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Charm
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Extension of the periodic system

• into the direction of extreme iso-spin asymmetry

• into the direction of anti-matter

• into the direction of strangeness

• into the direction of charm

• → need to produce new quarks

→ need to couple them to new nuclei

MPD coll. meeting, JINR, 17.4.25 3

Walter Greiner (Frankfurt), Valery Zagrebaev (JINR), 

„Extension of the periodic system: Superheavy, superneutronic, superstrange, antimatter nuclei”, 

Nucl.Phys.A 834 (2010) 323c
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Time Evolution of Heavy Ion Collisions

1x 10-23 s 10 x 10-23 s 30 x 10-23 s 

At high energies hybrid approaches are very 

successful for the description of the dynamics

Nuclei at 99 % 

speed of light
Quark Gluon Plasma Cluster emissions vs. 

formation

Hadronic 

Rescattering

Nonequilibrium 

initial state 

dynamics

Relativistic 

Hydrodynamics/

Parton dynamics

Hadron Transport
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http://arxiv.org/abs/arXiv:1404.1763
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How do we describe the dynamics?

MPD coll. meeting, JINR, 17.4.25

• QCD has asymptotic freedom

→ Allows perturbative calculations 

 at small distances (<<1fm) or 

 at very high temperatures (>>1GeV)

• →We are dealing with size ~ 1 - 10 fm, T ~ 50 – 200 MeV

• Lattice QCD only in equilibrium (and B/T<<1)

→ no dynamics, no collision, no particle production,...

• Can not use ab-initio QCD

• → Need an effective (dynamical) model

5
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Derive transport equation from (simplified) Lagrangian

MPD coll. meeting, JINR, 17.4.25

Taken from Elena Bratkovskaya
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Taken from Elena Bratkovskaya
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Ultra-relativistic Quantum Molecular 

Dynamics (UrQMD)

Relativistic hadron transport model

MPD coll. meeting, JINR, 17.4.25

• Based on the propagation of hadrons

• Rescattering among hadrons is fully included

• String excitation/decay (LUND picture/PYTHIA) at higher 
energies

• Provides a solution of the relativistic n-body transport eq.:

The collision term C includes more than 100x100 hadrons

• Includes interaction potentials

• “Standard Reference” for low and intermediate energy 
hadron and nucleus interactions

M. Bleicher et al, J.Phys. G25 (1999) 1859-1896
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List of included particles 

in the hadron cascade

nucleon ∆ ⇥ ⌅ ⇤ ⇧

N938 ∆1232 ⇥1116 ⌅ 1192 ⇤1317 ⇧ 1672

N1440 ∆1600 ⇥1405 ⌅ 1385 ⇤1530

N1520 ∆1620 ⇥1520 ⌅ 1660 ⇤1690

N1535 ∆1700 ⇥1600 ⌅ 1670 ⇤1820

N1650 ∆1900 ⇥1670 ⌅ 1775 ⇤1950

N1675 ∆1905 ⇥1690 ⌅ 1790 ⇤2025

N1680 ∆1910 ⇥1800 ⌅ 1915

N1700 ∆1920 ⇥1810 ⌅ 1940

N1710 ∆1930 ⇥1820 ⌅ 2030

N1720 ∆1950 ⇥1830

N1900 ⇥1890

N1990 ⇥2100

N2080 ⇥2110

N2190

N2200

N2250

The model - UrQMD

• Binary interactions between all 

implemented particles are treated 
individually

• Cross sections are taken from data 

when available or models

• Resonances are implemented in 
Breit-Wigner form

• No a priori in-medium modifications, 
however collisional broadening and 
mass dependent decay widths are 

included

MPD coll. meeting, JINR, 17.4.25

0− + 1− − 0+ + 1+ +

⇥ ⇤ a0 a1

K K ⇥ K ⇥
0 K ⇥

1

η ⇧ f 0 f 1

η⇤ ⌅ f ⇥0 f ⇤1

1+ − 2+ + (1− − )⇥ (1− − )⇥⇥

b1 a2 ⇤1450 ⇤1700

K 1 K ⇥
2 K ⇥

1410 K ⇥
1680

h1 f 2 ⇧1420 ⇧1662

h⇤1 f ⇤2 ⌅1680 ⌅1900

The model - UrQMD

9
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Why are we interested in the 

production of normal/hyper/anti-clusters?

• Light (normal) nuclei (at this energy not created by break-up)

- Production mechanism under debate (thermal? coalescence?)

- Can tell us about the source size (alternative to HBT)

- Can tell us about the QCD phase transition

• Strange hyper-matter nuclei are not very well known

- Interesting by themselves, 

- Y-N interaction relevant for Neutron Star EoS 

• Anti-matter clusters (anti-nuclei)

- Allow for test of matter-anti-matter symmetry

- May tell us about Dark Matter in the Universe (AMS!)

MPD coll. meeting, JINR, 17.4.25 10
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Fluctuations in quark densities → Clusters might be enhanced

C. Herold, M. Nahrgang, M. Bleicher, I. Mishustin, Nucl.Phys. A925 (2014) 14-24

Angular distribution, 12 fm/c

Nonequilibrium fluctuations in PQM 6 fm/c 12 fm/c

Crossover

CP

1st  o. PT

→ Strong fluctuations, inhomogeneous quark densities → Cluster enhancement

MPD coll. meeting, JINR, 17.4.25

−field

11
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Similarly... 

• Visible in the scaled density fluctuations

y2= 1 + n is enhanced.

