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● thermal particle production – from 1951 till now
● the statistical hadronization model, SHM for (u,d,s) hadrons and light nuclei
● focus: production of loosely bound states
● outlook

  

The Statistical Hadronization Model:
successes and some open issues

see also for more historical context and detailed references:



  

Happy 90. Birthday 
and all the best for 
many good years to come!



  long time collaborators:  Krzysztof Redlich, Anton Andronic, Johanna Stachel



  

thermal particle production -  the very early days: Pomeranchuk 1951, Fermi 1953, 
Landau 1953,  Hagedorn 1965, Bjorken & Brodsky 1970, Shuryak 1978

QCD 1973 Gross, Wilczek, Politzer

thermal particle production: 1st quantitative steps – Hagedorn’s limiting temperature

QCD and QGP, Collins and Perry 1974

Cabibbo and Parisi 1975 1st phase diagram Phys. Lett. 59B (1975) 76

QCD phase boundary



  

development of ideas for thermal particle production

● Hagedorn and Rafelski 1980 hot hadronic matter and nuclear collisions, 
Phys. Lett. B97 (1980) 136

● Hagedorn and Redlich 1985 statistical thermodynamics – canonical or 
grand canonical?, Z. Physik C87 (1985) 541

●  Satz and Cleymans, 1993 thermal hadron production in high energy heavy 
ion collisions, Z. Physik C57 (1993) 135

● Braun-Munzinger, Stachel, Wessels, Xu, thermal equilibrium and 
expansion in nucleus-nucleus collisions at the AGS, Phys. Lett. B  344 
(1995) 43

● Braun-Munzinger, Stachel, Wessels, Xu, thermal and hadrochemical 
equilibration in nucleus-nucleus collisions at the SPS, Phys. Lett. B365 
(1996) 1

● Becattini, Z. Phys. C 69 (1996) 3, 485-492
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pbm, J. Stachel, J.P. Wessels, Nu Xu

1st successful description of experimental particle yields, 1994
 Phys. Lett.B 344 (1995) 43-48, nucl-th/9410026 [nucl-th]

1st phase diagram with data, 1995
Phys.Lett. B 365 (1996) 1-6,   nucl-th/9508020 [nucl-th]

BNL 
AGS

CERN 
SPS
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ALICE in 2023   Run 3



8

at LHC energy, all chemical potentials 
vanish, so strangeness is immaterial for 
particle production, particle yields ~ 
M3/2 exp(-M/T) for large systems 
(no 'strangeness enhancement')

 

Particle production at the QCD phase boundary

Phys.Rev.Lett. 134 (2025) 16, 162301

at LHC energy, mB = 0.71 +/- 0.45 MeV

PRL 133 (2024) 9,092301

excited states in A = 4 
systems matter
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QCD phase diagram from ‘statistical hadronization model’ 

update 2025

hadronic matter cannot be 
heated to T > TCF even at LHC 
energy

lattice predictions in quantitative agreement with 
results from statistical hadronization model, 

CEP from Phys. Rev.D 111 (2025) 3, L031502

Tpc = 156.5 MeV
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SHM and higher moments

SHM should work not only for 1st moment but for all higher moments as well

for application to net baryon fluctuations, see recent review 

2601.18666 [nucl-ex], pbm, Anar Rustamov, Nu Xu,

The phase structure of QCD: Fluctuations and Correlations

to appear in Ann. Rev. Nucl. Part. Phys. 2027

see also:  pbm, B. Friman, K. Redlich, A. Rustamov, J. Stachel

                Nucl. Phys.  A 1008 (2021) 122141  2007.02463 [nucl-th]
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A.Andronic et al., PLB 797 (2019) 134836

teaser:  does heavy charmonium fit into this picture?

 yes, but what about this factor of 
900?

