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• Introduction to Quark Gluon Plasma (QGP) 
• Creation of QGP, asymptotic freedom, ideal gas of quarks and gluons, 

“bag” model 
• Phase transition to QGP 
• Ion collisions and components of the ion-ion collision 
• QGP experimental signatures 
• Experimental status 

[source: “Advances in Quark Gluon Plasma”, G.M.Garcia, arXiv:1304.1452] 
• QGP and cosmology 

[source: “Traveling through the Universe: back in time to the quark-gluon 
plasma era”, J.Rafelski and J.Birrel, arXiv:1311.0075]
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• “Electromagnetic” plasma (or “chemical” plasma) 
- obtained when electrons and ions are free 
⇒ appears when the energy given to the electron is larger than its binding 
energy 
⇒ at the level of a few eV 

- Boltzmann constant k=8.617×10–5 eV/K ⇒   (1 eV ⇔ 11600K) 

• How to ionise a gas to create an “electromagnetic” plasma? 
- apply strong electric field 
- increase temperature 

- kinetic energy is larger than the binding energy ⇒ e– are kicked off 

- increase pressure 
- decrease the distance between atoms ⇒ overlap ⇒ e– not associated with a 

specific nucleus 

• Extend this concept to the strong interaction ⇒ QGP
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Introduction to QGP
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• Nucleus 
- density ≃ 0.13 hadron / fm3 
- radius:   (with experimental factor ) 

 
 

- energy density: 

• Initially:          →     compression ( constant) 
- nucleon radius  ⇒ contact density  

- increase pressure such that ⇒ wave functions overlap 

⇒ deconfinement  ⇒ free partons (quarks and gluons) ⇒ QGP! 
 
QGP formation at densities 

R0 ≃ κA1/3 fm κ ≃ 1.1 − 1.4

T0 ≃ 0 MeV T =
≃ 0.8 fm

ρ ≃ 1 n/fm3
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Creation of QGP
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Tc

• Temperature increase ↗ 
- at   
⇒ creation of quark pairs is possible  

  ⇒ creation of pions 

- at  
⇒ pions and nucleons mix  

  ⇒ “deconfinement” 

    ⇒ QGP ( ) 

-  ⇒ black holes? 

- ⇒ superstring gas?

T ∼ mπ

Tc ∼ 150 MeV

Tc ∼ 1012 K

T > 1016 K

T > 1032 K
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TC ≈ 150-200 MeV
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• Trajectories in the  phase diagram for various “objects” 
- the Universe 
- neutron star 
- collisions of ions at accelerators

(T, ρ)
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 phase diagram(T, ρ)

ρ c≈

ρ

TC ≈ 150-200 MeV

Early 
Universe

Neutron 
star



F. Blanc, Spring 2025

• In QCD, the strong interaction becomes weak at large energies 
 

- high q2 ⇒ high E ⇒ creation of quark pairs ⇒ screening at short distances 
            ⇒ reduced interaction strength 

• At the  mass,   ⇒    

• For large , use approximation: 

• The number of quark flavours  depends on 
the energy of the system 

• In most QGP we’ll consider  

• Effective qq potential 

- with string tension 

Z0 αs = 0.12 αs(q2
0 = (91.2)2 GeV2) = 0.12

q2

Nf

∼ 1 GeV/fm3 ⇒ Nf = 3

b ≃ 1 GeV/fm
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Asymptotic freedom
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• Consider  and chemical potential  
• Quarks are fermions and gluons are bosons 

- energy density for bosons 

- energy density for fermions 

-  is the number of degrees of freedom (degeneracy of species ) 

- with  

• Total energy density 
 

• Pressure  

αs ≪ 1 ≃ 0

gi i
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Ideal gas of fermions and bosons
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• photons 
-  ( )    ⇒ 

• gluons 
-      ⇒ 

• quarks 
-   ⇒ 

• For quarks and gluons: 

- at ,  we have     ⇒  

- at     ⇒  

- at   ⇒ 

gγ = 2 mγ = 0 ⇒ 2 polarisations

gg = 8gluons × 2polarisation = 16

gq = 2spins × 3colors × 2antiparticles × Nf = 12 × Nf

T = 1 MeV Nf = 0 gtot = 16

T < ms ⇒ Nf = 2 (u, d quarks) gtot = 37

T = 1 GeV ⇒ Nf = 3 (u, d, s quarks) gtot = 47.5
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Ideal gas of quarks and gluons
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• Total plasma energy density and pressure 

-  is a phenomenological constant to account for interactions in the system. 
It is equal to the difference in energy density for vacuum with free or 
confined quarks 
(  can be interpreted as a type of latent heat) 

