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A Heavy-Ion Event
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A Zoo of Particles!
Measured by combining various techniques
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Anti-Alpha in Pb-Pb

10 anti-alphas in the 2011 Pb-Pb experiment, using TPC and TOF          
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Outline
• Hadrons with light flavour are suited to test the phase 

transition, the chemical and the kinetic freeze out
• Goal: to develop a detailed view of the time evolution 

-> understanding hadronization

• Comparing pp, p-Pb and Pb-Pb collisions
      π, K, p and (multi)-strange
      Resonances
      Nuclei

Where do we stand in respect to Tcrit, Chemical and 
kinetic freeze out? What‘s next?



Thermal fits – Pb-Pb
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[Wheaton et al, 
      Comput.Phys.Commun, 180 84]
[Petran et al, arXiv:1310.5108]
[Andronic et al, PLB 673 142

Particle yields of light flavor 
hadrons are described over 7 
orders of magnitude within 
20% with a common chemical 
freeze-out temperature of
 Tchem ≈ 156 MeV 

Largest deviations observed 
for protons (incomplete hadron 
spectrum, baryon annihilation 
in hadronic phase,..?) and for 
K*0(explained later)
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Particle ratios in HIC

ALICE Coll., Phys. Rev. Lett. 109, 252301 (2012) 

μB ☺

?
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Strangeness Enhancement

SPS

RHIC

LHC

What causes the decrease? pp or Pb-Pb

Phys. Lett. B 728 (2014) 216
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Centrality Depedence of Multi-strange Baryons

Predictions with 
T = 170 MeV 
(J. Cleymans et 
al.) 

T = 164 MeV 
(A. Andronic et 
al.)

ALICE Coll.

PL B728 (2014) 
216

pp
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Testing Canonical Suppression at LHC

can./grand can.

Example:

T = 170 MeV

μB = 1 MeV

Values for LHC

ΔS=1
ΔS=3K/π

Ξ/π

Ω/π

Measured 
ratio(pp)/ratio(PbPb)

Prediction for LHC: I. Kraus et al., PRC 79 (2009) 014901
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Centrality Dependence

ALICE: PL B 728(2014) 25
Influence of canonical suppression
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Strangeness canonical suppression pp, p-Pb, Pb-Pb

Ξ

Ω
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t~10 fm/c

Resonances with lifetimes of 
about a few  fm/c 

resonance ~ fireball  

Resonances might decay 
during the evolution from 
chemical to kinetic freeze 
out. 

Then, the decay products 
might scatter. As the 
resonance yields are 
determined via the 
invariant mass, those are 
lost! 

If their life time is longer 
than the one of the fire 
ball, this effect will be 
small.

Resonances in heavy-ion collisions

Lifetime [fm/c] :
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K*/K vs. <Npart> and 
sNN

 /K: independent of collision centrality
• K*/K : decreases with increasing 

centrality
• K* suppression due to interactions of 

the decay products in hadronic medium. 
 not affected due to long lifetime.

pp

HI
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Decrease of the K*/K 
depends on radial 

extention of the fireball

ALICE Coll. Phys. Rev. C 91 (01) 0409    STAR Coll. , Phys. Rev. C 4, 4909 (010) 

Bigger, denser
  
-> More 
rescattering

> stronger 
suppression

Yield of K
* is 

changed AFTER chemical fr
eeze out

p-Pb: ALICE
EPJC 76 (2016) 245 
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Baryon-meson ratio

ALICE PRL 111 (2013) 222301   similar STAR: PRL 108(2012)

Speculation: recombination of two/three quarks  

pp: no variation 



Key parameter? 
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Central Pb-Pb: mass is the key! ALICE Coll. Phys. Rev. C 91 (2015) 024609 
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Centrality dependence in 
Pb-Pb collisions at √sNN = 2.76 TeV

ALICE Collaboration:  Phys. Rev. C 88 (2013) 044910
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Radial Flow in Pb-Pb, in p-Pb and in pp?

ALICE Collaboration:  Phys. Rev. C 88 (2013) 044910

PYTHIA also “gives” a β! 



Collectivity and thermal equilibrium          
in Pb-Pb collisions with light (anti-)nuclei

ALICE Collaboration, Phys. Rev. C 93, 024917 (2016)



Blast wave fits with nuclei
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ALICE Collaboration,
Phys. Rev. C 93, 024917 (2016)

Deuterons and 3He
have the same β (0.632)!
BW only pi,K and p 
-> β = 0.644

Conflict with coalescence



Do nuclei fit into chemical freeze out?
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ALICE Collaboration,
Phys. Rev. C 93, 024917 (2016)

Yes! 
With Tchem 150 – 160 MeV!



Mass ordering
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ALICE Collaboration,
Phys. Rev. C 93, 024917 (2016)
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d/p ratio

Thermal: no variation
Δ B = 1,   yet, p/π does not change, Λ/K does not change

ALICE: PL B 728(2014) 25 



• Particle ratios show a continuous evolution  
from pp, p-Pb to Pb-Pb. Scaling with dn/dη! 
(strong evidence for canonical suppression in 
small systems!)

• Decrease of K*/K with centrality: Fireball 
phase from Tchem -> Tkin (rescattering)

• Blast wave in Pb-Pb: T around 100 MeV, high β

• Nuclei: Pb-Pb: follow radial flow, d/p 
constant (thermal). Both in contrast to 
coalescence.  Yet, in p-Pb rising d/p conflict 
with thermal interpretation

25
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Pb-Pb Collisions in ALICE



Thank you



(Anti-)-hyper-nuclei

27
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Predictions for LHC

Prediction for 
heavy ions:

Grand can. (blue)

I. Kraus et al.,

PRC 74 (2007)

For pp collisions:

Canonical (yellow 
and red)

I. Kraus et al.,  
PRC 79(2009)

 



Particle identification in ALICE
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Weakly decaying hadrons and 
hyper-nuclei are reconstructed via 
their decay topology using their 
daughter tracks which are 
displaced from the primary vertex 
and constructing the invariant mass

Stable hadrons and light (anti-)nuclei are directly identified via 
specific energy loss, time-of-flight, and Cherenkov radiation
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LHC Energies

pp  7 TeV Pb-Pb 2.76 TeV

p/π the same in pp and Pb-Pb, 

BUT lower than expected from stat. models

K/π in pp is lower than in Pb-Pb, expected from stat. model!

Strangeness is okay!        Fitting with γs -> around 1



Do nuclei fit into chemical freeze out?

31

ALICE Collaboration,
Phys. Rev. C 93, 024917 (2016)
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Production of (anti-)nuclei
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A-A pp

Strangeness in pp and Pb-Pb

In HIC, the ratio Ξ/π remains constant, while in pp it rises!
What is behind? 
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Transverse momentum 
spectra

• Transverse momentum 
distribution of identified 
charged particles 
produced in pp collisions 
at √s = 7 TeV measured 
over 10 orders of 
magnitude

• Analysis of relativistic 
rise in TPC extends 
spectra to 20 GeV/c or 
higher

4

Excellent PID
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