smooth fading away of the interactions. Late stage: MB -> B* dominant

AutAu, Vs, = 200 GeV most central
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Statistical model:  describes very well the multiplicities in central collisions
but not the spectra (yield V,T,u)
difficult to imagine how the cluster production takes place
d: E,=2.2 MeV, rmsradius = 1.7 fm
does not survive in heat bath of T>100 MeV
“Ice in fire”,”snowball in hell”

Coalescence: goes back to Butler and Pearson PR129,836 (p+A)

d-production is a 3-body process
momentum has to be transferred to the third body

QM: in a static potential ~ 1/p?

ng (p) ~ = n2®)




In later approaches the three body character of the d-production has been neglected

O Schwarzschild and Zupanic PR129 854:

d is produced ifin a sp_here of momentum space ~p,3

around a nucleon we find another nucleon: N, (p) _ p03 nnz(P)
O Kapusta PRC16,1493

d is produced in a fireball of a given volume V nd (p) ~V nnz(g)
d Bondetal. , PLB 71, 43

Sudden approximation in QM: sudden transition from
a strongly interacting system to a noninteracting system

U Scheibl et al. PRC59,1585 3., 13
dNy4 _ 3 fd3rd/d rd qD('r,q)
B3Py (2m)3 (2m)3
X folq+:7+) fulgtsr-).

fri:frdj:%fr

Overlap of the Wigner density of the d
with that of p and n



So it is not evident what we can learn from the
experimental ratio for A=2

d*N,
A 3
, , nq(p) B. = drx
B(p. 1""-;170-1""NN) = —5 A 2
_ n2(p/2) (Ep &N, )
dp3

because it depends on the model assumptions

In addition: for large nuclei the coalescence model
does not work
- no general framework for cluster production

Additional caveats :
O before the sudden freeze out: d do not exist
after sudden freeze out d cannot be produced
(3-body process)

theoretical results depend strongly on the
sudden freeze out time

Freeze out time depends on the fragment size

if one wants to reproduce the data:
Gossiaux, Keane (EOS) et al. PRC51, 3357

a
a
a

More general approach needed if one wants to
exploit the physics potential of cluster production
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Dynamical cluster production



Why does one need a new model ?

Present microscopic approaches:

d VUU(1985), BUU(1985), HSD(1996), PHSD(2008), SMASH(2016) solve the time
evolution of the one-body phase-space density in a mean field
= no dynamical fragments

U UrQMD is a n-body model but makes clusterization via coalescence and a statistical
fragmentation model

O QMD is a n-body model but is limited to energies < 1.5 AGeV
- describes fragments at SIS energies,
but conceptually not adapted for NICA/FAIR energies and higher

In order to understand the microscopic origin of cluster formation one needs:
- arealistic model for the dynamical time evolution of HICs
- dynamical modelling of cluster formation based on interactions

Dynamical modelling of cluster formation is a complex task which involves:
the fundamental nuclear properties, quantum effects, variable timescales

12



Transport egs. for N-body theories like (PH)QMD,AMD,FMD

Roots in Quantum Mechanics
Remember QM cours when you faced the problem

e« we have a Hamiltonian . h?V? )
H=— +V

« the Schrodinger eq. 2m

has no analytical solution
» we look for the ground state energy

: B
: j #
. g .

o L

ieE i

. o

-

. 1
o -
L] i
1 =

Ritz variational principle: Walther Ritz
Assume a trial function (¢, o) which contains one

adjustable parameter a, which is varied to find the

lowest energy expectation value:

g determines a for which ¥(q, «)

— < YH]Y >=0 = amin is closest to the true ground state

da and < '?J"’(Q"rnz'n)|H‘?v'"i‘(\“'7ni-n) >= Eo(min)
closest to true ground state E



Extended (time dependent) Ritz variational principle (Koonin, TDHF)

Take trial wavefct with time dependent parameters and
solve

5 f St < -z;':(t}|f.% — Hp(t) >=0. (1)

J

QMD: trial wavefct for particle i with p; (t) and q,; (t)

Vi (g3, Qoi» Poi) = Cexpl—(g: — qoi — %f}z J4L] - explipoi(g; — qoi) — ?gmf

N

For N particles: U = T4, g0, poi)
4 E , » Y0 MO QMD

N
L‘f': = SfﬂtdeEt:H i (qi, Gois Poi )] AMD/FMD

i=1
For the QMD trial wavefct eq. (1) yields

dg_ 0<H> _ dp_ 0<H> For Gaussian wavefct

dt — dp Codt dq eq. of motion very similar
to Hamilton’s egs.
(but only for Gaussians !!)




