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QCD

Confinement

 At large distances the effective coupling between quarks is large resulting in 
confinement.

 Free quarks are not observed in nature.

Asymptotic freedom

 At short distances the effective coupling between quarks decreases logarithmically.

 Under such conditions quarks and gluons appear to be quasi-free.
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Quark deconfinement – medium effects

However, in the context of a QGP, it implies a medium of quarks and gluons where 
individual partons can move freely over distances larger than the typical size of 
hadronic states.

In plasma, presence of other mobile charges can screen long range interactions 
(Debye screening)
High colour charge densities achieved by colliding heavy nuclei:

 Compression

 Heating = creation of pions

Compression      +  Heating Quark­Gluon Plasma

Mapping out the QCD matter phase diagram:

 pQCD only applicable for very hard processes

 Two solutions: 
1. Phenomenological models
2. Lattice QCD calculations 

e.
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At first approximation treat hadron gas/ QGP as an 
ideal gas

 A deconfined state can be attained if the QGP pressure 
is greater than the Bag pressure and the Hadron Gas 
pressure

High T, low density limit – the early Universe

 Two terms contribute to the total energy density

 For a relativistic gas

 For stability

● Low T, high density limit – neutron stars

 Only one term contributes to the total energy 
density
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MIT bag model
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Quarks and gluons are studied on a discrete space-time lattice

Solves problems of divergences in pQCD calculations (which arise due to loop 
diagrams)
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Lattice QCD

F. Karsch, Lect. Notes Phys. 583 (2002) 209, hep-lat/0106019

For ideal quark-gluon gas
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QCD phase diagram
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Heaavy-ion collisions - Evolution
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Experimental facilities

2008



9Plamen Petrov

The ALICE detector
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Particle ID
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Data samples

Two Pb-Pb runs:
 In 2010 - Commissioning and 

first data taking
 In 2011 – factor 10 increase in 

luminosity

p-Pb run in 2013:
 LHC delivered target 

luminosity

In addition p-p runs at √sNN = 0.9, 
2.76, 7 and 8 TeV

At present: still in long shut down 
(LS1)

 Various upgrades and 
maintenance
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Centrality

Geometry of the collision is essential to the study of any physics observable in A-A

ALICE Collab., PRL 106, 032301(2011)

Events are classified by their centrality – a 
% of the total nuclear interaction cross 
section

The number of charged particles produced 
in a collision is dependent on both Nparticipants 
and Ncollisions

The number of charged particles seen at 
the VZERO is fitted with a prediction from 
MC, and split into centrality regions 
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Identification of QGP

Final hadrons at freeze-out can give information on intermediate state...

 Is initial state dense enough?

➔ Energy density

➔ Particle multiplicity

 What is the size of the initial state?

➔ Bose-Einstein correlation (HBT)

 Is initial state in equilibrium (thermalised)?

➔ Hadronic yields (thermal models)

➔ Hydrodynamic collective motion – elliptic flow

 Does initial state behave like QGP? 

➔ J/Psi production – suppression or enhancement

➔ RAA – suppression of high pT particles



Multiplicity
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Particle multiplicity

 Pb-Pb @ 2.76 TeV, 0-5% central,       
|η|<0.5 

  dNch/dη = 1584 ± 76  
  2 dNch/dη / Npart = 8.3 ± 0.4 

 1.9 x pp @ 2.36 TeV (NSD)
 2.1 x central Au-Au @ 0.2 TeV
 Growth with √s faster in AA 
than in pp
 Growth with power of CM 
energy faster than log scaling 
extrapolated from lower energies

~ln SNN

ALICE Collab., PRL 105, 252301 (2010)



17Plamen Petrov

Multiplicity

 RHIC data scaled by 2.1
 Centrality evolution at LHC similar to RHIC (Npart>100) 

ALICE Collab., PRL 106, 032301(2011)

Interpolation between
2.36 and 7 TeV pp

PHENIX.: PRC 71, 034908 (2005)

PHOBOS: PRC 83, 024913 (2011)
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Record temperature



Energy density
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Energy density

 Et
had from charged hadrons 

measured by the barrel tracking 
detectors

 f~0.55 to convert to total energy
 From MC – model dependent

 From RHIC to LHC
 Similar centrality dependence
 ~ 2.5 increase in 2dET/dη/Npart

 
 Energy density estimate (Bjorken)
 

 τεLHC ~ 15 GeV/(fm2c)  
 τεRHIC = 5.4 ± 0.6 GeV/(fm2c)τεLHC ~ 2.7 ₓ τεRHIC

ε=
1

πR2 τ

dE t

dy
R=1.2A1 /3 fmSTAR Collab.: PRC70, 054907 (2004)

