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Content 

 Introduction to heavy ions 
 𝑝𝑝T spectra (kinetic freeze-out) 
 Yields (chemical freeze-out) 
 Anisotropic flow 

– Decomposition of azimuthal spectra: 
• Initial state fluctuations 
• QGP properties – viscosity (𝜂𝜂/𝑠𝑠) 

Selection of mostly Pb-Pb results 
For more pp and p-Pb see list of talks at the end of my presentation 

Goal: study macroscopic properties 
of strongly interacting  matter 
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The QCD phase transition 

The QCD phase transition 
 At LHC net baryon 

Density ~ 0 
 Crossover for physical 

quark masses 
 Confinement and chiral 

transitions both at 
𝑇𝑇~155 𝑀𝑀𝑀𝑀𝑀𝑀 
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Heavy Ion collisions study strongly interacting 
matter at finite temperature 



Colliding nuclei 

Heavy ion collision 
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Production of colour medium and equilibration 

Heavy ion collision 
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PreEquilibrium 



QGP and expansion 
Heavy ion collision 

LHCP2017 May 15-20, 2017 Shanghai, China   Roman Lietava 6 

QGP expansion 

PreEquilibrium 



Hadronisation and Chemical freeze-out  
Heavy ion collision 

LHCP2017 May 15-20, 2017 Shanghai, China   Roman Lietava 7 

Chemical freeze-out 
Hadronisation 

QGP expansion 

PreEquilibrium 



Kinetic freeze-out 
Heavy ion collision 
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PreEquilibrium 

QGP expansion 

Chemical freeze-out 
Hadronisation 

Kinetic freeze-out 



Heavy ion collisions 
 Observables: 

– Hadron spectra and flow 
– photon/W/Z 
– Jets 

 HI standard model: 
– Initial state 

• QCD 
model/approximation 

– Hydrodynamical 
expansion  
• Ideal or viscous 

– Hadronisation 
– Hadron transport model 
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 Experiments: 
– ALICE 

• Low 𝑝𝑝T 
• PID 

– ATLAS/CMS 
• Wide 𝜂𝜂 
• High 𝑝𝑝T 

– LHCb 
• Forward 𝜂𝜂 
• Fixed target  

– B. Schmidt, this session 
– E.Maurice, Thursday, HI II 



Geometry of heavy ion collisions 
We can control (a posteriori)  the geometry of heavy ion collisions 

Centrality Variables: 
• Number of 
nucleon-nucleon 
collisions Ncoll 
• Number of nucleon  
participants Npart 
• Percentile of                   
hadronic cross 
section 

Central Peripheral 

Participants 
Collisions 

~ # charged particles 
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H.Pei in Performance III on Friday 



Transverse momentum spectra 

Model:  
Blast Wave – hydro inspired parametrisation 
 Kinetic freeze-out temperature 𝑇𝑇kin 
 Transverse expansion velocity 𝛽𝛽T 
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Hadron spectra: 
𝒅𝒅𝒅𝒅

𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝐓𝐓
= �

𝒅𝒅𝟑𝟑𝒅𝒅
𝒅𝒅𝒅𝒅𝐓𝐓𝒅𝒅𝒅𝒅𝒅𝒅𝝋𝝋

  𝒅𝒅𝝋𝝋 

 
𝑝𝑝𝑇𝑇 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡𝑀𝑀𝑡𝑡𝑠𝑠𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑀𝑀𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 

𝑦𝑦 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑦𝑦 
𝜑𝜑 − 𝑡𝑡𝑎𝑎𝑟𝑟𝑚𝑚𝑚𝑚𝑡𝑡𝑎𝑡𝑡𝑎𝑎 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑀𝑀 

 