OMD vs. MF
QMD propagation

correlations present
Au+Au, 1.5 AGeV, MST
T PHQMD:

mean field propagation
all two or more body correlation suppressed

b <2.25 fm
hard EOS

Au+Au, 1.5 AGeV, PHSD, MST .
10? [e==sotmec | | puso: 107 | ==== 50V
5 | == 100fm/c b <2.25 fm — lizilibmf’c
, L 150fm/c hard EOS »+ 150fm/c
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QMD propagation: number of clusters are stable vs. time
(MST finds at 50 fm/c almost the same clusters as at 150fm/c)

MF propagation (per construction not suited for cluster studies):
-- number of fragments is strongly time dependent
-- fragments disappear with time
-- midrapidity fragments disappear early, projectile/target fragments later

(as expected from the underlying theory)

- no common time for coalescence




|. Minimum Spanning Tree

|. Minimum Spanning Tree (MST) is a cluster recognition method
applicable for the (asymptotic) final state 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 coordinate space fulfills
N —f|< 4 fm

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

é’ G‘f&t’? & Additional momentum
ﬂ © 8 cuts (coalescence)
% @

change little:

o large relative momentum
cf‘f% @ -> finally not at the same
position
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Example: hyper-nuclei of HypHi (PLB747,129)
°Li + '“C at 24 GeV

| msT
- (a)

G Iéluclei (p-like) =

e AH

e SHHypHI

.
||||||||||||||||||||||||||||||

|||||

= “H HypHI

Le Fevre et al. PRC100,034904

dMulvdp

10°° =

(a)
MST

0.4 0.6 0.8 1
p l(GeV/c)

Rapdity and p; spectra of hyper-clusters are reproduced

despite of the complicated physics:

Modeling of A production

Interface between participants and spectators
Absorption of A by spectators




II.SACA or ECRA now FRIGA

If we want to identify fragments earlier one has to use
momentum space info as well as coordinate space info

Idea by Dorso et al. (Phys.Lett.B301:328,1993) :

a) Take the positions and momenta of all nucleons at time t.

b) Combine them in all possible ways into all kinds of
fragments or leave them as single nucleons

c) Neglect the interaction among clusters

d) Choose that configuration which has the highest binding

Energy

Simulations have shown that the most bound configuration is the
precursor of the final fragment distribution

(has a large persistent coefficient)




How does this work?

Simulated Annealing Procedure:
SACA: PLB301,328; J.Comp.Phys.162,245, NPA619,375
Now FRIGA :Nuovo Cim. 39,399 (including symmetry and pairing energy)

Take randomly 1 nucleon  add it randomly to another
out of a fragment fragment

o ©

000 % 009 % 00
2 s

There is no interaction between clusters-> no energy conserv.
V is the nucleon-nucleon interaction
(mom. dep Skyrme, Coulomb, (Pairing, Symmetry) energy)
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SACA can really identify the
fragment pattern very early as
compared to the Minimum
Spanning Tree (MST) which
assumes that two nucleons
form a fragment if they are
closed than r,,, -

At 1.5t Amax and
multiplicities of intermediate
mass fragments are
determined



II. Wigner density formalism (Remler (NPA 402, 596))

Deuteron wave function

Uy(r,R) f—;,z.'p_(r_rﬂjzL,;.-i_-p—(R—Ro)QL/4

Deuteron Wigner density

pd (r,P) exp(F7T0)*L ¢y, (P—Po)*/Lh
Yields for the rate
w
‘ ] 1] i ~
[(t) = Z Z (t —t35(v) /Hf pid>x pi} (P1.X1. P2, xg)[pN (t+e) —pW (t —e)]

i=1,2 >3
h\,—/

coll between mn or p and rest

= Z Za t—ti(v) pd (erf)—Pd (f-_f)]

1=1.2 1>3

Wigner density of d




£/P2 4% o/dPdQ (mb/sr/Geve)

Easy to apply at SIS energies

Ca+Ca 800 AMeV (PRC35,1291)
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At higher energies: role of baryonic resonances ?