observed  strong enhancement: clear 
sign for deconfinement of charm 
quarks, see Johanna’s talk on Friday

see also the very recent review 2606.14799 [nucl-ex] by

Andronic, pbm, Redlich, Stachel

https://arxiv.org/abs/2606.14799
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Conclusion of European Strategy Meeting, June 2025, Venice

slide: courtesy of Urs Wiedemann, CERN



 13 

some open issues

● SHM and QCD
●  SHM and loosely bound states
● SHM and small collision system

●  SHM and hyper-triton
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SHM and QCD

1. SHM is defined for temperatures equal or less than the temperature of the 
QCD phase transition

2.  the equation of state of SHM is that of the hadron resonance gas HRG, 
significant systematic uncertainties result from incomplete knowledge of the 
full HRG spectrum, especially in the charm and beauty sector

3.  hadron formation is implemented as sudden ‘Cooper-Frye’ freeze-out

4.  SHM is not applicable for particle production in the universe

5.   after freeze-out, the HRG is out of equilibrium
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mass =  2990 MeV, binding energy = 2.3 MeV 

Lambda sep. energy = 0.10 MeV

molecular structure:    (p+n) + Lambda

2-body threshold:  (p+p+n) + pi- = 3He + pi-

rms radius = (4 B.E.  Mred)-1/2 = 10.3 fm =
rms separation between d and Lambda

in that sense: hypertriton = (p n Lambda) = 
(d Lambda) is the ultimate halo state

bound state >> system size   unsolved open issue

see also recent ALICE paper 2604.07949 [nucl-ex]

SHM and loosely bound objects: the hyper-triton
discovered in 1952/1953

https://arxiv.org/abs/2604.07949
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hypernuclei – discovery and 1st measurements  of hypertriton



  17

ITS2 tracking of B0 → D-π+ followed by D- → K+ π- π-

B meson tracking down to 
very low transverse momentum
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SHM and hypertriton 

hypertriton, the most exotic bound state in the nuclear data table, a very fragile bound 
state made of a deuteron and a Lambda-hyperon with huge size

to form such objects via the short 
range  (1-2  fm) interaction the 
process must start in an early, 
compact configuration, 
independent of whether 
coalescence or SHM is at work

pbm and B. Doenigus

Nucl.Phys.A 987 (2019) 144-201,  1809.04681 [nucl-ex]

https://arxiv.org/abs/1809.04681
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very different wave functions for bound states with baryon number 2 and 3

results of very recent microscopic calculations

for references, see A. Andronic, pbm, H. Brunssen, J. Stachel, to 
appear
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hypertriton properties

ALICE coll., 

Phys. Rev. Lett. 131 (2023) 10, 102302
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hypertriton  and anti3He measurements with 
ALICE @ LHC

excellent signal/background ratio, precision measurements possible
2026 data have even better mass resolution
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azimuthal anisotropy measurements for 
determination of hydrodynamic flow
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towards precision flow measurements

even 4th moment measured with precision
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comparison anti3He and hypertriton flow

2603.19398 [nucl-ex]

https://arxiv.org/abs/2603.19398
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summary of flow measurements with 
anti3He and hypertriton

● anti3He and hypertriton in Pb—Pb collisions have nearly the same mass and 
exhibit very similar flow

● anti3He and hypertriton have dramatically different wave functions

● apparently no wave function sensitivity in Pb—Pb as expected in thermal 
(SHM) description

● how to understand apparent strong wave function sensitivity for hypertriton 
production in pp collisions? see recent ALICE paper 2604.07949 [nucl-ex]?

https://arxiv.org/abs/2604.07949
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schematic size correction

                  is the volume of the fireball for 1 unit of rapidity and for a 2-body bound 
state like the deuteron, the wave function is the p-n relative wavefunction.

if |x1 – x2| << size of the fireball, the correction is unity

inspired by Berndt Mueller, SQM2022, arXiv:2209.00070A. 

see A. Andronic, pbm, H. Brunssen, J. Stachel, to appear
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size dependence for Λ baryon as test

all data from ALICE, refs. available on request

Multiplicity dependence of Λ yields. Grand-canonical SHM, canonical suppression 
and additionally size-corrected predictions are drawn as grey dashed, dotted and 
solid lines, respectively, with colors indicating different values of Vc.  
Error bars (open boxes) represent statistical (systematic) uncertainties.

