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Roberto Preghenella

Heavy-ion physics

2

nuclear matter under 
extreme conditions 

high temperature and 
energy-density

expected to undergo a 
phase-transition 

hadronic matter 
↓ 

Quark-Gluon Plasma (QGP)

study the phase diagram 
and the properties of hot 

QCD matter
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Heavy-ion collisions at the LHC

3
  

21

Il tunnel di LHC

Introduzione a LHC e ai suoi esperimenti

Run-1 @ 2.76 TeV / nucleon pair  
Run-2 @ 5.02 TeV / nucleon pair
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Evolution of the fireball

4

Pb Pb
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Hard scattering + thermalisation
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< 1 fm/c

Pb Pb
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Partonic phase

6

QGP 
~ few fm/c

ex
pan

sio
n

Pb Pb
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Hadronisation
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phase transition 
QGP → hadron gas

ex
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n

Pb Pb
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Chemical freeze-out
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no more inelastic collisions 
fixed chemical composition

ex
pan

sio
n

Pb Pb
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Hadronic phase

9
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hadron-resonance gas 
~ few fm/c

Pb Pb



Roberto Preghenella

Kinetic freeze-out

10
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no more collisions 
fixed spectra

Pb Pb



Particle production in
nucleus-nucleus 

collisions
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The particle zoo

12

ALICE has measured the production of a large number of  
particles, resonances and nuclei and anti-particles/nuclei

3ΛH

3He 4Hed

ΩΞΛKS0

pK±π±

K* φ Ξ*Σ*

D0 D*+ DS J/ψ ψ' Υ

π0

Λ*η
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The particle zoo

13

ALICE has measured the production of a large number of  
particles, resonances and nuclei and anti-particles/nuclei

3ΛH

3He 4Hed

ΩΞΛKS0

pK±π±

K* φ Ξ*Σ*

D0 D*+ DS J/ψ ψ' Υ

π0

Λ*η

in the next slides, the focus will be on these particles
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Light-flavour hadrons

14

• energy loss in hot nuclear matter 

• study collective phenomena 

• thermal production of particles 

• understanding of the late hadronic stage 

• nuclei production and search for exotic states

what physics one can probe with LF hadrons
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Jet suppression

15
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In-medium energy loss
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RAA = 1 for hard-processes in the absence of nuclear effects 
confirmed in Pb-Pb collisions at LHC (direct-γ, Z0 and W±)

partons produced in 
high Q2 processes 
lose energy while 

traversing the medium

modification (suppression) 
of high-pT production 

observable: nuclear 
modification factor
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Very dense matter

17

hadron production strongly modified in Pb-Pb collisions 
large suppression in a wide pT range

ALICE, PLB 720 (2013) 52

Pb-Pb
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Collective phenomena

18

bulk matter created in 
high-energy heavy-ion 

collisions can be 
described in terms of 

hydrodynamics
• initial hot and dense partonic 

matter rapidly expands 
• collective flow develops and 

the system cools down 
• phase transition to hadron 

gas when Tcritical is reached 
resulting in

• dependence of the shape of the pT distribution on the particle mass 
• azimuthal anisotropic flow patterns (initial spatial anisotropy)
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Bulk particle production in Pb-Pb

19

clear evolution of particle spectra → hardening with centrality 
more pronounced for protons than for pions  

mass ordering as expected from collective hydro expansion

ALICE, PRC 88 (2013) 044910
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Baryon-meson enhancement in Pb-Pb

20

hydro model works fine for 
pT < 2 GeV 

but deviates for higher pT 
Song, PLB 658 (2008) 279 

recombination approximately 
reproduces shape 

but overestimates effect 
Fries, Ann.Rev.Nucl.Part.Sci. 58 (2008) 177 

EPOS provides good 
description of data 

Werner, PRL 109 (2012) 102301

ALICE, PLB 728 (2014) 25Roberto Preghenella
ALICE, PRL 111 (2013) 222301
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p/φ spectra ratio in Pb-Pb

21ALICE, PRC 91 (2015) 024609

test baryon enhancement: 
p:  938 MeV/c2   qqq 
φ: 1018 MeV/c2  qq 

spectral shapes are 
very similar if particles 

have similar mass
p/φ ratio is constant 

the data seems to 
indicate that mass is the 
main parameter driving 

particle spectra 
(as foreseen by hydro)
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Collective phenomena

22

bulk matter created in 
high-energy heavy-ion 

collisions can be 
described in terms of 

hydrodynamics
• initial hot and dense partonic 

matter rapidly expands 
• collective flow develops and 

the system cools down 
• phase transition to hadron 

gas when Tcritical is reached 
resulting in

• dependence of the shape of the pT distribution on the particle mass 
• azimuthal anisotropic flow patterns (initial spatial anisotropy)
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Anisotropic transverse flow
Anisotropic flow

23

elliptical collision geometry 
anisotropic pressure gradients

anisotropy in spatial space 
converted in momentum space 

needs fluid-like collectivity 
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Anisotropic flow

