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Thermalization

Evolution of a heavy-ion collision
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Thermodynamic properties 
of the medium can be 
accessed by measuring soft 
probes

Pressure gradients 
cause a fast 
expansion of the 
system: collective 
evolution

Produced particles 
leave the collision area 
and can be detected

Kinetic freeze-out

Collectivity: long-range 
multi-particle correlations

Chemical 
freeze-out

kin



Soft probes from heavy-ion collisions
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Light flavor (u, d, s) 
hadrons produced at 
low pT (soft probes) 
constitute more than 
99% of the produced 
hadrons



The ALICE detector
A Large Ion Collider Experiment
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The ALICE detector

– Moderate  magnetic field (B = 0.5 T) in the mid-rapidity region |h| < 0.9 
– Tracking down to pT ∼ 100 MeV/c
– High granularity  to cope with the high occupancy in Pb-Pb collisions
– Extensive particle  identification (PID)  by several techniques 
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beam 
direction

Heavy-ion collisions

– The collision  impact 

parameter defines how 

many nucleons interact in 

the collision (centrality)

– Centrality is expressed as 

– In ALICE it is measured by 

dedicated detectors at 

forward rapidity (V0) 

– The density 

is achieved in the 
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Investigating particle dynamics
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p/K/p in Pb-Pb at √sNN = 5.02 TeV

– Mass-dependent hardening of the soft part with increasing centrality due 
to the collective evolution (radial flow)

8
arXiv:hep-ph/0407360

https://arxiv.org/abs/hep-ph/0407360


p/K/p in Pb-Pb at √sNN = 5.02 TeV
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– Mass-dependent hardening of the soft part with increasing centrality due 
to the collective evolution (radial flow)

arXiv:hep-ph/0407360

Identified particle spectra (p/K/p/..) are 

measured by ALICE in (almost) all collision 

systems provided by the LHC

– pp √s = 900 GeV, 2.76, 5.02, 7, 13 TeV

– p-Pb √sNN = 5.02 TeV

– Xe-Xe √sNN = 5.44 TeV

– Pb-Pb √sNN = 2.76, 5.02 TeV
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https://arxiv.org/abs/hep-ph/0407360


p/p

gray markers
Pb−Pb at 
√sNN = 2.76 TeV

Particle ratios: proton/pion
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– Same centrality, different energy
– Peak at √sNN =5.02 TeV in central collisions shifted to higher pT with 

respect to 2.76 TeV
– No significant evolution with √sNN (2.76 vs 5.02 TeV)



Baryon/meson ratio
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– At low pT baryons and 
mesons have the same 
behavior when 
considering particles with 
similar mass (e.g. p and f)

– Similar mass drives 
similar spectral shape

– Can be also described by 
models with 
recombination
Phys. Rev. C 92 (2015) 
054904 
(arXiv:1502.06213)

– Maximum of p/p and 
L/K0

s ratios pT ~ 3 GeV/c
– No significant change 

with the collision system

p/f

L/K0
s

p/p



Mass-dependent hardening
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Mass-dependent hardening 
of the soft part with 
increasing centrality due to 
the collective evolution 
(radial flow)

– Contribution from the “soft” 
part of the spectra

– Protons and f-mesons exhibit 
a similar <pT>

– Charged particle multiplicity 
identified as a scaling quantity

– In A-A collisions at LHC 
energies the hardening is 
found to be independent of 
the nucleus size



Particle ratios: proton/pion
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– Peak at 2-4 GeV/c due to radial flow
– No significant evolution with the colliding nucleus size

Similar 
multiplicity



Particle ratios: proton/pion
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– Peripheral collision are more similar to pp and p‒Pb collisions (smaller 
charged particle multiplicity)

– Significant evolution with the size of the collision system (large 
differences in multiplicity)

– Evolution of the baryon/meson ratio also in small systems

Small Intermediate Large

p/p



Blast-Wave model
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Schnedermann, Sollfrank and Heinz Phys. Rev. C 48, 2462

» βT → Radial expansion velocity
» TKin → Kinetic freeze-out temperature

– Locally thermalized medium, 

collective expansion with 

common expansion velocity

and freeze-out temperature

– Describes the particle 

distribution at kinetic freeze-

out as a result of the 

expansion of a thermalized 

source

– Boltzmann-Gibbs statistics is 

used as an initial thermal 

distribution

– Free parameters are 

obtained by fitting the 

measured p/K/p distributions



Blast-Wave model: parameters
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– The maximum expansion velocity is reached in the most central 
collisions

– Central collisions exhibit the lowest kinetic freeze-out temperature



Blast-Wave model: parameters
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– The expansion velocity slightly increases with the collision energy
– Central collisions exhibit the lowest kinetic freeze-out temperature 

(~85 MeV) longer lived system at higher multiplicities?