A. Andronic, pbm, H. Brunssen, J. Stachel, to appear
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SHM and loosely bound states

1. SHM works well for composite objects such as deuterons or light nuclei 

2. deuteron is a loosely bound state (B.E. = 2.2 MeV << reduced mass)

3. very few  parameters, canonical correction needs (strangeness or charm) correlation length

4. at LHC energy, SHM works well for small and large collision systems

5. canonical thermodynamics is applied and crucial for low multiplicities

6. applying size correction as proposed by Berndt Mueller,SQM2022, arXiv:2209.00070 does not 
describe system size dependence 

A. Andronic, pbm, H. Brunssen, J. Stachel, to appear

7. for a 2-body s-wave bound state with 
vanishing binding energy, the wave 
function becomes universal, independent 
of nuclear potentials etc. see, e.g. 
Artoisenet & Braaten, Phys. Rev. D83 
(2011) 014015.

this implies 
rms radius = (4 B.E.  Mred)-1/2

                              = 3 fm for deuteron 

formation time proportional to  1/B.E.
                        about  100 fm for deuteron 
                        >> 100 fm for ‘2-body’        
                         hyper-triton
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canonical correction
total correction

Pb-Pb 5.02 TeV
Pb Pb 2.76 TeV
Xe Xe 5.44 TeV
p Pb 8.16 TeV
p Pb 5.02 TeV
pp 13 TeV HM
pp 13 TeV MB
pp 5.02 TeV

Vc = 3 V|y| < 0.5

Vc = 2 V|y| < 0.5

Vc = 1 V|y| < 0.5

A. Andronic, pbm, H. Brunssen, J. Stachel, to appear

3He calculations as function of associated charge multiplicities
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grand-canonical SHM
canonical correction
total correction

Pb Pb 5.02 TeV
Pb Pb 2.76 TeV
p Pb 5.02 TeV
pp HM 13 TeV prel.
pp 13 TeV prel.

Vc = 3 V|y| < 0.5

Vc = 2 V|y| < 0.5

Vc = 1 V|y| < 0.5

A. Andronic, pbm, H. Brunssen, J. Stachel, to appear

the complicated case of hypertriton
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summary: SHM  

very useful for description of hadron yields and higher moments

extended to charm and beauty sector (balance equation)

contains HRG equation of state

coupled to hydro models for pT spectra

with canonical correction, good description also for deuteron  and A = 3 nuclei 
in all collision systems

open issue: hyper-triton production, yields, flow, dependence on system size

high precision and statistics data from LHC Run4 and from 
new experiment ALICE 3 in LHC Run5 will hopefully shed light on this
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happy birthday, and many, many returns!!!
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backup
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experimental discovery of elliptic flow and 
higher Fourier moments at AGS
 Phys.Rev.Lett. 73 (1994) 2532-2535

7 years before RHIC

theory paper:
S. Voloshin, Y. Zhang,     
Z.Phys. C 70 (1996) 665-672, 1144 citations 
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                         fast forward to the collider regime

● 2000   start of RHIC operation
● Gyulassy & McLerran review  Nucl. Phys. A 750 (2005) 30-63
●  2009   start of LHC operation
● ALICE review Eur. Phys. J. C 84 (2024) 8, 813
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ALICE in 2023   Run 3
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QCD phase diagram from ‘statistical hadronization model’ 

update 2025

hadronic matter cannot be 
heated to T > TCF even at LHC 
energy

lattice predictions in quantitative agreement with 
results from statistical hadronization model, 

CEP from Phys. Rev.D 111 (2025) 3, L031502

Tpc = 156 MeV
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Canonical thermodynamics and 
fluctuations of proton distributions in ultra-relativistic nuclear 

collisions

recent data from STAR and HADES compared to predictions 
based on uncorrelated production and baryon number 
conservation

deviations from this ‘canonical baseline’ could be indications 
for new dynamical effects (onset of 1st order phase 
transition?)