MPD coll. meeting, JINR, 17.4.25

KJ. Sun, CM. Ko, Eur.Phys.J.A 57 (2021) 11

1st  o. PT

Crossover

12



Prof. Dr. Marcus Bleicher

Thermal emission vs. BB nucleosynthesis

MPD coll. meeting, JINR, 17.4.25

• Thermal model provides good description of cluster data, e.g. deuteron, 

even with protons being slightly off (ncluster = a*exp(-mcluster/T))

• Surprising result, because the binding energy of the deuteron (2.2 MeV) 

is much smaller than the emission temperature (150-160 MeV)

• Why is it not immediately destroyed?
Related to famous deuterium bottleneck in big bang nucleosynthesis: 

If the temperature is too high (mean energy per particle greater than d binding 

energy) any deuterium that is formed is immediately destroyed 

→ delays production of heavier clusters/nuclei.
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Methods to calculate clusters 

in dynamical models

• Just do it ...

• Have proper nuclear potentials

• Have proper interactions 

• Run your code...

• Wait until infinity

• Clusters are stable and will show-up at the end of your simulation

• Unfortunately its not so easy... cf. J. Aichelin and E. Bratkovskaya

MPD coll. meeting, JINR, 17.4.25
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Methods to calculate clusters

• Wigner coalescence

• Projection on (Hulthen) wave 

function

• No free parameters

• No orthogonality of states

• Cross sections

• Introduce explicit processes, 

e.g. p+n+→d+

• Dynamical treatment

• ‘Fake’ 3-body interactions

• Box coalescence

• Employ cut-off parameters

• E-by-E possible

• 2 free parameters

• Thermal emission

• Put deuterons in partition sum

• No free parameter

• Why should a cluster be in?

MPD coll. meeting, JINR, 17.4.25

Gyulassy, NPA402 (1983), Bleicher PLB (1993), Oliinychenko, PRC99 (2019), 

Butler, PR129 (1963), Mekijan PRL39 (1977) 
15
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Coalescence

• Propagate particle after

freeze-out to the same time

in 2-particle rest frame

• If p=|(p2-p1)| ≲ 285 MeV 

and x=|(xb-xa)| ≲ 3.5 fm 

→deuteron forms

→pd=p1+p2, xd=(x1+x2)/2

MPD coll. meeting, JINR, 17.4.25

STAR, Nature 527, 345 (2015)

deuteron

16
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Why do we think coalescence is correct?

• Makes sense

• Constituent scaling

• Fluctuations

• ... and it works very well ;-)

MPD coll. meeting, JINR, 17.4.25 17
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Can we distinguish thermal emission from coalescence? 

→ Anisotropic Flow

Simplified picture:

Position-space anisotropy 

→ Momentum-space anisotropy

Real picture:

Complicated state, 

mean free paths,…

by MADAI.us

+ + + +
⋯

=v2 v5v4v3

Fourier expansion of the radial distribution! → vn

v1 +

Adopted from H. Elfner

18
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• discovery of “magical factors” 

of 2 and 3 in measurements of

spectra and the elliptic flow of

mesons and baryonsat RHIC 

(Fries et al, 2003)

• Predicted v2 scaling in case of

coalescence

Can we distinguish thermal emission from coalescence?

→ Scaling

NCQ scaling at high energies RHIC data

MPD coll. meeting, JINR, 17.4.25

→ Check scaling to prove coalescence

16

Since the maximal values of v2 will be of the order of 0.1,
we can neglect the quadrat ic and cubic terms and arrive
at the following simple scaling law, which connects the
ellipt ic flow of hadrons vh

2 to those of the partons v2:

vh
2 (PT ) = n v2

1

n
PT (89)

with n being the number of valence quarks and ant i-
quarks contained in hadron h. This scaling law was in-
deed already found to hold in STAR data on the ellipt ic
flow of Λ and K 0

s down to transverse momenta of about
500 MeV/ c [16]. This is a very st rong support for the
recombinat ion picture. Apparent ly a part of the uncer-
tainty in the recombinat ion mechanism at low PT , in-
t roduced by the violat ion of energy conservat ion, cancels
after taking the rat ios in Eqs. (83,84). The recombina-
t ion formalism seems to give valid results for v2 down to
transverse momenta of several hundred MeV/ c.

We combine the contribut ions to the anisotropic flow
from recombinat ion and fragmentat ion by using the rel-
at ive weight r (PT ) for the recombinat ion process

v2(PT ) = r (PT )v2,R (PT ) + (1 − r (PT )) v2,F (PT ). (90)

r (PT ) is defined as the rat io of the recombinat ion contri-
but ion to the spectrum and the total yield.

r (PT ) =
dN R / d2PT

(dN R / d2PT + dN F / d2PT )
. (91)

F. T he st at ist ical t her m al m odel

In this subsect ion we give a brief account of the sta-
t ist ical model following variant I of [42]. For further de-
tails we refer the reader to the comprehensive literature
[42, 43, 44, 58].

The hadron spectrum at is supposed to emerge from a
hypersurfaceΠ and has the form

E
dNh

d3P
=

Π

dσR

P · v(R)

(2π)3
Gh (R; P). (92)

We use the same parametrizat ion for the four velocity
v(R) as in (64). The hypersurface Π is determined by

the condit ion
√

v2 = τSM = const . The hadronic phase-
space distribut ion funct ions are given by

Gh (R; P) =
Ch f SM (r )

e− (P ·v− µB B h − µs Sh − µ I I h ) / TSM ± 1
, (93)

for bosons and fermions respect ively. r = τSM sinhηT

is the radial coordinate and f SM (r ) = Θ(r0 − r ) is a
radial profile funct ion providing a cylindrical shape. Ch

is the degeneracy factor and Bh , Sh and I h are baryon
number, st rangeness and third component of the isospin
for hadron species h.

