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Freeze-out and Statistical Model  

in  
High Energy Collisions 

Lecture 3 

Dense Matter and SQM 



Statistical pattern TEe /−



QCD – energy density and pressure at finite temperature 
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Interaction measure since               in a free , massless theory 0=∆



S.Borsanyi et al. Phys. Lett. B 370 (2014) 99 
A.Bazavov (HotQCD collaboration) PRD90(2014)094503 
 

Thermodynamics of strong-interaction matter from Lattice QCD 
Heng-Tong Ding, Frithjof Karsch, Swagato Mukherjee arXiv:1504.05274 

http://arxiv.org/find/hep-lat/1/au:+Ding_H/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Karsch_F/0/1/0/all/0/1
http://arxiv.org/find/hep-lat/1/au:+Mukherjee_S/0/1/0/all/0/1
http://arxiv.org/abs/1504.05274


Non perturbative origin 
for  T  in the range 1-3 Tc  

O.Kaczmarek lectures 1+2 





Review SPS to RICH C. Blume and C. Markert arxiv:11052798 



Statistical Model 

J.Cleymans lectures 1+2 
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http://arxiv.org/abs/0901.3643
http://arxiv.org/find/hep-ph/1/au:+Becattini_F/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Becattini_F/0/1/0/all/0/1
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In the grand-canonical formulation of the statistical model, the mean hadron multiplicities are 
defined as 

Fireball  
volume 

Number of 
s or anti-s 

chemical 
potentials 

Chemical Freeze –out 
Temperature = hadronic 
abundances get frozen 

Strangeness 
suppression 





First, a primary hadron yield                 is calculated using 
previous equations. 

As a second step, all resonances in the gas which are unstable 
against strong decays are allowed to decay into lighter stable hadrons, 
using appropriate branching ratios (B) for the decay k → j published by 
the PDG. The abundances in the final state are thus determined 
by 
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different implementation schemes 
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WHY ? 

Freeze-out  
s/T^3 = 7 



 A. Bazazov et al. (HotQCD Collaboration), arXiv:1407.6387 







1) Why do elementary high energy collisions 
show a statistical behavior? 
 
2) Why is strangeness production universally 
suppressed in elementary collisions? 
 
3) Why (almost) no strangeness suppression in 
nuclear collisions? 
 
4) Why hadron freeze-out for s/T^3 = 7 or 
E/N=1.08 Gev 
 
5) Why thermalization in  so short time ( 0.5- 1 
fm/c)  



Canonical suppression 

 The nature of V in elementary collisions is quite different from that in nuclear collisions and this can in 
effect lead to different behavior for strangeness production .  
 

It specifies a boost-invariant 
proper time  at which local 
volume elements experience 
the transition from an initial 
state of frozen virtual partons 
to the  partons which will 
eventually form hadrons 

arXiv:1310.6932  
P.C. and H.Satz Causality Constraints on Hadron Production In High Energy Collisions 

Statistical Thermodynamics in Relativistic Particle and Ion 
Physics: Canonical or Grand Canonical? 
R. Hagedorn and K. Redlich  

Canonical aspects of strangeness enhancement 
A. Tounsia, A. Mischkeb and K. Redlich hep-ph/0209284 

http://arxiv.org/abs/1310.6932






one fireball - require that the spatially right-most point q_R at formation can 
send a signal to the spatially left-most point h_L at hadronisation; i.e., we 
require that the most separate points of the fireball can still communicate. 



Hadronization  

V = volume of the equivalent global cluster 

In elementary collisions, the clusters at rapidities sufficiently far apart are, as we 
have seen, causally disconnected, so that they cannot exchange information. Hence 
strangeness must be conserved locally; in pp collisions, for example, each cluster 
must have strangeness zero. 
In high energy nuclear collisions the equivalent global cluster consists of the different clusters 
from the different nucleon-nucleon interactions at a common rapidity. At mid-rapiditiy, for 
example, we thus have the sum of the superimposed mid-rapidity clusters from the different 
nucleon-nucleon collisions, and these are all causally connected, allowing strangeness 
exchange and conservation between the different clusters 



In elementary collisions, the clusters at rapidities sufficiently far apart are causally 
disconnected, so that they cannot exchange information. Hence strangeness must be 
conserved locally 