39Slide prepared by Anar Rustamov
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Ξ++cc mass spectrum without (red) 
and with (blue) strangeness tracking

the power of ultra-thin, ultra-precise 
MAPS detectors for ALICE 3

new ALICE development: strangeness tracking for multi-charm baryons

first successful tests with data in 
Run3 are now available
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ALICE plans and status for the coming decade 2025 – 2034
LHC Run3 and Run4

ALICE upgrade 2019 - 2021: 

GEM based read-out chambers for the TPC, new inner tracker with ultra-thin Si layers, 
continuous read of (all) subdetectors

increase of data rates by factor >50

focus on rare objects, exotic quarkonia, single (and possibly double)  charm hadrons to address 
a number of fundamental questions and issues such as:

● what is the deconfinement radius for charm quarks
● are there colorless bound states in a deconfined medium?
● are complex, light nuclei and exotic charmonia (X,Y,Z) produced as compact multi-quark bags?
● can fluctuation measurements shed light on the mechanism of baryon production and critical 

behavior near the phase boundary?

● low mass dileptons and low-pT thermal photons
● collectivity from pp to AA collisions
● nuclear and hadronic physics

● structure of light hyper-nuclei
● hadron-hadron interaction from particle correlations

● ultra-peripheral and diffractive collisions

deciphering QCD in the strongly coupled regime
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the mechanism for statistical hadronization with charm (SHMc)

core-corona picture:  treat low density part of nuclear overlap region, where a nucleon 
undergoes 1 or less collisions as pp collisions, use measured pp cross section scaled by 
TAA   = Ncoll/σinelpp   with Ncoll the number of (hard) collisions as obtained in the Glauber 
approach
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   production in PbPb collisions at LHC consistent with deconfinement and    
   subsequent statistical hadronization within present uncertainties
   main uncertainty: open charm cross section 

J/ψ and statistical hadronization

arXiv: 2303.13361
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beyond yields: transverse momentum distributions
coupling SHMc with relativistic hydrodynamics

new ALICE: separation of prompt 
and nonprompt J/ψ down to 1.3 
GeV/c 

enhancement strongly rising towards 
lower pt even beyond pp
(not even considering shadowing)

arXiv:2308.16125

Boltzmann Transport, 
Zhuang et al.
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New approach to spectra:  implement charmonia into 
hydrodynamics codes directly

freeze-out hyper surface elements 
at T=156.5 MeV from MUSIC
solid line: FluiduM 

resulting J/ψ spectra including corona 
contribution and feed-down from B

A. Andronic, P. Braun-Munzinger, J. Brunßen, J. Crkovska, J. 
Stachel, V. Vislavicius, M. Völkl, arXiv: 2308.14821
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J/ψ transverse momentum spectra

- for central collisions somewhat too much flow – shift by about 1 GeV
- are charm quarks reaching the very outer front of the expanding fireball? 

A. Andronic, P. Braun-Munzinger, J. Brunßen, J. Crkovska, J. Stachel, V. Vislavicius, M. Völkl, arXiv: 2308.14821
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for open heavy flavor hadrons strong contribution from resonance decays
 - include all known charm hadron states as of PDG2020 in SHMc
 -  compute decay spectra with FastReso:   76  2-body and 10  3-body decays
    (A. Mazeliauskas, S. Floerchinger, E. Grossi, D. Teaney, EPJ C79 (2019) 284)