Equat ion (92) can be evaluated analogous to (66). We
notethat in the limit PT → ∞ Eqs. (69,70) areequivalent

to (92) if the same hypersurface and the same tempera-
ture and chemical potent ials are used. This is an indi-
cat ion that recombinat ion from a thermal parton phase
is the underlying microscopic picture of hadron produc-
t ion in a stat ist ical model. While we will not elaborate
on this in more detail, we will quote some results of the
stat ist ical model for hadron rat ios and compare with our
calculat ion.

The geometric parameters are fixed to be τSM = 7.66
fm and r0 = 6.69 fm for for most central collisions at
RHIC in Ref. [42]. Part icle rat ios at mid rapidity in a
boost-invariant model are not influenced by the expan-
sion of the system [42], thus we can use the parameters
which are determined by part icle rat ios from the ent ire
phase space. We follow [43] and set TSM = 177 MeV,
µB = 29 MeV, µS = 10 MeV and µI = − 0.5 MeV.

G. N ot e on t he param et er s in our m odel .

We want to give a brief summary of all the parameters
for theparton phase. Essent ially wehavethreedegreesof
freedom for central collisions. Theses are the energy loss
given by ϵ0⟨L ⟩, the slope of the exponent ial part given by
temperature T and radial flow velocity vT and the nor-
malizat ion of the recombinat ion spectrum by the volume
τAT . In addit ion there are the parton fugacit ies. After
fixing ⟨L ⟩, T and τ to physical or at least reasonable val-
ues, we retain ϵ0, vT and ρ0 as true parameters that were
determined by fit t ing to the final data given by PHENIX
for the inclusive π0 spectrum [52]. This is in contrast to
our previous study where the parameters of the parton
spectrum were fixed by the peliminary charged hadron
spectrum [10].

The light quark fugacity was set to 1 in accordance
with the measured p/ π0 rat io and the fugacit ies for an-
t iquarks and strange quarks were obtained from other
rat ios. The rat io of fugacit ies γū / γu = 0.9 can be trans-
lated into a baryon chemical potent ial µB = 27 MeV. For
other impact parameters, the simple geometric scaling of
the volume and the number of collisions with b and a
reasonable ansatz for ϵ(b) describe the data up to b= 10
fm. Only for very peripheral collision there is the need
to introduce the new parameter γ(b).

V . N U M ER I CA L R ESU LT S

In this sect ion we are going to discuss our numerical
results on hadron product ion.

A . H adr on spect r a

In Fig. 2 we show our results for hadron product ion
from fragmentat ion and recombinat ion for impact pa-
rameter b = 0 in central Au+ Au collision at

√
s = 200

GeV. We compare to available experimental data from

Fries et al, Phys.Rev. C68 (2003)

24
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FIG. 17: v2 for charged hadrons. Again we show the con-
t ribut ions from different mechanisms as in Fig. 15. Data are
preliminary and taken from the STAR collaborat ion.
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FIG. 18: The anisot ropy v2 / n for pions (bot tom) and protons

(top) as a funct ion of t ransverse momentum pT / n using the
scaling law (89) with n = 2 for pions and n = 3 for protons.
Data points are pions and protons from PHENIX using the
same scaling law.

a violat ion of this scaling law at higher values, coming
from perturbat ive QCD.

In this publicat ion we have only considered sin-
gle hadron product ion and neglected correlat ions in
the hadron emission pat tern. The yield of secondary
hadrons, when triggering on a leading hadron, is a
promising quant ity to provide more informat ion about
the underlying hadronizat ion mechanism.

With fragmentat ion and energy loss alone, no con-
sistent explanat ion involving all hadron species can be
given. In contrast we are able to describe most avail-
able RHIC data on spectra, rat ios, nuclear suppression
and ellipt ic flow of hadrons, including their impact pa-
rameter dependence, for t ransverse momenta above 1–2
GeV/ c – for v2 even down to very low PT – consistent ly
with a very small number of globally adjusted parame-
ters. As input for the recombinat ion process we use a
dense phase of partons with temperature T = 175 MeV
and radial flow velocity vT = 0.55c at hadronizat ion t ime
5 fm. All RHIC data shown in this work are consistent
with the existence of such a phase.
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Can we distinguish thermal emission from coalescence?

→ Scaling

UrQMD HADES data

MPD coll. meeting, JINR, 17.4.25

→ Scaling is observed

→ suggests coalescence
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Can we distinguish thermal emission from coalescence?

→ Fluctuations

Au+Au at 2 AGeV Moments/Correlations

MPD coll. meeting, JINR, 17.4.25

Thermal emission would result 

in Poisson fluctuations

→ Coalescence leads to 

    wider (non-poisson) distributions
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Proton-proton collisions

Deuteron (anti-deuteron): ratios Absolute yields

MPD coll. meeting, JINR, 17.4.25

Good description of pp by coalescence Absolute yields in line with ALICE data
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From small to large systems

Proton+nucleus at 14.6 AGeV
Transverse dynamics in 

Si+(Al/Cu/Au) at 14.6 AGeV 

MPD coll. meeting, JINR, 17.4.25

Rapidity distributions indicate 

correct coalescence behavior 

Also transverse expansion is well 

captured in the coalescence approach
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Extension to tritons is straightforward

Rapidity - OK Transverse momenta - OK

MPD coll. meeting, JINR, 17.4.25

Hillmann et al, J.Phys.G 49 (2022) 5, 055107

24
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Energy

dependence

- Generally good

agreement of
coalescence with data,
except for highest

energies (LHC)

- Hybrid and pure 
transport show similar
results in overlap region

- Multifragmentation (hot

coalescence is similar)

- Mainly reflects

decrease of B

with increasing energy

MPD coll. meeting, JINR, 17.4.25

Hillmann et al, J.Phys.G 49 (2022) 5, 055107

25
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Neutron density fluctuations?