role of mesons (large cross section with B



Conclusions about cluster models

Hybrid models (where one changes the modelling of the system)
very useful to parametrize the data
results are difficult to interpret
say little about the mechanism of cluster formation

Dynamical models
need a n-body approach for the dynamics of the nucleons

Minimum spanning tree (only applicable for t 2> «)

Simulated annealing (SACA,FRIGA)
can identify fragments during the HI reaction
—> allow for identifying when and how fragments are formed
not easy to be applied for small clusters

Wigner density: tool based on quantum mechanics
only for small clusters

QMD models are quite successful to interpret cluster data
at low energy



PHQMD



Q.

et} 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

e

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)

~ -

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

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

> & Xiv:1907.03860
QMD&PHSD  MST/SACA time o 2




QMD interaction potential and EoS

The expectation value of the Hamiltonian:

(H) = (I)+ (V) = Z(a,/p?o +m?2 —m) + Z(lf’gky.rme(rig, 1‘,)>+ *

{

O Skyrme potential (‘static’) *:

§ o (rig. 1 (1o, 1)\ a (MeV) B (MeV)  ~
(Vskyrme(Tio. 1)) = a (M) + 0 (M) S -390 320 .14
Po Po I -130 59  2.09

O modifed interaction density (with relativistic extension):

pint(Tio, t) — C‘z:(—)3/26_%(‘"?;"m_‘"a'Tﬂ(”)Q EoS for infinite matter at rest
— L 100 : . .
J —— hard EoS
Xe_ 4"(}%7?1 (I_:i[_..o (t)_r}b(t))ﬁ . 80 | = soft EoS
s
[aB)
< HIC €-> Eo0S for infinite matter at rest =
<
o compression modulus K of nuclear =
matter:
dP ,O*(E /A
K =—-V— = 9p2 ( / ‘(p)) ‘p:p“ 90 . . : . |
dV (0p)? 0.0 0.5 1.0 1.5 2.0 2.5 3.0

P/ po
Work in progress: implementation of momentum dependent potential + symmetry energy (M. Winn) 26



N-body models can produce cluster with the right E; 4

Binding Energy

% 0.0 |
U B hard EOS
= -0.002 t=150 fm/c
Z L | —— Weizsaecker formula
~
> -0.004
o0
S % SACA
o -0.006 4
o0
= 04008 }
T
o 001 ' ' ' ' '
0 10 20 30 40 50 60

fragrnent charge
o L]

There are two kinds of fragments

Q formed from participant matter

created during the expansion of the fireball a formed from spectator matter

“ice” (Epjng =8 MeV/N) in “fire”(T> 100 MeV) close to beam and target rapidity

origin not known yet initial-final state correlations

seen from SIS to RHIC HI reaction makes spectator matter unstable

(quantum effects may be important)



Highlights: PHQMD ,bulk’ dynamics from SIS to RHIC

Au+ Au, 1L.5AGeV, central

PHQMD: J. Aichelin et al., PRC 101 (2020) 044905
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PHQMD provides a good description of hadronic ‘bulk’ observables from SIS to RHIC energies
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.. Cluster production in HIC at AGS energies

PHQMD

o
A

60

02<y<04 04<y<06

-
b

mmm PHQMD t = 45 fmic mm PHQMD & = 50 fmic

mm PHQMD t = 50 fmie mm PHOMD & = 55 fmie

y- distributions of d, t, 3He pt- distribution of deuterons
Au+Pb@10.6 AGeV Au+Pb@10.6 AGeV
S b : T 12F ES E
2 — d —] -+ E T I _ <y o< | m
% 14: == PHQMD t; = 45 fmic ] :«% 1 f-fmln:; l.=5['0.?mn'c =+ —DIjHD.:Dl;Eginm_:
l_.'—1 '2: = PHQMD t, = 50 fm/c 7: e o = PHOMD ¢ = 55 fmle - = PHQMD t = 50 fmic
g e « ES64 -,3 0_8:— H* . E884 x « E284 =
g /1 fost e 1
S oe E = 04F + 4 The PHQMD results
oo . & 02F -+ 4 aretaken at
:04:_ _: . Feleon b bea v v b b e b Lo b L b P b 1 —
0.2k = 3 02<y<00 F 00<y<02 ] t = tecoshly),
T N T —PHaND - 45 fmic - —mani-sme]  Where tyis the time
:g‘ B ] %,_ 0 8:_ = PHAMD t = 50 fmic _::_ —PHOMDI=51Dfrn.'c_: at y_o
> C t E -OF = + * Eztd4 B -
©120 — PHQMDt, =55 fmic 1 S o6f + =
e PHQMD t, = 60 fm/ 7 E o T 31
100 . Eses | T = 0-4:_%*\_:— E
N% o T ]
g
&
H
-