Kinetic freeze-out temperature and expansion velocity 

𝑻𝑻𝐤𝐤𝐤𝐤𝐤𝐤 𝜷𝜷𝐓𝐓 



Hadron spectra Pb-Pb 

Hardening of spectra as expected in hydro expansion 
 With centrality  
 With the particle mass 𝑚𝑚T → 𝑚𝑚T + 𝑚𝑚0γ𝛽𝛽T 
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 Temperature versus 
expansion velocity 
for pp, p-Pb, Pb-Pb 

Kinetic freeze-out 

 Similar trend for Pb-
Pb, p-Pb and pp 

⇒ G.Volpe, QCD II today 
⇒ O. Vazquez, HI I today 

𝑻𝑻𝐤𝐤𝐤𝐤𝐤𝐤 
𝜷𝜷𝐓𝐓 
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PLB 768 (2017) 103-129 

KS
0,Λ 



Particle yields 

Models 
 Thermal models 
 EPOS, (DIPSY,PYTHIA – only pp) 

Hadron yield: 

𝒀𝒀 =
𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

= �
𝒅𝒅𝟑𝟑𝒅𝒅

𝒅𝒅𝒅𝒅𝐓𝐓𝒅𝒅𝒅𝒅𝒅𝒅𝝋𝝋
  𝒅𝒅𝝋𝝋𝒅𝒅𝒅𝒅𝐓𝐓 

 
𝑝𝑝𝑇𝑇 − 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡𝑀𝑀𝑡𝑡𝑠𝑠𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑀𝑀𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚 

𝑦𝑦 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑦𝑦 
𝜑𝜑 − 𝑡𝑡𝑎𝑎𝑟𝑟𝑚𝑚𝑚𝑚𝑡𝑡𝑎𝑡𝑡𝑎𝑎 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑀𝑀 

Chemical freeze-out temperature 
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Thermal model 

• Describes  
hadron yields 
assuming  
chemical  
equilibrium 
• T ~ 156 MeV  
~ lattice QCD  
phase transition  
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THERMUS: Wheaton et al,Comput.Phys.Commun, 180 84 
GSI-Heidelberg: Andronic et al, PLB 673, 142 
SHARE:Petran et al,Comput.Phys.Commun., 185 Issue 7,2056 



Thermal model 

• Describes  
hadron yields 
assuming  
chemical  
equilibrium 
• T ~ 156 MeV  
~ lattice QCD  
phase transition  
• Deviations for: 
Protons, K*0 

Sequential  
freeze-out ? 
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THERMUS: Wheaton et al,Comput.Phys.Commun, 180 84 
GSI-Heidelberg: Andronic et al, PLB 673, 142 
SHARE:Petran et al,Comput.Phys.Commun., 185 Issue 7,2056 



Strangeness enhancement 
 Chiral symmetry restored in QGP 

– strangeness reach chemical 
equilibrium 

 Enhacement = 𝑌𝑌(𝐻𝐻)
𝑌𝑌(𝜋𝜋)

 ; 

        𝐻𝐻 = Λ,Ξ,Ω  
 Thermal models for 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 >

150 describe saturated ratio at 
𝑇𝑇~ 165 𝑀𝑀𝑀𝑀𝑀𝑀 

 
Rafelski/Muller PRL48 106 1982 
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PLB 728 (2014) 216-227 



 Enhancement  for pp, p-Pb 
and Pb-Pb in multiplicity 
classes 

 Smooth evolution from pp/p-
Pb to peripheral Pb-Pb 
collisions 

 Scaling with 𝑟𝑟𝑁𝑁/𝑟𝑟𝜂𝜂 
 Models fail to describe 
 See also P.Bartalini talk (QCD 

Tuesday) 

Strangeness enhancement 
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Observed particle spectrum is the result of the fireball expansion.  