PHENIX Collab.: PRC71, 034908 (2005)



System syze



22Plamen Petrov

System size and lifetime: Bose-Einstein Correlations
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System size and lifetime



Collective behaviour: 
FLOW
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Flow

Particle flows are generated by pressure gradients
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Flow

ALICE, PRL 105 (2010) 252302 ALICE, PRL 109 (2012) 252301

Larger flow than at RHIC

For anisotropic flow (peripheral coll. 20-30%): larger pT integrated v2

For radial flow (central coll. 0-5%): 10% larger expansion velocity 
(<βT> = 0.65c, Tkin = 80–95 MeV) 
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Flow with identified particles

 Mass ordering at low pT described by hydrodynamics (VISH2+1): Viscous 
hydrodynamic model using CGC initial condition with η/s = 0.20

Better agreement in peripheral collisions. In central collisions, hydrodynamic 
calculations overestimate the proton v2, indicating that proton might freeze out later 
(with larger radial flow) compared to pion and kaon.

 Validity of NCQ scaling (observed at lower energies) less obvious at the LHC (within 
~20%)

 Changes in dominant production mechanisms with beam energy? 



Bulk particle production: 
Thermal fits
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Bulk particle production

Thermal models for particle production
Three different statistical ensembles: 

(i) micro-canonical: E, V, N fix

(ii) canonical: T, V, N fix
➔ given volume element is coupled to a heat bath

(iii) grand-canonical: T, V, μ fix
➔ given volume element can also exchange 

particles with its surrounding (heat bath and particle 
reservoir)
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Thermal fits

 Proton yield does not follow the results from statistical hadronisation model when 
assuming a  common freeze-out temperature

➔ Late stage p-pbar annihilation
➔ Non equilibrium freeze-out conditions
➔ Unknown/unmeasured baryon resonance spectrum



Charmonium production: 
suppression or 
enhancement?
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J/ψ suppression
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J/ψ production at the LHC

 Different suppression patterns as compared to RHIC

 Much less suppression in central events 
➔ Recombination?



Hard probes
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Probing the opacity of the QGP

 Charged particle spectra strongly modified in PbPb compared to pp

 p-Pb results confirm that jet-quenching is a final state result
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Identified particle RAA

For pT > 8 GeV/c pion, kaon , proton are equally suppressed within uncertainties

➔ Particle composition at high pT not affected by the medium
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Flavour hierarchy in energy loss?

 Expectation from radiative energy loss: 

 Could be reflected in hierarchy of RAA:
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Flavour hierarchy in energy loss?

 Expectation from radiative energy loss: 

 Could be reflected in hierarchy of RAA:



p-Pb: control sample
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p-Pb and Pb-p: cold nuclear matter effects  - control sample
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The control sample: p-Pb
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The control sample: p-Pb
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The control sample: p-Pb

 The near-side ridge is accompanied by 
an almost identical ridge structure on the 
away-side.

Sizable values for v2 reached for high-
multiplicity events

Results qualitatively consistent with 
viscous hydrodynamic calculations



Backup
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System size and lifetime
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Multiplicity

 Two-component models 
(DPMJET, HIJING)

 Soft (~Npart) and hard 
(~Ncoll) components

 DPMJET (2-component 
+ string fusion) – 
stronger rise than the 
data

 HIJING (no quenching) 
– strong centrality 
dependent gluon 
shadowing

 Saturation models
 parametrisation of the 

parton saturation scale 
with energy and 
centrality

ALICE Collab., PRL 106, 032301(2011)

Most models reproduce 
some of the data but not all.

Saturation models favoured 
by the data.
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Probing the opacity of the QGP
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System size and lifetime
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System size and lifetime
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Centrality
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 Multiplicity - fundamental “day-1” observable:
  Density of the system
  Constraints on models
  Background for hard-probe signals

 Centrality
  Geometry of the collision. Essential to the study of any physics observable in A-A

 Multiplicity vs centrality - sensitive to the soft and hard nature of the particle 
production

  Soft: Nch ~ Npart


 Hard: Nch ~ Ncoll
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The ALICE detector
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VZERO A scintillator
2.8 < η < 5.1

VZERO C scintillator
-3.7 < η < -1.7

Silicon Pixel Detector
Layer 1: |η| < 2

Layer 2: |η| < 1.4

Time Projection Chamber
|η| < 0.9

Zero Degree Calorimeter
115 m from IP
very forward

ZEM – EM calorimeter
4.8 < η < 5.7
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Quark deconfinement – medium effects

However, in the context of a QGP, it implies a medium of quarks and gluons where 
individual partons can move freely over distances larger than the typical size of 
hadronic states.