N
o
TTT | TTTRTTT ‘ TTT | T 1T ‘ TTT | TTT T

4 20 j - 0 Bi_ » E284 _i_ » E2f4 _i

. 06K =+ =

| ‘ L 111 ‘ 1111 [ 1111 1 0O - - B

, 1 . 0.4F -+ =

120 He - 0_2:_ £ E
no — PHQMD tU = 55 fm/c —: E| I 111 | 111 I 111 | 111 I 111 | 111 | 111 | IEEI | 111 | 111 I 111 | 111 | 111 I 111 | 111 I |E
'91007 e PHQMD t, = 80 fm/c ] < 12F —+ -
- 80F e« ESB4 5 8 o 06<y<08 T 08<y=<10 3
g r . s 1:_ —FHOMD t = 55 fmic + = PHQMD t = 85 fmic_J
- - — - - e PHOMD t = 65 fmic s PHOMD t = 70 fmic
g 60:_ . ;3: 0-85_ 4 o S304 ’ _EE_ : f _E
> 40F = s 06 E3 E
. r ] % E T 4
- C ] - 04F = ]
s 20 - s 0of T 7
e bl Loy ] “0-2:_ Es E
- _II ||||||||I |||||||III|III|II ||I__I|II|||||||||||II|IIIIIII|IIII 1

-1 -05 0 05 1 0 02040608 1 1214 0 02040608 1 12 14

y P (GeVie) P (GeVie)

29



.°- Cluster production in HIC at AGS energies

[ ]
PHQMD

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

3 35E 06<y<04 = t 04<y<02 3 35F 06<y<04 E 3He 04<y<02
w 30F  PHQMD t = 80 fmic s PHGMD t = 55 fmlc — & 30F s PHAMD t = 60 fmic —— s PHOMD t = 55 fmic—]
._ E = PHOMD t = 70 fm/e —EHOMD t = B85 fmic 3 o = mPHQMD t=70fmlc = PHQMD t = 85 fmic
§ BF * E884 E o E884 E N 25;_ » E264 E * E3B4 =
> E — = = =
s 208 3 E s 20 E
= 15El =/t E = 15F =
:" 10 z_ K/R\\_; ;'_ 1 D z_ == _z
B E 3 2 E * 3
8 DF, = «  5F E3 =
— % | 11 1 1 | 11 1 1 I 111 1 | 11 11 | %% | 11 1 1 I 11 1 1 | 11 1 1 | 1111 | % o E | 11 1 1 | 111 | | 111 1 IEE 111 1 111 | 11 1 1 | 111 1 | E
3 3¢ 02<y<00 =+ 00<y<02 - 3 3¢ 02<y<00 F 00<y<02
b 30F = PHQMD t = 55 fmic —— s PHQMD t = 55 fmic—] LoO30E s PHAMD t = 55 fmic — s PHOMD t = 55 ffc—
- E = PHQMD t = 80 fmic = PHQMD t = 60 fmic J = E = PHOMD t = 80 fmle 3 = PHOMD t = 80 fmlc 3
s 25 * Ego4 o E204 E g 258 » E264 E * E264 E
3 20F == = 20E = =
< E I ] = E = =
% 15F x* 3 = 15F = 3
S N . 0
2 E +* E g R 3 -+++ & E
o 5F = = o 5E + 3 3
—_ E | 1111 | 1111 I 1111 | 1111 | EE | 1111 I 1111 | 1111 | | | E —_ E | 1111 | 1111 | | | | 1111 I EE | 1111 | 1111 | 1111 | | I | | E
§ 35F 02<y<04 04<y<06 - 3 35E 02<y<04 04<y<06
s 30F == PHOMD t = 55 fmlc —— = PHQMD t = 80 fm/c — o 30E = PHQMD t = 55 fmic —} = PHQMD t = 80 fm/c —]
- E = PHOMD t= 85 fmfc 3= = PHQMD t = 70 fmle = E = PHOMD t =65 fmlc 3 == PHQMD t = 70 fmic J
® 25F - E854 = . 2884 3 § 25 . 864 E - Es54 3
g 20¢ E g 20¢ E 3
S 15F E B 15F E E
2 wz—/\—; : wi—%—i_ /;\:*\—
& 5E 3 3 & 5F - 3
— Elv v v v v by v Ly gy g 13 o b o v 14 - Elv v v o by v by I vy vy by v v by by oy 19
T 45 : T 36E E3 E
& E 06<y<038 B & E 06<y<038 08<y<10 E
T 30F == PHQMD t= 70 fmfe — T 30F s PHOMD t = 70 i — s PHQMD t = 80 fm/c—]
& 95E = PHOMD t= 75 fmic = & 255_ s PHAMD t = 75 fmic ] = PHQMD t = 85 fmic_J
E . E354 B E E