• Triton to deuteron ratio

might yield information

on neutron density

fluctuations

MPD coll. meeting, JINR, 17.4.25

3

TABLE I: Yields (dN/ dy at midrapidity) of p, d, 3He and 3H as well as the yield rat io 3H/ 3He measured in Pb+ Pb collisions
at SPS energies [47] together with the derived yield rat io Op-d-t . The units for E and

√
sN N are AGeV and GeV, respect ively.

E
√

sN N cent rality p d 3He 3H/ 3He 3H Op-d-t

20 6.3 0 − 7% 46.1± 2.1 2.094± 0.168 3.58(± 0.43) × 10− 2 1.22± 0.10 4.37(± 0.64) × 10− 2 0.459± 0.014

30 7.6 0 − 7% 42.1± 2.0 1.379± 0.111 1.89(± 0.23) × 10− 2 1.18± 0.11 2.23(± 0.34) × 10− 2 0.494± 0.020

40 8.8 0 − 7% 41.3± 1.1 1.065± 0.086 1.28(± 0.15) × 10− 2 1.16± 0.15 1.48(± 0.26) × 10− 2 0.541± 0.022

80 12.3 0 − 7% 30.1± 1.0 0.543± 0.044 3.90(± 0.50) × 10− 3 1.15± 0.19 4.49(± 0.94) × 10− 3 0.458± 0.038

158 17.3 0 − 12% 23.9± 1.0 0.279± 0.023 1.50(± 0.20) × 10− 3 1.05± 0.15 1.58(± 0.31) × 10− 3 0.484± 0.037

TABLE I I: Collision energy dependence of neut ron relat ive density fluctuat ion ∆ n for α = -0.2, -0.1, 0, 0.1 and 0.2. The units
for E and

√
sN N are AGeV and GeV, respect ively.

E
√

sN N cent rality ∆ n (α = − 0.2) ∆ n (α = − 0.1) ∆ n (α = 0) ∆ n (α = 0.1) ∆ n (α = 0.2)

20 6.3 0 − 7% 0.485± 0.037 0.526± 0.039 0.583± 0.048 0.669± 0.064 0.816± 0.099

30 7.6 0 − 7% 0.566± 0.044 0.623± 0.053 0.704± 0.068 0.833± 0.096 1.093± 0.177

40 8.8 0 − 7% 0.667± 0.046 0.746± 0.057 0.864± 0.076 1.071± 0.118 1.620± 0.322

80 12.3 0 − 7% 0.482± 0.090 0.523± 0.106 0.579± 0.130 0.662± 0.171 0.807± 0.262

158 17.3 0 − 12% 0.542± 0.084 0.594± 0.101 0.668± 0.127 0.782± 0.175 1.002± 0.345

freeze-out. To take into account density fluctuat ions of

nucleons, we express the neutron and proton density in

the emission source as

n(r ) =
1

V
n(r )dr + δn(r ) = n + δn(r ), (6)

np(r ) =
1

V
np(r )dr + δnp(r ) = np + δnp(r ), (7)

where · denotes the average value over space and

δn(r ) (δnp(r )) with δn = 0 ( δnp = 0) denotes the

fluctuat ion of neutron (proton) density from its average

value n ( np ). We can then approximately rewrite

Eqs. (4) and (5) as

Nd =
3

21/ 2

2π

m0Teff

3/ 2

dr n(r )np(r )

=
3

21/ 2

2π

m0Teff

3/ 2

(Np n + V δnδnp ), (8)

and

N3 H =
33/ 2

4

2π

m0Teff

3

dr n(r )2np(r )

=
33/ 2

4

2π

m0Teff

3

( n 2 + (δn)2 )Np

+ 2V n δnδnp + V (δn)2δnp . (9)

Assuming δnp(r ) = c(r )δn(r ), where the funct ion c(r )

can be posit ive or negat ive, we can then express the cor-

relat ion between δn(r ) and δnp(r ) as

δnδnp =
1

V
drδn(r )δnp(r )

=
1

V
dr c(r )(δn(r ))2. (10)

The above equat ion can also be writ ten as

δnδnp = α
np

n
(δn)2 , (11)

with α being the correlat ion coefficient and
n p

n
account-

ing for the isospin asymmetry of the emission source. In

the casethat the neutron and proton density fluctuat ions

are completely correlated, we then have α = 1. By ne-

glect ing the term (δn)2δnp in Eq. (9), we can rewrite

Eqs. (8) and (9) as

Nd =
3

21/ 2

2π

m0Teff

3/ 2

Np n (1 + α∆ n), (12)

N3 H =
33/ 2

4

2π

m0Teff

3

Np n 2[1 + (1 + 2α)∆ n],

(13)

where ∆ n = (δn)2 / n 2 is a dimensionless quant ity

that characterizes the relat ive density fluctuat ion of neu-

trons.