Collective expansion 

If the system is asymmetric in spatial coordinates,  scattering 
converts it to anisotropy in momentum space 
 

𝑡𝑡1 – direct flow,   𝒗𝒗𝟐𝟐- elliptic flow 

𝐸𝐸
𝑟𝑟3𝑁𝑁
𝑟𝑟3𝑝𝑝

=
𝑟𝑟2𝑁𝑁

2𝜋𝜋𝑝𝑝T𝑟𝑟𝑝𝑝T𝑟𝑟𝑦𝑦
1 + 2 �𝑡𝑡𝑛𝑛 𝑝𝑝T cos 𝑡𝑡(𝜑𝜑 − 𝜓𝜓𝑛𝑛)

∞

𝑛𝑛=1

 

Radial flow 

If nuclei overlap is a smooth almond shape odd harmonic are zero. 
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 Flows 𝑡𝑡𝑛𝑛measured from particle correlations 
 Effects other than collective flow can contribute 

– jet/resonance decays/Bose-Einstein correlations 

 Suppress non-flow: 
– Correlate in separated phase space, i.e. pseudorapidity 

gap 
– Correlate more than 2 particles and subtract  lower order 

- technique of multiparticle cumulants  

Flow measurement 

𝑡𝑡𝑛𝑛 4 = −𝑐𝑐𝑛𝑛 44   ;   𝑐𝑐𝑛𝑛 4 = 4 − 2 2 ;  
4 = 𝑐𝑐𝑚𝑚𝑠𝑠 𝑡𝑡 𝜑𝜑1 − 𝜑𝜑2 + 𝜑𝜑3 − 𝜑𝜑4  
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𝑡𝑡2 2 = 𝑐𝑐𝑛𝑛 2 ;   𝑐𝑐𝑛𝑛 2 = 2 = cos𝑡𝑡 𝜑𝜑1 − 𝜑𝜑2  



 𝑡𝑡2 𝑝𝑝𝑇𝑇  in centrality bins compared with hydro prediction (hydro tuned 
on 2.76 TeV data) 

 Hydro describes  mass hierarchy 
 QGP behaves as almost ideal fluid 
 

 

Elliptic flow 

Shear viscosity over entropy density 𝜂𝜂/s=0.095 (QM bound 0.08) 
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Higher harmonics 
 Initial geometry not described by the ideal almond shape 

– Fluctuations of initial energy/pressure distributions lead to “irregular” 
shapes that fluctuate event-by-event 

 Higher harmonics more sensitive to the value of shear 
viscosity 
 

 

 

arXiv:1209.6330 
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Hydro evolution of initial state (ideal and viscous hydro): 
fluctuations of initial state are damped by viscosity. 



Higher harmonics 
 Initial geometry not described by the ideal almond shape 

– Fluctuations of initial energy/pressure distributions lead to “irregular” 
shapes that fluctuate event-by-event 

 Higher harmonics more sensitive to the value of shear 
viscosity 
 

 

 

arXiv:1209.6330 
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Hydro evolution of initial state (ideal and viscous hydro): 
fluctuations of initial state are damped by viscosity. 
For viscosity estimate see next slide. 

ALICE: PRL 116, 132302 (2016) 

ATLAS-CONF-2016-105 



 Bayes estimate using: 
– Multiplicity (yields) 
– 𝑝𝑝Tspectra  
– Flow coefficients 𝑡𝑡2,3,4 

 Parametric Initial state 
model TRENTO  
– Initial state entropy 
𝑠𝑠 𝜏𝜏0 = 𝑓𝑓(𝑝𝑝) 

 Evolution:  
– Viscous hydro 
– Hadron cascade 

 9 parameters 
 
 

Initial state and viscosity estimate 

PRC94, 024907 (2016) 
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 Bayes estimate using: 
– Multiplicity (yields) 
– 𝑝𝑝Tspectra  
– Flow coefficients 𝑡𝑡2,3,4 

 Parametric Initial state 
model TRENTO  
– Initial state entropy 
𝑠𝑠 𝜏𝜏0 = 𝑓𝑓(𝑝𝑝) 