5 20F = 3 20F =
g E = g E =
® 15F E % 15F E
= 10E + = = 10 =S 3
£ st ¥ s i N
- Elo v b by v b 12 - El ool b a b IFE v b b Ly i 9

0 1 . 0 1 0

. . 2
P, (GeVle) P, (GeVie) P, (GeVic)



.0.' Cluster production in HIC at SPS energies
PHQMD
The rapidity distributions of d and 3He from Pb+Pb at 30 A GeV
Pb+Pb, b = 0 - 5 fm,|s,,, = 8.8 GeV
= 2z
1.8 d d: ®NA49 EPHQMD - 3He ’He: @NA49 M PHQMD
1.6 I
N 107" =
14— i i -
| ' e Tt
1? E
0.8 -
0.6 b 10° s 4 o5 0 05 1 18
y y

The PHQMD results for d and 3He agree with NA49 data
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0. Cluster production in HIC at SPS energies

PHQMD

The p;- distributions of d and 3He from Pb+Pb at 30 A GeV
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Excitation function of multiplicity of p, p.d d

PHQMD
> - O > ;
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The p, p yields at y~0 are stable, the 4, d yields are better described at t= 60-70 fm/c
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.

PHQMD

Deuteron p; spectra from 7.7GeV to 200 GeV
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o, .
.@.‘ Coalescence parameter B, for deuterons

PHQMD

Coalescence parameter B,
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\ 4

with NA49 and STAR data

™ 102 £

cé:_’ - -03<y<01

> - m B, PHQMD B,, NA49 d

(O] L

. i

x thold—k.ﬂ:—gj
n

o 0 ® ® Teo-

i Central Pb+Pb, s'2 = 8.8 GeV
1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
m,-m, GeV

B, [10™ GeV?/c?

sy
o

B, [10° GeV?/c?]

central Au+Au collisions

. Au-Au —t =60.0 fm/c

p_/A=0.65GeV/c —t=700fmlc
* STAR

—

10 10°
\'Sun(GeV)
- Au-Au —t =60.0 fm/c
L V'Suy = 39 GeV —t =70.0 fm/c
n * STAR
- d
n *
: 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
06 08 1 12 14 18
pTiA(Ger'c)

35



8.

PHQMD

Hypernuclei production at s2 =3 GeV
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The PHQMD comparison with most recent STAR
fixed target p distribution of *H,, “H, from
Au+Au central collisions at /s =3 GeV
Assumption on nucleon-hyperon potential:
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Good description in view
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.0.' Hypernuclei production at s12 = 8.8 GeV
yp P

PHQMD

The PHQMD predictions on the rapidity distribution of *H,, “H, and “He,
from Pb+Pb central collisions at 30 A GeV (s12 = 8.8 GeV)
= Assumption on nucleon-hyperon potential: V, = 2/3 V\y

Z|>~ 1e
TIT L ®°H, ‘H, A°‘He,
-1 -
10 = [ I ) O O
- ® e © O @) O
B A A
102 & = A
B A A A N AN
107
- Central Pb+Pb, s12 = 8.8 GeV
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-2 -1 0 1 2
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@. The PHQMD excitation function of cluster
PHQMD production versus thermal model

10°
Comparison of the
PHQMD results for
Cluster and
hypernuclei 3H,
with thermal model
and NA49 data
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How are the clusters produced
‘Iice In fire® puzzle



o, .
.0.' When does the system freeze out?