Besides depending on ∆ n, both d and 3H yields also

depend on Teff, Np and n . The density fluctuat ion in

the emission source can be probed from the following

yield rat io:

Op-d-t =
N3 H Np

N 2
d

= g
1 + (1 + 2α)∆ n

(1 + α∆ n)2
, (14)

with g = 4/ 9× (3/ 4)3/ 2 ≈ 0.29. TheOp-d-t is constructed

in such a way that many effects, such as thosedue to Teff,

Np, n , volume and isospin asymmetry of the emission

source, cancel out. Experimentally, one can thus extract

∆ n in relat ivist ic heavy-ion collisions by measuring the

Sun et al, Phys.Lett.B 774 (2017) 103-107
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yield ratio Op-d-t . When α∆ n ismuch smaller than unity,

the correction from α in Eq. (14) is second-order, and

Op-d-t can be approximated as

Op-d-t ≈ g(1+ ∆ n). (15)

In thiscase, Op-d-t hasavery simplelinear dependenceon

∆ n. Wewould like to point out that onemay also choose

other light nuclei such as 3He and 4He to extract the

nucleon density fluctuation at kinet ic freeze-out. In these

cases, however, information on the isospin at freeze-out

is needed and also the higher-order density fluctuations

may be involved. For example, the yields of 3He and 4He

are given, respectively, by

N3 He =
33/ 2

4

2π

m0Teff

3

Nn np
2 (1+ ∆ np + 2α∆ n) ,

(16)

N4 He =
1

2

2π

m0Teff

9/ 2

Np np n 2

× 1+ (1+ 4α)∆ n + ∆ np +
(δnδnp)2

n 2 np
2

, (17)

which further depend on theproton averagedensity np ,

its relat ive density fluctuat ion ∆ np = (δnp)2 / np
2

and higher-order fluctuations. In Eq. (17), terms like

(δn)2δnp and (δnp)2δn are neglected.

Eqs. (12)-(17) show that largedensity fluctuations can

affect the yields of light nuclei in relat ivist ic heavy-ion

collisions and lead to an A dependence different from

n A that is expected from thestatist ical model [55]. Ex-

ist ing experimental data from the Alternating Gradient

Synchrotron (AGS) at
√

sN N = 4.8 GeV have shown

a striking exponential behavior with a penalty factor of

about 50 per addit ional nucleon to the produced nuclear

cluster up to A = 7 [55]. Similarly, such a regular expo-

nential behavior is seen at RHIC energies for A ≤ 4 [56].

These results have thus ruled out large nucleon density

fluctuations at kinetic freeze-out in heavy-ion collisions

at AGS and RHIC top energies.

However, recently published resultson light nuclei pro-

duction in central Pb+ Pb collisions at SPS energies [47]

show a quite different behavior. This can be seen from

the collision energy dependence of Op-d-t and ∆ n. Ta-

ble I summarizes the yields (dN/ dy at midrapidity) of p,

d, 3Heand 3H aswell as theyield ratio 3H/ 3Hemeasured

in central Pb+ Pb collisions at 20 AGeV (0− 7% central-

ity), 30 AGeV (0 − 7% centrality), 40 AGeV (0 − 7%

centrality), 80 AGeV (0− 7% centrality), and 158 AGeV

(0 − 12% centrality) by the NA49 Collaboration [47].

In obtaining the yield of 3H, we have used the relat ion
3H= 3He× 3H/ 3He. The derived Op-d-t is also shown in

Table I with errorsestimated by assuming they aredom-

inated by correlated systematic errors as a result of sim-

ilar detector acceptance and phase-space extrapolation.

It is seen from Table I that the energy dependence of

Op-d-t shows a possible non-monotonic behavior with its

largest value at
√

sN N = 8.8 GeV. However, it should

be pointed out that the evidence for the non-monotonic

behavior may not be statist ically significant due to the

sufficiently large uncertainty. Indeed, the value of Op-d-t

at
√

sN N = 8.8 GeV deviates by only about 2.5σ from a

χ2 fit of Op-d-t at
√

sN N = 6.3 GeV, 7.6 GeV, 12.3 GeV

and 17.3 GeV by the constant 0.471± 0.018.

Equation (14) shows that for a fixed value of Op-d-t ,

the extracted value for ∆ n depends on the value of α.

We note that Eq. (14) has no solution when α is larger

than ∼ 0.23 at
√

sN N = 8.8 GeV. This feature sug-

gests that a perfect or strong correlat ion between neu-

tron and proton density fluctuations at kinetic freeze-out

(i.e., α = 1 or α > 0.23) cannot appear in collisions at
√

sN N = 8.8 GeV. Similar features are also seen at other

four collision energies, although the maximum values of

α are larger, i.e., 0.32 for 6.3 GeV, 0.28 for 7.6 GeV,

0.32 for 12.3 GeV and 0.29 for 17.3 GeV. Table II shows

the extracted values of ∆ n for α = − 0.2, − 0.1, 0, 0.1

and 0.2 at different collisions energies. For all these val-

ues of α, a similar non-monotonic behavior is seen in the

dependence of ∆ n on the collision energy with a peak

at
√

sN N = 8.8 GeV. Also, the obtained value of ∆ n

is much larger than that due to the event-by-event sta-

t ist ical fluctuat ion in the neutron mult iplicity, which is

expected to be inversely proport ional to its mean value

and is thus only about a few per cent.

FIG. 1: Collision energy dependence of the neutron relat ive

density fluctuat ion ∆ n in central Pb+ Pb collisions at SPS

energies based on data from Ref. [47]. Results for α = − 0.2,
− 0.1, 0, 0.1 and 0.2 are shown by various dot ted lines.