-  ⇒  

-  reflects the fact that the chemical potential is non-zero 
-  can be understood within the “bag model” (developed at MIT) 

B

B
B ≃ 170 MeV/fm3 B1/4 = (170 MeV/fm3(ℏc)3)1/4 = 190 MeV

B
B
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Plasma properties
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• Hadron mass 
-   
-  

• Confinement is the result of the equilibrium between the bag pressure 
 (inwards) and the kinetic pressure  (outwards) 

• Inside the radius , apply the Dirac equation 
•     
• Total kinetic energy for N quarks: 
• Equilibrium at minimum energy ⇒   

 
                    ⇒ 

• For baryons:  and ⇒ 

B ≃ 170 MeV/fm3

C ≃ 6 MeV fm

B C
R

m → 0 ⇒

dE/dR = 0

N = 3 R = 0.8 fm B ≃ 234 MeV/fm3
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The Bag Model
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• At low temperature, quarks “hadronise” into pions 
- 3 pions (isospin 1; spin 0) ⇒  

• At high temperature, formation of QGP 
-  

• Energy densities 

• Pressure 
(using the equation of state , valid in the limit of massless particles) 
 
 
 
 

gπ = 3

gQGP ≃ 40

p = ϵ/3
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Hadron gas and QGP properties
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• The pressure is always maximised ⇒ critical temperature Tc where the 
lines cross 

•  
                                ⇒  
 
                                                                      ⇒ 

pπ(Tc) = pQGP(Tc)

Tc ≃ 134 MeV
217

Phase transition: hadron gas → QGP
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• Plot the energy density as a function of   

• The latent heat of deconfinement is equal to  (exercise) 
• What is the physical origin of the latent heat? 
→ the answer will come from considering the entropy of the system

T4

4B
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Latent heat of deconfinement
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c T4
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• Entropy density ( ) 
 
              ⇒                                        ⇒ 

• The change in entropy is due to the increase in number of degrees of 
freedom ( )!

s = dS/dV

gπ = 3 → gQGP ≃ 40
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Entropy density s 
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• Above model valid in perturbative regime ( ) 
•  ⇒ non-perturbative ⇒ QCD calculations on the lattice 

• Model space-time on a 4D grid (e.g. 83 × 16) 
⇒ “lattice QCD” 

• Calculate hadron masses, form factors 
• Lattice QCD was used to simulate deconfinement

αs < 1
αs ∼ 1

220

Deconfinement from Lattice QCD

( )F. Karsch et al.rPhysics Letters B 478 2000 447–455452

Table 3
Fit parameters used for the interpolation of string tension data

w xflavour content b ,b b c c cmin max 0 2 4

w x Ž . Ž . Ž .2 3.6,4.4 3.70 0.0570 35 0.669 208 y0.0822 1088
w x Ž . Ž . Ž .2q1 3.5,4.4 3.60 0.0526 32 1.026 224 y0.1964 1065
w x Ž . Ž . Ž .3 3.4,4.2 3.50 0.0448 15 0.507 115 y0.0071 677

Ž .latter can then be integrated analytically to give the pressure according to Eq. 4.1 . These data are shown in
Fig. 1.

w xFor the interpolation of the string tension data, we use a renormalization group inspired ansatz 21 :
2 2 4's a b sR b 1qc a b qc a b rc , 4.2Ž . Ž . Ž . Ž . Ž .ˆ ˆŽ .2 4 0

Ž . Ž .with a'R b rR b . The interpolation parameters are given in Table 3. Although this ansatz is, in principle,ˆ
suitable for an extrapolation to the continuum limit we stress that it is used here only as an interpolation for the
string tension data and as such is valid only in the interval indicated in Table 3.
The systematic increase in the action differences with increasing number of flavours, which is visible in Fig.

1, leads to an increase of the pressure with increasing number of degrees of freedom. This is apparent from Fig.
Ž .2a, where we show the pressure for n s2 and 3 as well as the 2q1 -flavour case. In fact, in the case of thef

simulations with two and three light quarks, respectively, we observe that this flavour dependence can almost
completely be attributed to that of an ideal quark–gluon gas,

p p 2
SB 21s 16q g . 4.3Ž .Ž .f24 90T

Here g counts the effective number of degrees of freedom of a massive Fermi gas. For a massless gas we have,f
of course, g sn . In general we definef f

g s g m rT , 4.4Ž .Ž .Ýf f
fsu ,d , . . .

with
`360 22 yx(g mrT s d xx x y mrT ln 1qe . 4.5Ž . Ž . Ž . Ž .H47p mrT

Ž . Ž .For the quark mass values used here one gets g 0.4 s0.9672 and g 1 s0.8275, respectively. The corre-
spondingly normalized curves are given in Fig. 2b. This indicates that, in the presence of a heavier quark, the