V(r) V(r)

r

V(r) V(r)

r

V (r )µ-
1
r

V (r )µ-
1
r

exp [−r
rD ]

d

d

Unbound electron(s)
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Centrality
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ZDC

ZDCSpectators

Spectators

Spectators

Central detectors

Central detectors

 The number of participating nucleons Npart is determined by the 
collision geometry (impact parameter)
 Particle multiplicity and transverse energy scales with Npart

 ZDC can measure the 
number of spectators:

 Npart = A - Nspec
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Centrality
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Spectators
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 The number of participating nucleons Npart is determined by the 
collision geometry (impact parameter)
 Particle multiplicity and transverse energy scales with Npart

 ZDC can measure the 
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 Npart = A - Nspec
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Example VZERO amplitude distribution

55

 Peak:
 Most peripheral events
 Trigger inefficiency
 Strong EM background 

 Plateau:
 Mid-central 

collisions 

 Edge:
 Most central collisions
 The shape is a consequence 

of intrinsic fluctuations and 
detector acceptance and 
resolution 

VZERO scintillator
 2.8 < η < 5.1
-3.7 < η < -1.7
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Trigger and background

56

 Min bias triggering: 
coincidence of

 SPD (≥ 2 pixel hits)
 VZERO (A side)
 VZERO (C side)

Trigger efficiency

2-out-of-3 V0AND 3-out-of-3

VZERO Amplitude
 Background: σEM large at the LHC
 e+e- pair production
 EM dissociation
 photo-nuclear reactions
 Purity < 1 in the most peripheral region
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Centrality and Glauber model
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 Centrality
 Impact parameter

 Glauber model:
 Geometrical picture of AA 

collision
 Assume straight-line nucleon 

trajectories
 N-N cross-section (next slide) 

independent of the number of 
collisions the nucleons have 
undergone 

 Woods-Saxon nuclear density 
profile

radius R = 6.62 ± 0.06 fm
skin depth a = 0.546 ± 0.010 fm
intra-nucleon distance = 0.4 ± 0.4 fm

Impact parameter

N of participants

ρ (r )=
ρ0

1+exp( r−R
a )
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pp cross-section
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 σNN measured in Van der Meer 
scans

 62.1 ± 1.6 ± 4.3 mb @ 2.76 TeV

 Extrapolation to σINEL
 64 ± 5 mb

σINEL pp @ 7 TeV
ALICE: 72.7 ± 1.1 ± 5.1 mb
ATLAS: 69.4 ± 2.4 ± 6.9 mb (arXiv:1104.0326)
CMS: 70.4 ± 1.1 ± 3.5 mb (M.Marone, DIS'11)
σINEL pp @ 2.76 TeV:
ALICE: 62.1 ± 1.6 ± 4.3 mb

Details: [CERN-Proceedings-2011-001 (ISSN 2078-8835, ISBN 978-92-9083-361-1)]
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Centrality definition

59

 Glauber fit to find anchor 
point

 Number of ancestors given 
by:
 fNpart + (1-f)Ncoll


 Particle production per 

ancestor according to Negative 
binomial distribution NBD(µ,k)
 
 Fit Glauber multiplicity to experimental one

 fit restricted to ~88% of the cross-section (above VZERO = 100)
 100% trigger efficiency
 Negligible background

 <Npart> from Glauber fits agree with the geometrical values better than 
1% except for 70-80% where the difference is 3.5%

ALICE Collab., PRL 106, 032301(2011)
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Multiplicity measurement
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 Based on SPD tracklets:

 tracklet – pair of hits, one on 
each SPD layer

 dNch/dη=α(1-β)dNtracklets/dη

 α: acceptance and efficiency
  dominated by acceptance
  little variation with centrality 

 β: combinatorial background frac.
  varies from 1% in most peripheral to 

14% in the most central
 

ALICE Collab., PRL 105, 252301 (2010)
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Multiplicity in central Pb-Pb @ 2.76 TeV
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 Pb-Pb @ 2.76 TeV, 0-5% central,       
|η|<0.5 

  dNch/dη = 1584 ± 76  
  2 dNch/dη / Npart = 8.3 ± 0.4 

 1.9 x pp @ 2.36 TeV (NSD)
 2.1 x central Au-Au @ 0.2 TeV
 Growth with √s faster in AA 
than in pp
 Growth with power of CM 
energy faster than log scaling 
extrapolated from lower energies