Correlation volume for strangeness 
Volume of the causally connected cluster 

Canonical aspects of strangeness enhancement 
A. Tounsia, A. Mischkeb and K. Redlich hep-ph/0209284 

I Kraus, J Cleymans, H Oeschler and K Redlich 

J. Phys. G: Nucl. Part. Phys. 37 (2010) 094021 

Statistical Thermodynamics in Relativistic Particle and Ion 
Physics: Canonical or Grand Canonical? 
R. Hagedorn and K. Redlich  Z. Phys. C - Particles and Fields 27, 541-551 (1985) 



Canonical suppression  could be  not enough… 

    no canonical suppression 



…. but it is in the data 

If in pp the energy is large enough to produce fireball with a large number of particles 
the  volume increases and the canonical suppression decreases  

p+p  





Fit statistical hadronization at LHC 

J Stachel, A Andronic, P Braun-Munzinger, K Redlich arxiv:1311.4662 





proton/pion 

Extrapolated T-mu critical line 
is flatter than the CFO curve 



Puzzles: Phi and Proton/pion ratio at LHC  



On the proton/pion puzzle 

The proton and antiproton yields are  
under the statistical hadronization model  
by about 3 sigma 

incomplete hadronic spectrum in the statistical hadronization model 

 states above 3 GeV in mass ( see later) 

lattice QCD simulations predict that numerous additional 
baryon resonances exist at low masses, partly with high 
spin and therefore degeneracy 

J Stachel, A Andronic, P Braun-Munzinger, K Redlich arxiv:1311.4662 



Hagedorn states 

Nuclear Physics A 00 (2014) Jacquelyn Noronha-Hostler, Carsten Greiner 

At a  temperature about 160 Mev, one populates the hadrons using 
multihadronic decay reactions driven through Hagedorn states. 

The solid black dots represent the situation where there are no initial protons, kaons, and lambdas in our system (while the 
pions and Hagedorn states begin in chemical equilibrium) whereas the outlined circles represent the scenario when all 
hadrons begin in chemical equilibrium 



Hagedorn states 
The Legacy of Rolf Hagedorn: Statistical Bootstrap and 
Ultimate Temperature – K.Redlich and H.Satz arxiv: 1501.07523 

relativistic particle i enclosed in volume  

Hagedorn just imagined that a heavy particle was somehow composed out 
of lighter ones, and these again in turn of still lighter ones, and so on, until 
one reached the pion as the lightest hadron. By combining heavy ones, you 
would get still heavier ones, again: and so on. The crucial input was that 
the composition law should be the same at each stage. Today we call that 
self-similarity 

Bootstrap equation 

J. Noronha-Hostler, M. Beitel, C. Greiner, and I. Shovkovy arxiv : 0909.2908 



R = radius of the hagedorn state 

M.Beitel,K.Gallmeister and C.Greiner PRC 90 045203 (2014) 



All previous determinations of its points in the (T, μ_B) plane, in the framework of SHM, have implicitly 
assumed that the primordial hadro-chemical equilibrium remains frozen-in throughout the final expansion 
phase.  
 
The baryon-antibaryon annihilation and regeneration processes do not fall away with the onset of expansive 
cooling. Their final effect consists of a considerable distortion of the initial, post-hadronization equilibrium yield 
distribution, in the antibaryon and baryon sector which affects the outcome of the SHM analysis. 

The UrQMD (microscopic simulations that  include inelastic processes) 
hadron/resonance cascade expansion stage is attached, as an “afterburner”. 
The outcome is again fitted by the SHM. 

Inelastic reactions between hadrons occurring after hadronization at high energy 

Hadron Formation in Relativistic Nuclear Collisions and the QCD Phase 
Diagram 
Francesco Becattini, Marcus Bleicher, Thorsten Kollegger,Tim Schuster, Jan 
Steinheimer and Reinhard Stock 

Phys. Rev. Lett. 111 (2013) 082302 

M.Bleicher 
lec.1+2 



UrQMD study of the expansion phase effects. 
Taking account of the yield changes in the baryon-antibaryon 
sector by applying UrQMDderived “survival factors” for each 
species, as a modification of the SM analysis, one recovers the 
primordial hadronization points.  