24
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Anisotropic transverse flow
azimuthal distribution of particles wrt. 

plane perpendicular to the beam

anisotropic momentum distributions

azimuthal dependence can be written in 
the form of a Fourier series

the magnitude of the anisotropic flow is 
characterized by the coefficients v

n
 of 

the Fourier expansion
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Anisotropic transverse flow
azimuthal distribution of particles wrt. 

plane perpendicular to the beam

anisotropic momentum distributions

azimuthal dependence can be written in 
the form of a Fourier series

the magnitude of the anisotropic flow is 
characterized by the coefficients v

n
 of 

the Fourier expansion
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Anisotropic transverse flow
azimuthal distribution of particles wrt. 

plane perpendicular to the beam

anisotropic momentum distributions

azimuthal dependence can be written in 
the form of a Fourier series

the magnitude of the anisotropic flow is 
characterized by the coefficients v

n
 of 

the Fourier expansion

magnitude characterised by 
vn coefficients 

anisotropic momentum distributions
dependence can be decomposed in 

Fourier series
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Collective anisotropic flow

25

strong collective flow 
persists at the LHC

flow is driven by 
initial-state geometry

ATLAS, EPJC 74 (2014) 2982

spatial anisotropy (collisions geometry) 
⟶ anisotropy in momentum space: v2
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Collective anisotropic flow

26

spatial anisotropy (collisions geometry) 
⟶ anisotropy in momentum space: v2

v2 measured for 
π±, K±, K0S, p, φ, Λ, Ξ, Ω 

 
mass ordering 

attributed to common 
radial expansion velocity

ALICE, JHEP 06 (2015) 190

Pb-Pb
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Collective anisotropic flow
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spatial anisotropy (collisions geometry) 
⟶ anisotropy in momentum space: v2

ALICE, JHEP 06 (2015) 190

Pb-Pb

φ meson behaves 
like a proton

mass drives v2 and 
spectra, not 

number of constituent 
quarks
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Collective anisotropic flow

28

spatial anisotropy (collisions geometry) 
⟶ anisotropy in momentum space: v2

ALICE, JHEP 06 (2015) 190

Pb-Pb

deuterons follow 
Blast-Wave prediction

hydrodynamics at work 
simple coalescence scaling 

does not work for nuclei
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Table of nuclides

29Nicole Löher  |  

Table of nuclides

8

➜  Compared to light particles like π, K and p 
 light nuclei like d, 3He and 4He are rarely  
 produced in heavy-ion collisions, but … 

| EMMI Physics Days 11.11.2014
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Table of nuclides

30Nicole Löher  |  

Table of nuclides

9

➜  … high energy nuclear physics experiments  
 offer the possibility to study also the    
 corresponding anti-nuclei, because at LHC  
 energies they are  equally produced 

| EMMI Physics Days 11.11.2014
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Light (anti)nuclei production

31
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Anti-alpha production

32

First observed at RHIC in heavy-ion collisions 
STAR, Nature 473 (2011) 353

ALICE measures dN/dy 
in defined centrality 

interval to compare to 
other light nuclei  

follows the predicted 
exponential fall

~ 300 penalty factor for each 
added baryon
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Hyper-nuclei

33Nicole Löher  |  

Hypernuclei

10

• Hyperons: Baryons, which have at least one s-quark as 
one  of their 3 valence-quarks for example Λ, Σ, Ξ, or Ω 
!

• Hypernuclei: nuclei, in which at least one neutron is 
replaced by a hyperon

p
nΛ

Hypertriton

➜  All hypernuclei are unstable

| EMMI Physics Days 11.11.2014
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Table of nuclides

34Nicole Löher  |  

Table of nuclides

11 | EMMI Physics Days 11.11.2014

➜  table of nuclei can be extend to include also hypernuclei



Roberto Preghenella

Hypertriton production and lifetime

35

the lightest known hypernucleus 
measured in weak-decay: 3ΛHe → 3He π

topological identification of 
secondary vertex + 3He and π PID 

production in agreement with 
thermal model Tch = 156 MeV

good determination of decay vertex 
measurement of lifetime
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Strangeness enhancement

36

one of the first proposed QGP signatures
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ALI−DER−78352

Strangeness production in Pb-Pb

37ALICE, PLB 728 (2014) 216

E =
2

hNPbPb
part i

(dN/dy)PbPb

(dN/dy)pp

strangeness-content hierarchy
Ξ (dss) enhanced 
Ω (sss) more enhanced

strangeness enhancement
one of the first proposed QGP signatures 

Rafelski, PRL 48 (1982) 1066
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Strangeness production in Pb-Pb

38

relative production of strangeness 
in pp collisions is larger at LHC 

clear increase of strangeness 
production from pp to Pb-Pb 

saturation of ratios for Npart > 150 
match predictions from

Grand Canonical thermal models
GSI-Heidelberg: Tch = 164 MeV 

THERMUS: Tch = 170 MeV 

ALICE, PLB 728 (2014) 216

strangeness enhancement
one of the first proposed QGP signatures 

Rafelski, PRL 48 (1982) 1066
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Thermal model of hadron production

