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‣ (Chiral) crossover at μ = 0 MeV 

‣ Liquid-Gas PT around T = 20 MeV 

‣ No QCD in a box experiment, only 
dynamical heavy-ion collisions 

‣ Rely on dynamical (microscopic) models 

‣ (Recent) CEP predictions prefer common 
region around μ = 600 MeV, T = 100 MeV

Phase diagram and CEP of QCD

K. Agarwal et al. arxiv:2511.20378 [nucl-th]
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Phase diagram and CEP of QCD: Role of clusters
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‣ (Chiral) crossover at μ = 0 MeV 

‣ Liquid-Gas PT around T = 20 MeV 

‣ No QCD in a box experiment, only 
dynamical heavy-ion collisions 

‣ Rely on dynamical (microscopic) models 

‣ (Recent) CEP predictions prefer common 
region around μ = 600 MeV, T = 100 MeV 

‣ Freeze-out points depend on fitted 
hadron list, especially cluster production 

E. Hofmann et al. Eur. Phys. J. Spec. Top. (2026)



‣ Thermal model works surprisingly well, even for 
loosely bound nuclei 

‣ Similar problem known from BB 
nucleosynthesis

Snowballs in hell
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Wigner coalescence 
‣ Projection on Hulthèn wave function 
‣ Parameter free 
‣ No orthogonality of states

Cluster production
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Kinetic production 
‣ Explicit processes  
‣ Dynamical treatment 
‣ Fake 3 body interactions

npπ → dπ

Potential 
‣ Hamiltonian that binds  
‣ Difficult in small systems 
‣ Complicated forces

Phase space coalescence 
‣ Use cut-off parameters 
‣ Event-by-event possible 
‣ Excited states implicit in  
    coalescence parameters

Thermal source 
‣ Clusters in partition sum 
‣ No free parameter 
‣ Problem: T >> Ebind

Multifragmentation 
‣ Break up of thermal  
    nuclear system 
‣ Microcanonical 
‣ Deexcitation via Fermi  
    break up 
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‣ Cluster are weakly bound compared to average momentum transfer (temperature) 

‣ Clusters only have a substantial chance of survival if they are formed late 

‣ Coalescence related the invariant spectrum to the constituent spectra 

‣ Requires realistic phase space distributions of the constituents (nucleons and Lambda) 

‣ Use microscopic dynamical model: Ultra-relativistic Quantum Molecular Dynamics (v4.0) 

‣ Advantage: QMD keeps all n-body correlations on event-by-event basis

Phase space coalescence
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‣ Ultra-relativistic Quantum Molecular Dynamics (v4.0) 

‣ QMD: Solve Schrödinger equation for nuclei 
represented as product state of nucleons with 
Gaussian wave functions. Centroids of nucleons (only) 
then propagate on classical trajectories 

‣ Covariant propagation 

‣ 150 Hadron species, including high mass resonances 

‣ String excitation and fragmentation 

‣ Cross sections taken from data or effective models, 
geometric interpretation 

‣ QMD has potentials in Hamiltonian way            
(not a mean field)

UrQMD in a nutshell

·ri =
∂⟨Ĥ⟩
∂pi

·pi = −
∂⟨Ĥ⟩
∂ri

V(ρB, p) =
1
ρB

ρB

∫
0

dρ′￼B U(ρ′￼B, p)
p=const.
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‣ Boost into rest frame of every possible p+n pair at kinetic freeze-out 

‣ Propagate to the latest decoupling time 

‣ Check if Δx < Δxmax and Δp < Δpmax 

‣ Apply statistical spin-isospin factor (only 3 out of 8 possible pn wave functions give a proper 
deuteron state) 

‣ Parameters are energy-independent and fixed once 

‣ Single parameter set describes cluster 
production in pp, pA, AA, πA collisions from 
SIS18 to LHC  

‣ Feed-down from excited nuclei (e.g. for 
4He) is implicitly modeled with Δxmax, Δpmax

Phase space „box“ coalescence
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‣ Multiplicities of hadrons and nuclei are reasonably well described from GeV to TeV collisions 

‣ At GSI/FAIR, RHIC-FXT approx. 50% of protons are hidden in clusters

Stable hadron and nuclei multiplicities 

Tom Reichert                                         18th Workshop on Particle Correlations and Femtoscopy (WPCF), 18-22 May 2026, Budapest, Hungary                                        tom.reichert@cern.ch

101 102 103 104
10-4

10-3

10-2

10-1

100

101

102
 Thermal-FIST with feeddown
 Thermal-FIST w/o feeddown

dN
/d

y 
(|

y|
<

0.
5)

! s
NN

  [GeV]

Coalescence
UrQMD  UrQMD-hybrid

                 deuteron
                 triton
                 3He

Au-Au/Pb-Pb, central

T. Reichert et al. Phys.Rev.C 107 (2023) 1, 014912



‣ Ratios of hadrons and nuclei are also well described 
from GeV to TeV collisions 

‣ At GSI/FAIR, RHIC-FXT approx. 50% of protons are 
hidden in clusters

Stable hadron and nuclei ratios 
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‣ Momentum space coalescence: 

‣ Coalescence parameter BA is related to source 
volume via BA  (1/V)A-1 

‣ Meaning of “volume V“ depends on model 

‣ Compare B2 and B3 to HBT volume 

‣ Extracted volumes agree from LHC down to 
AGS, but strongly deviate at GSI 

‣ What’s wrong?