Spectra of D mesons and Λc baryons

A.Andronic, P.Braun-Munzinger, M.Köhler, A.Mazeliauskas, 
K.Redlich, JS,V.Vislavicius JHEP 07 (2021) 035
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impact of resonance decays

feed-down to Λc

feeding very imporrant for D mesons and Λc baryons
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transverse momentum spectrum for χc1(3872) in the SHMc

note: dramatic enhancement at low pt predicted
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Open charm spectra – examples D0 and Λc

very good description of low and intermediate pt  
data
maximum in ratio arises naturally from expansion

enhanced charmed 
baryon spectrum

A. Andronic, P. Braun-Munzinger, J. Brunßen, 
J. Crkovska, J. Stachel, V. Vislavicius, M. Völkl, 
arXiv: 2308.14821
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blast wave parametrization of transverse momentum spectrum
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ALICE 3 – a nearly massless collider detector
inner tracker: curved Si, thickness: 0.1% RL

for LHC Run 5 and 6  (2034+)
Solenoid: 2T field

forward conversion tracker (FCT): for ultra-soft photons
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important role of German groups in the preparation of ALICE 3 and outer tracker: 
project leader of outer tracker:   Laura Fabbietti, TUM 
Kai Schweda, GSI : ALICE spokesperson (from Jan. 2026) 
Bernhard Ketzer, Bonn, Harry Appelshaeuser + Henner Buesching + Alberica Toia, Frankfurt, Silvia 
Masciocchi + Ralf Averbeck, GSI, Johanna Stachel,+ Klaus Reygers, Heidelberg, Anton Andronic, 
Muenster



 55 



 56 

mid-rapidity yields for Pb-Pb collisions
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dependence of Ωccc production yields on system size
for a run time of 106 s
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example: chi_c1(3872)
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J/psi and hyper-triton described with the same flow 
parameters in the statistical hadronization model

from review:  hypernuclei and other loosely bound objects produced in nuclear 
collisions at the LHC, 
pbm and Benjamin Doenigus, 
Nucl. Phys. A987 (2019) 144, arXiv:1809.04681

         binding energies:
         J/psi    600 MeV
         hypertriton   2.2 MeV
         Lambda S.E.  0.2 MeV      
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charmonium at LHC: peaks at mid-y and 
strong enhancement at low transverse momentum

nuclear modification factor:
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RHIC and LHC data compared to SHMc predictions

note the energy dependence of the nuclear modification factor RAA

the band with the model predictions at LHC energy is due to the uncertainties in the 
pp open charm cross section and the necessary shadowing corrections
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beyond yields: transverse momentum distributions

assume thermalization of charm quarks in QGP, charm quarks follow collective flow
use hydro velocity profile at pseudocritical temperature from MUSIC (3+1) D  
tuned to light flavor observables

and blast wave parametrization of spectral shape with T = 156.5 MeV and 
a fireball volume per unit rapidity for central PbPb collisions V = 4997 fm3

sensitivity to shape of freeze-out surface: backup
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charm fugacities and canonical suppression factors

different collision systems:
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energy dependence of T and mu_B

Nucl. Phys. A 772 (2006) 167-199
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QCD phase diagram vs 
‘slope of dilepton mass spectrum’

blue points result from analysis of mean particle multiplicities of > 10 different types for 
central Pb-Pb or Au-Au collisions at different collision energies (chemical freeze-out).
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Unique prediction of SHMc – open charm/charmonium

D0: cubar, m = 1.9 GeV, J=0
J/ψ: ccbar, m = 3.1 GeV, J = 1
in SHMc yield ratio governed by 
masses, degeneracy, strong 
feeding, and gc

 
→ J/ψ relative to D0 falls into place 
naturally, small uncertainties 

arXiv:2303.13361
for the first time ratio of fully pt 
integrated D0 to J/ψ available from 
ALICE 
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QCD phase diagram from ‘statistical hadronization model’ 

update 2025

hadronic matter cannot be 
heated to T > TCF even at LHC 
energy

lattice predictions in quantitative 
agreement with results from statistical 
hadronization model

Tpc = 156 MeV
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Conclusion of European Strategy Meeting, June 2025, Venice

slide: courtesy of Urs Wiedemann, CERN
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