Blast-Wave model: small systems
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– Continuous evolution as a function of the event multiplicity is 
found in small systems, weak correlation in small systems

– Larger decoupling temperature with respect to heavy-ion collisions



Asymmetric flow coefficients
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– Non-spherical strongly interacting systems 
convert spatial anisotropies to momentum 
anisotropies → anisotropic flow

– Quantified in terms of Fourier coefficients

v2 v3 v4

Elliptic flow Triangular flow

V2 = 0
V2 = 0.5

V3 = 0

V3 = 0.5
V4 = 0

V4 = 0.5
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– pT < 2 GeV/c →mass ordering indicative of radial flow

– pT ~2.5 GeV/c → crossing between v2 of baryons and mesons

– pT > 3 GeV/c → v2 baryons > v2 mesons up to pT ≈ 10 GeV/c quark content

– f follows mass ordering at low pT (proton v2) and quark content at 
intermediate pT

Identified particle v2

JHEP09 (2018) 006 arXiv:1805.04390

https://doi.org/10.1007/JHEP09(2018)006
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v2and v3 accross different systems

– The anisotropic flow in 
heavy-ion collisions at the 
LHC depends only weakly 
on the size of the collision  
system (Pb-Pb vs Xe-Xe)

– Centrality dependence of v2

and v3 shows similar trends
in both Pb-Pb and Xe-Xe 
collisions (different charged 
particle multiplicities)

– Increase in v2 is larger than 
for v3

Phys. Lett. B784 (2018) 82 arXiv:1805.01832

https://doi.org/10.1016/j.physletb.2018.06.059
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Identified particle v3

– Positive v3 for all particle species up to pT = 8 GeV/c

– v3 is smaller in central collisions

– pT < 2 GeV/c →mass ordering indicative of radial flow

– pT ~ 2.5 GeV/c → crossing between baryons and mesons

– pT > 3 GeV/c → particle type dependence (baryons and mesons)

JHEP09 (2018) 006 arXiv:1805.04390

https://doi.org/10.1007/JHEP09(2018)006
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Anysotropic flow in small systems
Heavy-ions:

– Multiplicity 

dependence of v2

depends on the 

collision system 

(different 

centrality)

Small systems:

– vn are comparable 
to heavy-ion 
collisions at low 
NCh

– Weak multiplicity 
dependence

v2 > v3 > v4



Investigating hadrochemistry
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Integrated particle yields
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– The integrated 
particle yields exhibit 
a continuous 
evolution with the 
charged particle 
multiplicity

– Independent of the 
collision system for 
heavy-ion collisions

– At large multiplicities 
small systems reach 
the values observed 
in heavy-ions

Phys. Lett. B758 (2016) 389-401
Nature Phys. 13 (2017) 535-539
Phys. Rev. C 99, (2019) 024906



Thermal models
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– At chemical freeze-out, the system (hadron resonance gas) is in thermal 

and chemical equilibrium

– The particle abundances in a thermalized medium can be derived as a 

function of its thermodynamic properties (temperature and volume) 

from the system's partition function

– In heavy-ion collisions the grand-canonical ensemble is used

– Quantum number conservation (baryon number, strangeness, electric 

charge) in the reaction is ensured by chemical potentials mi that can be 

fixed from the quantum numbers of the initial stage (e.g. at mid-rapidity 

mB ~ 0)



Thermal models
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– Single chemical freeze-out temperature for all particle species
– The chemical freeze-out temperature in central Pb-Pb collisions at

√sNN = 5.02 TeV is 153 ± 2 MeV
– Close to the critical temperature Tc obtained from lattice QCD (154 ± 9 MeV)
⇒ phase transition is close to chemical freeze-out Phys. Rev. D 90, 094503 (2014)

https://doi.org/10.1103/PhysRevD.90.094503
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– Soft probes allow us to investigate dynamics and 

hadrochemistry of the fireball evolution

– The collision systems provided by the LHC allow to study 

particle production as a function of the collision energy 

and of the collision system

– Charged particle multiplicity is found to be a scaling 

property for the collective evolution

– Thermal models of particle production are able to 

describe the hadron abundances with a single 

temperature in heavy-ion collisions

Summary
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Particle identification with ALICE
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TPC

ITS

TOF HMPID

Excellent signal separation for pions, kaons, protons in the mid-rapidity region

Inner Tracking System 
(ITS)

– dE/dx in silicon

– 4 layers with analogue 
readout

Time Projection Chamber 
(TPC)

– dE/dx in gas (Ar−CO2)

– σdE/dx ~ 5%

Time Of Flight (TOF)

– Time-of-flight 
measurement

– σTOF ~ 60 ps

High Momentum Particle 
IDentification (HMPID)

– Cherenkov angle 
measurement



p/K/p separation

The ALICE detector

– Vertexing and tracking

– 4 layers with analogue readout

– PID at low pT from dE/dx in silicon
31

ITS

Inner Tracking System



p/K/p separation

The ALICE detector

– Main tracking detector

– dE/dx in gas (Ar−CO2)

– σdE/dx ~ 5% in Pb-Pb collisions

– Identification at low and high pT
32

TPC

Time Projection Chamber



p/K/p separation

The ALICE detector

– Time-of-flight measurement

– σTOF ~ 60 ps

– Identification at intermediate pT 33

TOF

Time Of Flight



p/K/p separation

The ALICE detector

– Cherenkov angle measurement

– Identification at high pT

34

HMPID

High Momentum 
Particle IDentification



Particle identification with ALICE

A continuous K/p and p/K separation is possible by combining the 
information of ITS, TPC, TOF, HMPID over different pT intervals
– TOF identification in the intermediate pT range (~ 0.5-5 GeV/c)

35

K/p p/K

Int. J. Mod. Phys. A 29 (2014) 1430044