39

Chemical equilibrium achieved during or very shortly after phase transition

chemical freeze-out
end of inelastic interactions 

chemical composition is fixed

results of an analysis of the measured abundances allow one 
to get the thermodynamic variables (T, μ) at freeze-out
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Thermal model of hadron production

40

Chemical equilibrium achieved during or very shortly after phase transition 
abundance described by Bose-Einstein or Fermi-Dirac distributions of an 

ideal relativistic quantum gas 

n  = particle density (N / V) 
M  = hadron mass 
T  =  temperature 
μ = chemical potential dE/dN

results of an analysis of the measured abundances allow on to 
set the thermodynamic variables (T, μ) at chemical freeze-out
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Thermal model of hadron production

41

dN/dy of particle species 
well described in Pb-Pb 

χ2/ndf ~ 2 

same conclusion from 
different implementations 
single temperature 

Tch ~156 MeV 

deviations for K* and p 
hint at final-state interactions 

other mechanisms under 
investigation 

(flavour hierarchy, non-equilibrium, …)

Pb-Pb

describe hadron yields as produced in chemical equilibrium
Andronic et al., NPA 772 (2006) 167
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hadronic phase
elastic rescattering of 

decay daughters 
resonances not reconstructed 

via invariant mass

Interactions in the hadronic phase
measured yields of resonances might be modified by hadronic processed

Hadronic Phase 
•  Reconstructible resonance yields may be changed by hadronic 

processes after chemical freeze-out: 
–  Regeneration: pseudo-elastic scattering of decay products 

•  e.g., πK ! K* ! πK 
–  Re-scattering: 

•  Resonance decay products undergo elastic scattering 
•  Or pseudo-elastic scattering through a different resonance (e.g. ρ) 
•  Resonance not reconstructed through invariant mass 

6 

π

K

K* 

K

K

Kπ
π

π

π

π

π π

K* 

K* 
ρ

Chemical freeze-out 

Kinetic freeze-out 

Knospe 

chemical freeze-out
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K* suppression

43

K*/K shows clear 
suppression going from 
pp and peripheral Pb-Pb 
collisions to central Pb-Pb 

not observed in φ/K 

most favoured explanation 
re-scattering of the decay 
daughters with final-state 

hadronic medium 
τK* (~4 fm/c) ≪ τφ

ALICE, PRC 91 (2015) 024609
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Λ(1520) suppression

44

ALICE results  
- follow STAR trend
- higher multiplicity 
-  better accuracy 

EPOS3 with UrQMD  
- overestimates the data 

- reproduces the trend of the 
suppression 

 

Thermal models  
- all overestimate the data 

further supports the 
existence of a long 

hadronic phase

suppression of Λ(1520) in most central Pb-Pb (0-20%) 
wrt. pp, peripheral Au-Au and Pb-Pb and thermal models

Neelima Agrawal, IIT Bombay
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Exotic bound states

45

Nicole Löher  |  28

Searches 
for weakly decaying  
exotic bound states

ΛnΛΛ

| EMMI Physics Days 11.11.2014
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Searches for exotic bound-states

46

Success of thermal model 
encouraged searches for 

other bound states  

Λn → d π
ΛΛ → Λ p π

no signal observed in 
weak-decay modes  

99% CL limits on 
production are significantly 

lower than predictions



More than just 
Heavy-ion physics
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CPT invariance in nuclear systems
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precision measurement of nuclei mass with time-of-flight

makes use of 

heavy-ion 
collisions as an 
efficient source 

of nuclei and 
anti-nuclei

combined with 

high-precision 
tracking and 
identification 
capabilities  

of ALICE

3Hed

d̄ 3He
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CPT invariance in nuclear systems
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d� d̄

3He� 3He

measuring mass differences
rather than absolute values 
→ reduced uncertainties 

momentum, time-of-flight, track length

these results are 
the highest precision direct 
measurement of the mass 

difference of nuclei/anti-nuclei 
improved by one to two orders of 

magnitude wrt. previous 
measurements 

(dating back to 1965 and 1971)
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detailed study of the properties of hot QCD matter with 
nucleus-nucleus collisions at the LHC

signatures of thermalisation, final-state effects and collectivity 

particle production evolves with increasing system size
baryon and K* suppression, strangeness and deuteron enhancement 
central Pb-Pb well described by GC thermal models, Tch = 156 MeV 

bulk particle production in proton-nucleus shows
nucleus-nucleus features and signatures of collectivity

non-zero elliptic flow, mass-dependence of pT spectra and v2 
enhanced production of strange and multi-strange hadrons 

interesting! also in high-multiplicity proton-proton collisions 

many more results and a bright future
new data and more ideas for LHC Run-2