To see more clearly the collision energy dependence of

∆ n, we plot in Fig. 1 the extracted ∆ n as a function of
√

sN N for α = − 0.2, − 0.1, 0, 0.1 and 0.2. The extracted

∆ n is seen to increase with increasing value of α, and

the increase is faster for larger value of Op-d-t . It is in-

terest ing to see that the peak at
√

sN N = 8.8 GeV seems

to always exist for all values of α considered here. Esti-

mating the statist ical significance of the non-monotonic
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yield rat io Op-d-t . When α∆ n is much smaller than unity,

the correct ion from α in Eq. (14) is second-order, and

Op-d-t can be approximated as

Op-d-t ≈ g(1 + ∆ n). (15)

In thiscase, Op-d-t hasa very simple linear dependenceon

∆ n. We would like to point out that one may also choose

other light nuclei such as 3He and 4He to extract the

nucleon density fluctuat ion at kinet ic freeze-out . In these

cases, however, informat ion on the isospin at freeze-out

is needed and also the higher-order density fluctuat ions

may be involved. For example, the yields of 3He and 4He

are given, respect ively, by

N 3 He =
33/ 2

4

2π

m0Teff

3

Nn np
2 (1 + ∆ np + 2α∆ n) ,

(16)

N 4 He =
1

2

2π

m0Teff

9/ 2

Np np n 2

× 1 + (1 + 4α)∆ n + ∆ np +
(δnδnp)2

n 2 np
2

, (17)

which further depend on the proton averagedensity np ,

it s relat ive density fluctuat ion ∆ np = (δnp)2 / np
2

and higher-order fluctuat ions. In Eq. (17), terms like

(δn)2δnp and (δnp)2δn are neglected.

Eqs. (12)-(17) show that large density fluctuat ions can

affect the yields of light nuclei in relat ivist ic heavy-ion

collisions and lead to an A dependence different from

n A that is expected from the stat ist ical model [55]. Ex-

ist ing experimental data from the Alternat ing Gradient

Synchrotron (AGS) at
√

sN N = 4.8 GeV have shown

a striking exponent ial behavior with a penalty factor of

about 50 per addit ional nucleon to the produced nuclear

cluster up to A = 7 [55]. Similarly, such a regular expo-

nent ial behavior is seen at RHIC energies for A ≤ 4 [56].

These results have thus ruled out large nucleon density

fluctuat ions at kinet ic freeze-out in heavy-ion collisions

at AGS and RHIC top energies.

However, recent ly published results on light nuclei pro-

duct ion in central Pb+ Pb collisions at SPS energies [47]

show a quite different behavior. This can be seen from

the collision energy dependence of Op-d-t and ∆ n. Ta-

ble I summarizes the yields (dN/ dy at midrapidity) of p,

d, 3He and 3H as well as the yield rat io 3H/ 3He measured

in central Pb+ Pb collisions at 20 AGeV (0− 7% cent ral-

ity), 30 AGeV (0 − 7% centrality), 40 AGeV (0 − 7%

centrality), 80 AGeV (0− 7% centrality), and 158 AGeV

(0 − 12% centrality) by the NA49 Collaborat ion [47].

In obtaining the yield of 3H, we have used the relat ion
3H= 3He× 3H/ 3He. The derived Op-d-t is also shown in

Table I with errors est imated by assuming they are dom-

inated by correlated systemat ic errors as a result of sim-

ilar detector acceptance and phase-space extrapolat ion.

It is seen from Table I that the energy dependence of

Op-d-t shows a possible non-monotonic behavior with its

largest value at
√

sN N = 8.8 GeV. However, it should

be pointed out that the evidence for the non-monotonic

behavior may not be stat ist ically significant due to the

sufficient ly large uncertainty. Indeed, the value of Op-d-t

at
√

sN N = 8.8 GeV deviates by only about 2.5σ from a

χ2 fit of Op-d-t at
√

sN N = 6.3 GeV, 7.6 GeV, 12.3 GeV

and 17.3 GeV by the constant 0.471 ± 0.018.

Equat ion (14) shows that for a fixed value of Op-d-t ,

the extracted value for ∆ n depends on the value of α.

We note that Eq. (14) has no solut ion when α is larger

than ∼ 0.23 at
√

sN N = 8.8 GeV. This feature sug-

gests that a perfect or st rong correlat ion between neu-

t ron and proton density fluctuat ions at kinet ic freeze-out

(i.e., α = 1 or α > 0.23) cannot appear in collisions at
√

sN N = 8.8 GeV. Similar features are also seen at other

four collision energies, although the maximum values of

α are larger, i.e., 0.32 for 6.3 GeV, 0.28 for 7.6 GeV,

0.32 for 12.3 GeV and 0.29 for 17.3 GeV. Table I I shows

the ext racted values of ∆ n for α = − 0.2, − 0.1, 0, 0.1

and 0.2 at different collisions energies. For all these val-

ues of α, a similar non-monotonic behavior is seen in the

dependence of ∆ n on the collision energy with a peak

at
√

sN N = 8.8 GeV. Also, the obtained value of ∆ n

is much larger than that due to the event-by-event sta-

t ist ical fluctuat ion in the neutron mult iplicity, which is

expected to be inversely proport ional to its mean value

and is thus only about a few per cent .

FIG. 1: Collision energy dependence of the neut ron relat ive

density fluctuat ion ∆ n in cent ral Pb+ Pb collisions at SPS
energies based on data from Ref. [47]. Results for α = − 0.2,

− 0.1, 0, 0.1 and 0.2 are shown by various dot ted lines.