 Evolution:  
– Viscous hydro 
– Hadron cascade 

 9 parameters 
 
 

Initial state and viscosity estimate 
Initial state 

Viscosity 

PRC94, 024907 (2016) 

Posterior distribution 
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 Optimise sensitivity of flow related variable 
to disentangle medium properties (𝜂𝜂/𝑠𝑠) and 
initial conditions 
– Flow correlations, factorisations, correlations: 

• Direct event by event measurement of 𝑝𝑝 𝑡𝑡𝑛𝑛  
–  properties of probability distribution function 𝑝𝑝 𝑡𝑡2   
–   𝑡𝑡2 2 2 = 𝑡𝑡𝑛𝑛2  but if pdf 𝑝𝑝 𝑡𝑡2 ≠ 𝛿𝛿 𝑡𝑡2     then 𝑡𝑡𝑛𝑛2 ≠ 𝑡𝑡𝑛𝑛 2  

• Correlation,factorisation: 
– Fourier coefficients may be correlated due to physics  
– Correlate flows 𝑡𝑡𝑛𝑛 , event planes  𝜓𝜓𝑛𝑛 and their combinations 

in different phase space 
– 𝑐𝑐 𝑋𝑋 𝑥𝑥 ,𝑡𝑡;𝑌𝑌 𝑦𝑦 ,𝑚𝑚 = 𝑋𝑋𝑛𝑛 𝑥𝑥 𝑌𝑌𝑚𝑚 𝑦𝑦 − 𝑋𝑋𝑛𝑛 𝑥𝑥 𝑌𝑌𝑚𝑚 𝑦𝑦  

Beyond 𝒗𝒗𝒏𝒏 
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 Technique: Unfolding directly pdf of 𝑝𝑝 𝑡𝑡2  (see ATLAS JHEP 
11(2013) 183) 

– 𝑡𝑡2 2 ,𝑡𝑡2 4 ,𝑡𝑡2 6 ,𝑡𝑡2 8  calculated using 𝑝𝑝 𝑡𝑡2  
 𝑝𝑝 �⃗�𝑡2  - usually assumed to be Gaussian 
 𝑡𝑡2 4 ~𝑡𝑡2 6 ~𝑡𝑡2 8   

– splitting characterise departure from  
Gauss of 𝑝𝑝 𝑡𝑡2   

 

Elliptic Flow fluctuations 

CMS: HIN-16-019 LHCP2017 May 15-20, 2017 Shanghai, China   Roman Lietava 27 

 J.Milosevic  in Heavy Ions today 



 Broken boost invariance ? 
 Fluctuation in 𝜂𝜂 ?  
ATLAS-CONF-2017-003 

Flow factorisation in 𝜼𝜼 
Boost invariance of initial conditions tested 
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 K. Wozniak  in Heavy Ions today 



 Fluctuation in 𝜂𝜂 ? 
 Broken boost invariance ? 
ATLAS-CONF-2017-003 / CMS: PRC92, 034911 (2015) 

 

Flow factorisation in 𝜼𝜼 
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Boost invariance of initial conditions tested 



 In Pb-Pb collisions at the LHC, a sizeable fireball 
with initial temperature T > 300 MeV is created 

 Hydrodynamics describes the expansion of the 
fireball ⇒ system behaves like an almost ideal 
liquid 
– degrees of freedom are quarks and gluons 
– viscosity estimate improves 

 Some QGP signatures observed also in high 
multiplicity p-Pb and pp systems  
– What is the smallest size for QGP fluid ? 
– Very exciting and quickly evolving topic 
– Connection to soft pp physics  

Summary 
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 V.Zaccolo: Soft-QCD results in pp and p-Pb with ALICE 
 G.Volpe:  Multiplicity dependence of particle production with 

ALICE 
 P.Bartalini: QCD with ALICE and LHCb 
 O. Vazquez Rueda: New results on collectivity with ALICE 
 K.Wozniak: New results on collectivity with ATLAS 
 J.Milosevic: New results on collectivity with CMS 
 R.Kopecna: New results on collectivity with LHCb 