~ln SNN

ALICE Collab., PRL 105, 252301 (2010)
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Multiplicity in central Pb-Pb @ 2.76 TeV

62

ALICE Collab.: dN/dη = 1584 ± 76    PRL 105, 252301 (2010)

data-driven, limiting frag.

pQCD-inspired models

saturation models (different 
implementation)

hydro,  tuned with pp data
Landau hydro
NN superposition & hadronic rescatering
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Centrality dependence
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 RHIC data scaled by 2.1
 Centrality evolution at LHC similar to RHIC (Npart>100) 

ALICE Collab., PRL 106, 032301(2011)

Interpolation between
2.36 and 7 TeV pp

PHENIX.: PRC 71, 034908 (2005)

PHOBOS: PRC 83, 024913 (2011)
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Centrality vs models

64

 Two-component models 
(DPMJET, HIJING)

 Soft (~Npart) and hard 
(~Ncoll) components

 DPMJET (2-component 
+ string fusion) – 
stronger rise than the 
data

 HIJING (no quenching) 
– strong centrality 
dependent gluon 
shadowing

 Saturation models
 parametrisation of the 

parton saturation scale 
with energy and 
centrality

ALICE Collab., PRL 106, 032301(2011)

Most models reproduce 
some of the data but not all.

Saturation models favoured 
by the data.
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Transverse energy vs centrality
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 Et
had from charged hadrons 

measured by the barrel tracking 
detectors

 f~0.55 to convert to total energy
 From MC – model dependent

 From RHIC to LHC
 Similar centrality dependence
 ~ 2.5 increase in 2dET/dη/Npart

 
 Energy density estimate (Bjorken)
 

 τεLHC ~ 15 GeV/(fm2c)  
 τεRHIC = 5.4 ± 0.6 GeV/(fm2c)τεLHC ~ 2.7 ₓ τεRHIC

ε=
1

πR2 τ

dE t

dy
R=1. 2A1 /3 fmSTAR Collab.: PRC70, 054907 (2004)

PHENIX Collab.: PRC71, 034908 (2005)
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Summary

66

 ALICE has measured the charged particle 
multiplicity of Pb-Pb collisions at √sNN = 2.76 TeV  

 dNch/dη per participant increased from RHIC to 
LHC by a factor of 2.1

  Rise with collision energy is stronger than the ln 
extrapolation from lower energies

  τεLHC ~ 2.7 ₓ τεRHIC  

 Centrality dependence similar to RHIC

 Models have a hard time to describe the centrality 
dependence and predict the increase with √s 
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Backup

67
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Trigger and event selection
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 Triggering detectors:
 SPD (≥ 2 pixel hits)
 VZERO (A side)
 VZERO (C side)

 Online triggers:
 Coincidence of VZERO and 

SPD signals.
 Definition tightened 

throughout the run
 2 out of 3
 V0 AND
 3 out of 3

 Offline triggers and vertex cut:
 VZERO A and C timing coincidence to remove beam gas 

background
 ZDC timing coincidence to remove debunching
 |zSPD| < 7 cm around the center of the interaction region

Trigger efficiency

2-out-of-3 V0AND 3-out-of-3

VZERO Amplitude
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Background

69

 e+e- pair production (QED)
 Very soft
 O(100 kbarn)

 EM dissociation
 One or several neutrons in 

ZDC
 No central particles
 O(100 barn)

e

 Photo-nuclear 
reactions

 Kinematics similar to pA
 Eγ ~ 100 GeV
 O(10 barn)

purity

cross-sections
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Example VZERO and ZDC distribution
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 Peak:
 Most peripheral events
 Trigger inefficiency
 Strong EM background 

 Plateau:
 Mid-central 

collisions 

 Edge:
 Most central collisions
 The shape is a consequence 

of intrinsic fluctuations and 
detector acceptance and 
resolution 

VZERO scintillator
 2.8 < η < 5.1
-3.7 < η < -1.7

 ZDC energy 
correlated to ZEM:

 nuclear 
fragmentation 
breaks relation in the 
measured variables

 correlate with 
another detector 
(ZEM) 
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Negative binomial

71

The negative binomial is a probability distribution of the number of trials 
which are necessary to get a number of successes.

P(n,µ,k) = ℾ(n+k)/(ℾ(k)n!) (μ/k)n/(1+μ/k)n+k

where k is related to the width of the distribution σ like:

(σ/μ)2 = 1/k + 1/μ
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