PHQMD

L 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 is defined as a last elastic or inelastic collision,
after that only potential interaction between baryons occurs

AuAu 1.5 AGeV 10% central |y| < 0.5 AuAu 40 AGeV 10% central |y| < 0.5

0.4 04
0.35 0.35
03+ _I_ 1 03 r
0.25 t - 0.25 ¢
= 02 = 02
Q. A,
0.15 0.15
0.1 r . 0.1F .
0.05 | — : 0.05 | _I—|‘
0.0 0.0
0 10 20 30 40 50 60 70 1] 10 20 30 40 50 60 0
freeze out time t freeze out time t

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

PHQMD

[ 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.
A It is shown for A=1 (free nucleons) and for the nucleons in A=2 and A=3

clusters
03 AuAn 1.5 AGeV 10% central |y| < 0.5 03 AuAu 40 AGeV 10% central |y| < 0.5
[ 30fm/e o — A=1 i ~ 30fm/e — A=1
| e T e J' | e A=2 - T el e =
09 0jm/e | 0.5 [ T0fm/e o

= Transverse distance profile of free nucleons and clusters are different!

Clusters are mainly formed behind the “front” of free nucleons of the
expanding fireball
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o, .
.@.‘ Where are the clusters formed?

PHQMD

 The conditional probability P(A) that the nucleons, which are finally observed in
A=2 clusters at time 135 fm/c, were at time t the members of A=1 (free nucleons),
A=2 or A=3 clusters

‘ AuAu 1.5 AGeV 10% central |y| < 0.5 1.9 AuAu 40 AGeV 10“lc central |y| < 0.5
1.2 —_— A= | Apaeroedl 135 fmfe) = 2 - —A _] ‘ Acbserved(135fmfc) =2
— A2 - — A=2
LO ;1:11:1}:‘\ 1.2.3 L e e o ERES L0 s gum A=1.2.3 ™
N i 08 |
_ 0.8 | . A= 1443
< o6l As¥2e3 < 06
04 04 t :
0.2 r 0.2 r
L — all — all
_— — Eping =<
0.0 Ei o 00 5 0
0 20 40 60 80 100 120 14( 0 20 40 60 30 100 120 140
time [fn/c] time [fm/c]

=» Stable clusters (observed at 135 fm/c) are formed shortly after the dynamical
freeze-out
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@, -
.G.' Summary

PHQMD

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

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

- provides the good description of ‘bulk’ observables from SIS to RHIC energies

- 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 a/ﬁ for
HI collisions from AGS to top RHIC energies.

A detailed analysis reveals that 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.

Outlook:
- extension to LHC energies and study of hyper-nuclei with more realistic potentials



Thank you for your attention !



PHQMD: light clusters and ,bulk® dynamics at SIS

Q
Q

dN_;‘fdy(]

Scaled rapidity distribution y, =yly,, in central Au+Au reactions at 1.5 AGeV

Au+ Au, 1.5AGeV, central

Aut+Au, 1.5 A GeV,b <2.25f
190 | FOPI Z—1 PHOMD: el - —
= ® FOPIp 1ATC S - .
Z=1 b < 2.25 fm 8L FOPI: '9__-@__‘&“ ]
100 —_— =1 SACA 16 '_ ° + _'
------- Z—1 MST [ p . 7
— p SACA 4L = / \ PHSD:
o] ) I S A 1 T ~ Y MST = X . +
%0 P < 12| m ]
~ . ee®0ge . 2 - -
60 @0 90 T Z | T
protons®e ™ ol .
L 3 - 7
40) 5 6L PHQMD: T
t EoS: hard soft
20 T /876 o e
2 ’
[] : : : ; - U L L i A i i L
20 -15 -1.0 -0.5 00 0.5 1.0 1.5 2.0 20 -1.5 -0 -05 0.0 0.5 1.0 1.5 2.0

Yo y

30% of protons are bound in clusters at 1.5 A GeV
Presently MST is better identifying light clusters than SACA
= To improve in SACA: more realistic potentials for small clusters, quantum effects

Pion spectra are sensitive to EoS: better reproduced by PHQMD with a *hard’ EoS
PHQMD with soft EoS is consistent with PHSD (default — soft EoS)

* To improve in PHQMD: momentum dependent potentials
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Cluster formation: QMD vs MF