To see more clearly the collision energy dependence of

∆ n, we plot in Fig. 1 the extracted ∆ n as a funct ion of
√

sN N for α = − 0.2, − 0.1, 0, 0.1 and 0.2. The extracted

∆ n is seen to increase with increasing value of α, and

the increase is faster for larger value of Op-d-t . I t is in-

terest ing to see that the peak at
√

sN N = 8.8 GeV seems

to always exist for all values of α considered here. Est i-

mat ing the stat ist ical significance of the non-monotonic

g=0.29, =p-n correlation

4 Jie Zhao (for the STAR collaborat ion)

F ig. 4. Energy dependence of the coalescence parameter, B 2 (left ), and the neut ron

density fluctuat ion, ∆ n (right ), from Au+ Au collisions at RHIC [18,20].

F ig. 5. Rcp of the K 0
s ,⇤, ⌅ ,φ,⌦in Au+ Au collisions at

p
sN N = 7.7 - 39 GeV [21].

of the hypert riton binding energy and mass di↵erence between hypert riton and

ant ihypert riton. The STAR data [24] provide the first test of the CPT symme-

t ry in the light hypernuclei sector. No deviat ion from the exact symmetry is

observed.

5 M edium e↵ect s and dynamics

Lifet imes of long-lived resonances are comparable to the typical lifet ime of the

QGP fireball created in heavy-ion collisions. Resonances can thus be used to

study the propert ies and evolut ion of the hot and dense QGP medium. The

K ⇤0 and φ mesons have di↵erent hadronic cross sect ions and lifet imes. The

comparison of φ/ K − and K ⇤0/ K − rat ios in Fig. 6 indicatest rong medium e↵ects

at RHIC and LHC [5,25].

Dileptons are penetrat ing probe to heavy-ion collisions [26]. Recent measure-

ments show a st rong enhancement in the very low pT region. The results point

to addit ional physics cont ribut ions, for example cont ribut ions from photon in-

teract ions in the magnet ic field trapped in the QGP [27].
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Prof. Dr. Marcus Bleicher

Canceling B: B3/(B2)
2 ratios

MPD coll. meeting, JINR, 17.4.25

None of the models provide a full description of the data

- However coalescence + multi-fragmentation seem to work below LHC energies

- Models dont see suggested density fluctuation peak!

Hillmann et al, J.Phys.G 49 (2022) 5, 055107
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Fluctuations or not?

• RHIC data has changed! – bump is gone!

• What about the LHC data?

MPD coll. meeting, JINR, 17.4.25

Sun, Wang, Ko, Ma, Nature Commun. 15 (2024) 1

Elab (GeV)
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Anti-deuterons

Does coalescence also work for 
more exotic states at high B?

Energy dependence of deuterons 
and anti-deuterons

MPD coll. meeting, JINR, 17.4.25

• Surprisingly good description of 

anti-deuteron yield

• Same parameters!!

Consistent picture over the 

whole energy range
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Spectator hypermatter: A new road to hypernuclei

Time evolution Hypernuclei

MPD coll. meeting, JINR, 17.4.25
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Significant amount of multi-hyper fragments
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Hyper and multi-strange matter
DiBaryons Hypernuclei

MPD coll. meeting, JINR, 17.4.25
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tral heavy ion collisions. Here we assume that the coa-

lescence criterion used to form the composite particles

includes the proximity of nucleons both in the momen-

tum and coordinate space. The coordinate coalescence

parameters are determined by the relation rC = / pC,

with the same values of pC as were used in [78]. As a

first approximation we use the same coalescence param-

eters for both conventional fragments and hyperfrag-

ments. An example of the calculated invariant yields

of the fragments produced in the central Au + Au col-

lisions at projectile momentum 11.5A GeV is shown

in Fig. 1. One can understand that at this energy the

coalescence model reproduces qualitatively the experi-

mental data for conventional fragments. The fragments

yields fit very close to exponential dependence with a

penalty factor of approximately 50 for each nucleon

added in agreement with the data. Due to the fact that

the same coalescence parameters were used a similar

penalty factor is obtained for hyperfragments, which is

supplemented by additional suppression if the neutron

is replaced by a Λ.

For the following results we fixed the coalescence pa-

rameters as described, with a fit to the data at 11.5A

GeV, and assume that they do not change with beam en-

ergy. This allows us to predict cluster production over a

wide range of experimental setups.

4. Results

Figures 2 and 3 show our results for the mid rapidity

yields (|y| < 0.5) of di-baryons and hypernuclei as a

function of the beam energy Elab. In our calculations we

considered most central (b < 3.4 fm) Pb+Pb/Au+Au

collisions at Elab = 1 - 160A GeV. In addition, figure

2 shows the Λ yield (black lines and squares) for the

two different models compared to data [75, 76, 77]. In

these figures, the UrQMD hybrid model calculations

are shown as lines, while the DCM Coalescence results

are depicted as symbols. A striking feature of our

comparison is that, above Elab ∼ 10A GeV, both

computations for most (hyper-)nuclei and di-baryons

agree very well. At lower energies the strange cluster

production is suppressed in the transport model due

to the non-equilibrium of strangeness. In the thermal

calculations restrictions of energy and momentum

conservation, resulting in a phase space reduction for

produced strange particles, strongly decreases strange

particle yields [57, 58, 59]. This behavior was also

observed in a core-corona implementation in the hybrid

model [79].