 
 

Soft Probes related talks 
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Backup 
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 Asymmetry of detector and p-Pb/Pb-p is used to cover 
in nucleon-nucleon cms: 
• 1.5 < 𝑦𝑦 < 4.4 
• −5.4 < 𝑦𝑦 < −2.5 

 Ridge has similar size in both regions 
 The correlation structures grow stronger wit 

increasing event activity 

LHCb p-Pb correlations (5TeV) 

arXiv:1512.00439v2 
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 Symmetric two particle flow cumulant 
𝑆𝑆𝑆𝑆 𝑚𝑚,𝑡𝑡 : 𝑆𝑆𝑆𝑆 𝑚𝑚,𝑡𝑡 = 𝑡𝑡𝑚𝑚2 𝑡𝑡𝑛𝑛2 − 𝑡𝑡𝑚𝑚2 𝑡𝑡𝑛𝑛2  
– 𝑆𝑆𝑆𝑆 𝑚𝑚,𝑡𝑡 = 0 if no fluctuations or  n and m  uncorrelated 

 Different behaviour in  
– fluctuation dominated region (central) 
– Geometry dominated region (mid-

central)  
 Discriminate between models 

Flow amplitude correlations 

HIN-16-022 PRL 117 182301 (2016) 
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ALICE/CMS comparison 
 Different bins in centrality 
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 𝑝𝑝/𝜋𝜋 same at 2 and 5 tev 
  anihilation 𝑝𝑝�̅�𝑝 → 4𝜋𝜋, reverse reaction less likely with 

expansion 
  sequential freeze out 

 

Proton in thermal model 
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Blast wave 
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Blast wave description of the spectra:  
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ββ

+
>=< ⊥ 2

2
Uniform particle density 

Ref: E Schnedermann, J Sollfrank and U Heinz, Phys. Rev. C48 (1993) 2462  

Hydro picture: 
 mT spectra sensitive to the transverse flow 
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Hadron spectra Pb-Pb 
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Transverse energy – Energy density 

 Produced particles: 
 dET/dη = (2016.5±5.7±144.3) 

GeV 
 
 
  

 Energy density (Bjorken): 
ε ~ 10 GeV/fm3 ,T~ 300 MeV  at 
τ0=1fm/c 

 dy
dE

AV
E T

0

1)(
τ

τε ==
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Thermal model 
 arXiv:1610.03001 

 
 ALICE data 
 Canonical 

suppression 
 THERMUS – 

thermal model 
with correlation 
radius 

 Reasonable 
description 

 see Collectivity in 
small systems 
talks 
 LHCP2017 May 15-20, 2017 Shanghai, China   Roman Lietava 40 



 Constant 2k harmonic -> consistent with 
Gauss-Bessel 

 One can extract sigma  

vn {2k} for Gauss Bessel 
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 HIN-16-018 

CMS Plane correlations 
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 Motivation:   
– Linear part depends on 

initial conditions 
– Nonlinear part sensitive 

to freeze-out 

Harmonics: linear/nonlinear 
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Geometry and flow 

𝑡𝑡2~𝜖𝜖2 
𝜀𝜀2 = 𝑀𝑀(𝑥𝑥,𝑦𝑦) cos 2 𝜑𝜑 − 𝜓𝜓2  

𝑀𝑀(𝑥𝑥, 𝑦𝑦) – distribution of energy density of initial state 
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HBT radii – System Size 

Fireball volume at freeze-out: 
 V ≈ 5000fm3  ≈ 4 x Pb volume 

Lifetime ~ 10 x QCD scale (1/ΛQCD) 

QM Interference of identical particles 
(Hanbury-Brown & Twiss interferometry) 
allows  to measure source size and duration  
of emission. 
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