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, 2103.10542
Au+Au, b =6 fm,|s =252 GeV, t =150 fm/c Au+Au, b = 6 fm,|s =2.52 GeV, t =150 fm/c
QMD: o E . -
g ari = S Scenario 1 A=3
s PHQMD + psMST = wh Scenario 1 A=2 2 102 cenario
; 10
MF: 105
PHSD + psMST .L 1
:E
- -1
Cascade: 107 = 10
SMASH + psMST 102 = 1072
m1m UrQMD + psMST 10 10 .
y y
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PHQMD: light clusters at AGS energies

The invariant multiplicities for p, d, t, *He, *He at p; <0.1 GeV versus rapidity

Au+Au, 11 AGeV, 10% central Au+Au, 11 AGeV, minimal bias

10 L] T T L] I T L] T T I L] T L] L] I T L] T T I T T L] T I L] L] T L] I T L]
Au+ Au 1l AGeV , 10% central 102

10 L] T L] T I T L] T L] I T T T L] I L] T L] T I T T T T I T L] T L]
Au+ Au 11 AGeV , minimum bias

LR o B .
._.'\I_ /:‘_,_...-!"/ L
5;:\;;!&/5152

Ed'Ndp (GeV?)
E a&’Nd’p (Gev)

PHQMD: clusters recognition by MST provides a reasonable description of exp.
data on light clusters at AGS energies
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PHQMD: heavy clusters

Heavy clusters (spectator fragments): experim. measured
up to E,.,,, =1 AGeV (ALADIN Collab.) AutAu, 600AMeV, min bias, SACA

20 | PHQMD
hard EOS

@ 75 fm/c

60 | M 125 fm/c

PHOQMD with SACA shows an agreement -

with ALADIN data for very complex cluster 2 40 |
observables as N 20|
Q Largest_clusters (Zboung,) 20|
U Energy independent ‘rize and fall’ ol |
U Rms p2-|- 0 ‘ . . ‘ . ® ALADIN
Au+Au, 600 AMeV, min bias, SACA o 10 20 302 40 50 60 70
7 | @ ALADIN | | | 1 PHQMD bound 2
- hard EOS Au-+Au, min bias
,?.J 6 & ® 50 fm/c 30 iAo data| ] thermal bath T=8 MeV
™. . 75 fin/c 25 | T e T30 MoV
E’ D @ 100 fm/c —
A 125 fm/c r 90
_E? 4 r ° * 150 fm/c O,
é 3t o ® o () A 15 S
= o B
= = PHQMD:
= 1 0.5 hard EOS, SACA
@ 600 AMeV
o . . . . ‘ . ‘ | #4AGey
0 10 20 30 40 50 60 70 0O 5 10 15 2 25 30 35 40

Zhound 2 fragment charge

Zbound 2 — Z Z-z C‘)(ZL — (1 + E)) PHQMD ShOWS V]J%(Z) & \/? dEpendence

i (e < 1) as exp. data



PHQMD: hypernuclei

PHQMD results (with a hard EoS and MST algorithm) for the rapidity distributions of all charges,
Z = 1 particles, Z=2, Z>2, as well as A’s, hypernuclei A<4 and A>4 for Au+Au at 4 and 10AGeV

dN/dy

‘ Au+Au, minimum bias, 4 A GeV, MS I
1 1

T
E__ AllZ
[em = 7=]

——

e Hypernuclei A<4
=—t==Hypernuclei A >4

The multiplicity of light hypercluster vs.
impact parameter b for Au+Au, 4 AGeV

multiplicity (hyper-fragments)

102

LO—:S L

104

Au+Aun, 4AGeV, min bias,

SACA

PHOMD:

hard EOS
® all
WA=

A>h

[ AutAu. minimum bias, 10 A GeV, MST ||
pe—

3 T T v 1 v 1 v 1 1 v T

—AUZ
. -_—-7=1 === Hypernuclei A=4
10 === 771  eme==Hypernuclei A>4
ey .

dN/dy
;ﬁ

-2 :-: “'\ » -
107 & M‘\,"‘-\J.:\ o~/ }N
= ! [ “;
10-3 J/' ) | \ | \ ! , [ I .r. o A , 1 ,
5 1.0 1.5 2.0

-2.0 -1.5 -1.0 -0.5 0.0 0.5

O Central collisions = light hypernuclei
O Peripheral collisions = heavy hypernuclei

Penetration of A’'s, produced at midrapidity,
to target/projectile region
due to rescattering

= Possibility to study AN interaction
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PHQMD: collectivity of clusters

Au+Au, 600 AMeV, 4 <b <6 fm, SACA

0.8
PHQMD
0.6 hard EOS
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06 |
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04 Au+Au, 600 AMeV ..