Figure 2: Yields per event of different di-baryons in the mid rapidity

region (|y| < 0.5) of most central collisions of Pb+Pb/Au+Au. Shown

are the results from the thermal production in the UrQMD hybrid

model (lines) as compared to coalescence results with the DCM model

(symbols). The small bars on the right hand axis denote results on di-

baryon yields from a previous RQMD calculation at
√
sNN = 200

GeV [74]. In addition, the black lines and symbols depict results for

the production rate of Λ’s from both models, compared to data (grey

crosses) from [75, 76, 77].

An instructive result is that the yields of most hyper-

nuclei have a maximum (or saturation) around 10–20

A GeV of beam energy. Therefore, the investigation of

hypernuclei can be effectively pursued at these energies.

On the other hand, the dependence of their yields up to

energies of ∼200 A GeV can help to clarify the mecha-

nisms of hypernuclei production.

Noticeably the yields for di-baryons inlcuding Ξ

hyperons differ strongly with respect to the model

applied, for the double Ξ state the difference is as

large as one order of magnitude. The reason for this

discrepancy can be understood considering that the

DCM model produces considerably, by a factor of

5 times, less Ξ’s than the UrQMD hybrid model,

therefore also the dibaryon formation is strongly

suppressed (note that the experimental Ξ yield is quite

well reproduced by the UrQMD-hybrid model [80, 79]).

Di-baryon production rates have also been calculated

in a coalescence approach using the RQMD model for
√
sNN = 200 GeV collisions of Au nuclei [74]. To re-

4

Figure 3: Yields per event of different (hyper-)nuclei in the mid ra-

pidity region (|y| < 0.5) of most central collisions of Pb+Pb/Au+Au.

Shown are the results from the thermal production in the UrQMD hy-

brid model (lines) as compared to coalescence results with the DCM

model (symbols).

late our calculations to these results, they are indicated

as the colored bars on the right axis of figure 2. The

RQMD model used was in particular tuned to reproduce

multi strange particle yields (such as the Ξ) and the re-

sults are therefore close to the ones obtained with our

thermal/hydrodynamic approach.

Figures 4 and 5 show the integrated (4π) yields for

all considered clusters as a function of beam energy. As

with the midrapidity results there is a remarkable agree-

ment between both approaches. However, the integrated

yields of non-strange nuclei at high energies are system-

atically larger in the coalescence approach, although the

mid-rapidity yield was smaller. This observation can be

explained when the rapidity distribution of the nuclei is

considered. In the coalescence approach the probability

to produce a nucleus increases with rapidity and in par-

ticular in the fragmentation region, where the nucleons

have small relative transverse momenta and can easily

coalesce.

In addition we point out that the coalescence results

depend on the parameters of the model. As mentioned,

in the presented results the parameter pC for Λ’s was

taken equal to the one of the nucleon’s. However, the

hyperon-hyperon and hyperon-nucleon interactions are

Figure 4: Full acceptance yields per event of different di-baryons cre-

ated in most central collisions of Pb+Pb/Au+Au. Shown are the re-

sults from the thermal production in the UrQMD hybrid model (lines)

as compared to coalescence results with the DCM model (symbols).

not very well known and we expect that these parame-

ters may be different for clusters containing Λ’s or even

Ξ’s. In table 2 we demonstrate how the yields of strange

dibaryon nuclei depend on the momentum parameter

pC . As discussed previously, we have accordingly re-

stricted the rC parameter, however, by imposing an em-

pirical limitation related to the nuclear force properties

that rC can not be larger than 4 fm. One can see, we

expect a very large variation of the yields depending on

the parameters. For instance, the probability of a bound

Λ–nucleon state may decrease by many orders, if we as-

sume a small pC corresponding to a low binding energy

of this state. Usually the parameters are fixed by com-

parison with experiment. Nevertheless, ratios of hyper-

pC= 5 20 50 90

ΛN 4.4 ·10−4 2.7 ·10−2 3.0 ·10−1 2.1

ΛΛ 3.0·10−5 1.2·10−3 6.6·10−3 5.6·10−2

ΞN < 10−6 1.0·10−3 1.1·10−2 1.0·10−1

ΞΛ < 10−6 7.4·10−5 5.8·10−4 1.0 ·10−2

ΞΞ < 10−6 < 10−6 3.8·10−4 7.2·10−4

Table 2: Dependence of yield of strange dibaryons (per one event) on

momentum coalescence parameter (pC in units of [MeV/c]), in central

(b < 3.5 fm) Au+Au collisions at 20A GeV

5

Hybrid model (lines) vs. coalescence (symbols)

Interplay of baryon density with strangeness production
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Pion beam experiments for hyper nuclei

• Pion beam allow for copious poduction of (large!) hypernuclei

• With increased beam energy even multi-strange hypernuclei

MPD coll. meeting, JINR, 17.4.25 32
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Charm nuclei (subtreshold)

Charm production Charm nuclei

MPD coll. meeting, JINR, 17.4.25

J. Steinheimer et al, PRC95 (2017) 1, 014911

Charm production and charmed nuclei are possible in the FAIR/NICA energy range 

33



Prof. Dr. Marcus Bleicher 34

Summary

• Coalescence works very well over a broad energy regime
(with one fixed parameter set x, p)

• Flow scaling supports the coalescence picture

• Also anti-nuclei can be described and predicted

• Predictions for various hyper-nuclei have been made

• Even Charmed nuclei seem possible

• Predictions for hypermatter show that GSI/FAIR and NICA 
are ideally positioned to explore this new kind of matter.

MPD coll. meeting, JINR, 17.4.25
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