Y.Pan ans S.Pratt PHYSICAL REVIEW C 89, 044911 (2014) 

However 

regeneration 



 Born in equilibrium ? 
Is there another non-kinetic mechanism providing a 

common origin of the statistical features? 

1) Why do elementary high energy collisions 
show a statistical behavior? 
 
2) Why is strangeness production universally 
suppressed 
in elementary collisions? 
 
3) Why (almost) no strangeness suppression in 
nuclear collisions? 
 
4) Why hadron freeze-out for s/T^3 = 7 or 
E/N=1.08 Gev 
 
5) Why thermalization in  so short time ( 0.5- 1 
fm/c)  



Recall 





 
 arXiv:0710.5373  
The Unruh effect and its applications 
Luis C. B. Crispino, Atsushi Higuchi, George E. A. Matsa 

 

Rindler 
observer 

P.C. lect. 1+2 
Kaempfer lect.1 +2  

http://arxiv.org/abs/0710.5373
http://arxiv.org/find/gr-qc/1/au:+Crispino_L/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Higuchi_A/0/1/0/all/0/1
http://arxiv.org/find/gr-qc/1/au:+Matsas_G/0/1/0/all/0/1




Universal thermal behavior 

Event Horizon 

Uniform acceleration 

In QCD ? 

Confinement  rV σ→



Physical vacuum Event horizon for colored constituents 

Thermal hadron production Hawking-Unruh radiation in QCD 
P.C., D.Kharzeev and H.Satz -- D.Kharzeev and Y.Tuchin ( temperature) 

F.Becattini, P.C., J.Manninen and  H.Satz (strangeness suppression in e+e-)  

P.C.  and  H.Satz (strangeness  enhancement in heavy ion collisions)  

P.C., A. Iorio and  H.Satz  ( entropy and freeze-out)  

arXiv:1409.3104 

Adv.High Energy Phys. 2014 (2014) 376982 

Eur.Phys.J. C56 (2008) 493-510  

Eur.Phys.J. C52 (2007) 187-201  Nucl. Phys. A 753, 316 (2005) 

http://arxiv.org/abs/1409.3104










1) Why do elementary high energy collisions 
show a statistical behavior? 
 
2) Why is strangeness production universally 
suppressed in elementary collisions? 
 
3) Why (almost) no strangeness suppression in 
nuclear collisions? 
 
4) Why hadron freeze-out for s/T^3 = 7 or 
E/N=1.08 Gev 
 
5) Why thermalization in  so short time ( 0.5- 1 
fm/c)  



String breaking and  E/N = 1.08 Gev 



 Probing the States of Matter in QCD 
Strangeness production is a fundamental tool to understand thermalization and 
hadronization  
 
All abundances in high energy collisions , including those of strange hadrons, are  indeed 
given by an ideal resonance gas 

study the fluctuactions of conserved quantum numbers in an ideal hadron gas and compared 
this to both lattice results and heavy ion data. 

We thus find that high energy heavy ion collisions produce a medium which 
can be considered as hadronic matter in equilibrium, formed at the pseudo-
critical hadronization temperature predicted by lattice QCD. 

We want to find in the collision data some sign of the QCD transition, of something 
like critical behavior. For example, sufficiently close to a continuous transition, 
correlations appear at all scales because the correlation length diverges, and in QCD 
this must produce strong deviations from the ideal hadron gas behavior. 



Example: baryon number 



M. M. Aggarwal et al. (STAR Collaboration), 
Phys. Rev. Lett. 105 (2010) 22302 F. Karsch and K. Redlich, Phys. Lett. B695 (2011) 136 



Christian Schmidt, Nucl. Phys. A904-905 2013, 865c (2013) 



P. Braun-Munzinger, A. Kalweit, K. Redlich and J. 
Stachel arxiv 1412.8614 

Confronting fluctuations of conserved charges in central nuclear collisions at 
the LHC with predictions from Lattice QCD 



Conclusions 

the universal temperature at high energy suggests a universal mechanism underlying the 
Hadronization – a là Hawking-Unruh – where hadrons are born in equilibrium 
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