∝

Volume estimate from the coalescence parameter B2
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‣ Coalescence formula relates invariant cluster 
distribution to protons and neutrons before 
clustering 

‣ However, experiments measure it as: B2  d / p2 

‣ This approximation is fine when 1. cluster yields are 
strongly suppressed and 2. isospin is fully 
equilibrated 

‣ Both break below  

‣ How to get from final protons and clusters to 
primordial protons and neutrons?

∝

≲ sNN = 5 GeV

Volume estimate from the coalescence parameter B2
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‣ First get the primordial protons from final state protons and clusters 

‣ Effectively, every produced charged pion either transforms a proton to a neutron or vice versa   

‣ On average:  

‣ Therefore

Correcting the coalescence parameter B2
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      and thus also       pprim = ppart + (π− − π+) nprim = npart − (π− − π+)

       and similarly      pprim = pfinal + ∑
i

Zi × Clusteri nprim = nfinal + ∑
i

Ni × Clusteri

nprim = pprim ×
(pprim − Δπ)(

NAu

ZAu
+ 1)

NAu

AAu
− Δπ

(pprim − Δπ)(
NAu

ZAu
+ 1)

ZAu

AAu
+ Δπ

≡δprim
iso

    and    ppart = ZAu ⋅ Apart /AAu npart = NAu ⋅ Apart /AAu

A. Kittiratpattana et al. Phys.Rev.C 106 (2022) 4, 044905



‣ Transverse momentum distributions of protons and 
neutrons before coalescence are very well 
reproduced using

Testing the reconstruction with UrQMD
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‣ Volume from B2 is corrected and aligns with 
HBT volume

A. Kittiratpattana et al. Phys.Rev.C 106 (2022) 4, 044905



‣ Use Δπ to trigger on the isospin composition of 
the baryons  

‣ More Δπ (π- — π+) means that n/p is larger than 
(A-Z)/Z 

‣ Less Δπ (π- — π+) means that n/p is smaller than 
(A-Z)/Z 

‣ Deuteron number should clearly depend on Δπ 
due to  

‣ Dynamical simulation supports this, while a 
grand-canonical thermal model will essentially be 
flat 

‣ Allows to distinguish coalescence from gc 
thermal source

Nd ∝ Np × Nn

Thermal production or coalescence?
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‣ Much progress regarding stable light nuclei (d, t, 3He, 4He + anti) and hypernuclei (3ΛH + anti) 
both from theory and experiment 

‣ Next chapter: unstable light nuclei 4Li (T1/2 = 9 fm/c), 5Li (T1/2 = 37 fm/c) 

‣ Especially 4Li is thought to be a resonant p + 3He state, allows reconstruction using LL model 

‣  4Li vs. 4He is also proposed to                                                
a   distinguish coalescence and thermal models

Unstable light nuclei: 4Li, 5Li
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Junlin Wu (STAR) SQM2026, contribution #184 

[presented by Chenlu Hu]

S. Mrowczynski. Eur.Phys.J.ST 229 (2020) 22-23, 3559-3583



‣ Simultaneous microcanonical fragmentation 
of excited nuclear system, subsequent 
deexciation 

‣ Hybrid UrQMD+SMM has been successfully 
applied for nuclei production, (double) 
hypernuclei production and their flow 

‣ Stable nuclei (p, d, t, 3He, 4He) production in 
Au+Au (0-10%) at √sNN = 3.0 GeV are well 
described within error bars

UrQMD + Statistical Multi-fragmentation
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‣ Simultaneous microcanonical fragmentation 
of excited nuclear system, subsequent 
deexciation 

‣ Hybrid UrQMD+SMM has been successfully 
applied for nuclei production, (double) 
hypernuclei production and their flow 

‣ Stable nuclei (p, d, t, 3He, 4He) production in 
Au+Au (0-10%) at √sNN = 3.0 GeV are well 
described within error bars 

‣ However, unstable light nuclei (4Li, 5Li) are 
underestimated by a factor 2-3

UrQMD + Statistical Multi-fragmentation
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‣ Cluster production from correlated nucleon 
source can be well described with simple box 
coalescence from 1 GeV up to 13 TeV 

‣ Understanding of cluster production important 
for: QCD phase diagram, anti-nuclei at AMS, … 

‣ HBT volume and coalescence volume coincide, if carefully corrected for incomplete 
isospin equilibration and non-negligible cluster/constituent ratio 

‣ Difference in charged pion yield can be used to correct the data 

‣ Unstable light nuclei are promising new observables for current and upcoming 
experiments  

Summary
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