-1.0

0.8
PHQMD
06 hard EOS

04 | Au+Au, 4 AGeV
02 |
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T '
”””””””
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Au+Au, 4 AGeV, 4 <b<6 fm, SACA

B

= LoD =
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PHQMD with hard EoS, with SACA:
v, of light clusters (A=1,2,3,4) vs rapidity
for mid-central Au+Au at 600 AMeV, 4AGeV

d v, : quite different for nucleons and
clusters (as seen in experiments)

J Nucleons come from participant
regions (= small density gradient)
while clusters from interface
spectator-participant (strong density
gradient)

d v, increases with E,,,,
- larger density gradient
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Modeling of cluster and hypernuclei formation

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

T
_ 3
Sy —-He, *He -
: 5
=, H

O statistical model:
- assumption of thermal equilibrium

&
-, He

0 coalescence model:
- determination of clusters at a given time by
coalescence radii in coordinate and momentum spaces

Yield (dN/dy) for 10° events

=» don‘t provide information on the dynamics of clusters
formation

10°

\/Syy (GeV)
In order to understand a 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 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
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o, .
.@.‘ Where are the clusters formed?

PHQMD

d The normalized distribution of the transverse distance of the nucleons,
observed at midrapidity (A=1,2,3)
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O The probability distribution P(A) of the formation time of clusters at midrapidity
- the probabilities that the finally observed A = 2 cluster has been at time t a part
of A=1 (free nucleons), A=2 or A=3 clusters
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=» Stable clusters are formed during dynamical freeze-out 5



o, .
.@.‘ Cluster stability in semi-classical models

PHQMD

Problems of the semi-classical models (as QMD):

QMD cannot project the n-body density on the ground state of a cluster as a quantum
system of fermions

Quantum ground state has to respect a minimal average kinetic energy of the nucleons
while the semi-classical (QMD) ground state - not!

= nucleons may still be emitted from the clusters even if in the corresponding
guantum system this is not possible anymore

= QMD clusters are not fully stable over time

= the multiplicity of clusters is time dependent

>
g 3.5 ® NA49 = PHQMD =55 fm/c
° =65 fm/c
In this study the PHQMD results are taken at 3 e
‘physical time’ : 05
t =tycosh(y) )

where t, is the time selected as abest 45

description of the cluster multiplicity at y=0 .
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o, . —
.0.' Excitation function of multiplicity of p, p,d, d

PHQMD
> > F > !
g p —t=50.0 fm/c o i ﬁ ——t=50.0 fm/c g + d —1 i 50.0 fm.-fC
E — t=60.0 fm/c s = 60.0 fm/c S —t=60.0 fm/c
100 —t=70.0 fm/c
— t=70.0 fm/c E —t=70.0 fm/c 1= + NA49
* STAR/PHENIX L * STAR/PHENIX
10— r
10:—
* + 107
1__
10— | | I Lol L L | . | 1 1 1 |
e — 2 10 107
10 102 10 10 'I',s_ [Ge\(’]
Ve sy [Ge I °NN
sy [GeV] /S [CeV]
o 2 | t = 50.0 fm/
® [ d/ —t=50.0 fmic ©  Au-Au — :60.0fm;’c
o I P —1=60.0 fm/c I L afﬁ —1=60.0 fm/c
S r —1t=70.0 fm/c E L —t=70.0fm/c
5 * * STAR ® * STAR
o 0102
10'2_— o
: + 10—3:__
Lo L0l
10 102 10-4 gl 1 1 Ll ||1||2
\'syy [GeV] 10 10

\'syy [GeV]

The p, p yields at y~0 are stable, the 4, d yields are better described at t= 60-70 fm/c



o, .
.@.‘ Coalescence parameter B, for deutrons

PHQMD
Coalescence parameter B,: central Au+Au collisions
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@, -
.0; Summary

PHQMD

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

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

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

- predicts the dynamical formation of clusters from low to ultra-relativistic energies
due to the interactions

- allows to study the origin as well as the properties of cluster formation
(rapidity and p; spectra)

- allows to study the formation of hypernuclei originated from AN interactions
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