Ž . Ž .Fig. 2. The pressure for n s2, 2q1 and 3 calculated with the p4-action a and the normalized values prp b . The arrows indicate thef SB
continuum ideal gas limits for two and three flavour QCD with quarks of mass mrTs0.4 as well as the case of two flavour QCD with
mrTs0.4 and an additional heavier quark of mass m rTs1.s
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Results from 163×4 lattice

Lattice predictions: 
‣ Tc ≈ 160–180 MeV 
‣ ε ≈ 0.5 – 1.0 GeV/fm3 

[H. Satz arXiv:1101.3937]
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Questions

How can we create a plasma of quarks and gluons? 

How can we demonstrate we have created a QGP? 

(what are the experimental signature?)
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Heavy Ion Collisions

Ion A

Ion B

222

Heavy ion collisions

Ion mass M, atomic weight A , 
and radius  r ≃ 1.2A1/3  

At energy E, length contraction 
⇒ thickness ≃ r/γ (γ=E/M) 

Lead (Pb, APb = 207) collisions at LHC: 
E/M ≃ 2.76TeV×207/207GeV = 2760! 

In practice, thickness no smaller than 
1fm (because of QCD effects)

r

r/γ
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1. before collision

2. collision

3. quarks and gluons

4. plasma created

http://nuclear.ucdavis.edu/~calderon/Research/physicsResearch.html

http://nuclear.ucdavis.edu/~calderon/Research/physicsResearch.html
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1.Heavy ion collision 
- used to create conditions at high 

temperature and high density 

2.Formation time 
- t0 = 1 fm/c  = 3.3×10–24 s 

3.Creation of QGP 
- is it in equilibrium? 

4.Hadronisation 
- cool down, freeze-out
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Heavy Ion Collisions

Heavy Ion Collision:
Ideal to get conditions at high T and ρ

Pb

1 fm

14 fm

Pb

QGP

T
im

e

Formation time τ0 = 1 fm/c
[1 fm/c = 3.3 x 10-24 s]

Temperature of O(1012)
Lifetime: 10 fm/c

QGP in equilibrium (!?)
Cool down: hadronization
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Time evolution of the collision

3

Standard Model: Experimental Tests of QCD

J. Pawlowski / U. Uwer

Heavy Ion Collision

Ideal way to get conditions 

of extremely high T and !.

Formation time !0 = 1 fm/c = 3,3*10-24s

Temperature O(1012K)

Lifetime 10 fm/c = 3,3*10-23s

QGP in thermal / chem. equilibrium (!!):       

start hadronization

Time development of Heavy Ion Collisions

Chemical equilibrium

Hard scattering 

processes

QGP
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STAR 
Au-Au collision at RHIC
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• We observe the hadrons created in the freeze out 
- the hadrons give information on the intermediate states 

• Is the initial state dense enough? 
- particle multiplicities 
- energy density 

• Is the initial state in equilibrium (thermalised)? 
- hadronic yields 
- hydrodynamic collective motion; “elliptic” flow 

• Does the initial state behave like a QGP? 
- Jet quenching; suppression of dijets 
- J/ψ production; suppression or enhancement

227

Identification of QGP
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• Particle with 4-momentum 

• Transverse mass 

• mT is invariant under boost along z 
 
                           ⇒ 

• Define the rapidity y as 

• The rapidity is an additive quantity, and depends on the boost y0 given 
by                                      ⇒  

★   differences of rapidities are invariant under a boost⇒

228

Rapidity
r

r/γ

p
(E, ~p) = (E, ~pT, pz)

E2 = p2z + (~pT)
2 +m2 ⌘ p2z +m2

T

m2
T = (~pT)

2 +m2 = E2 � p2z = (E + pz)(E � pz)

E0 � p0z = �(1 + �)(E � pz)

E0 + p0z = �(1� �)(E + pz)
m02

T = (E0 + p0z)(E
0 � p0z) = �2(1 + �)(1� �)m2

T = m2
T

y0 = y + y0y0 = ln(�(1� �))

y =
1

2
ln

E + pz
E � pz
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• Define the pseudorapidity  as 

• If , then  

• At , , and   ⇒ maximum value of 

η

m ≪ E η = y

θ = 0 η = ∞ y = tanh−1(p/E) y
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Pseudorapidity vs rapidity

⌘ = � ln tan
✓

2

Z

Selected topics in nuclear and particle physics
EPFL-PHYS-400

Spring semester 2019-2020
Dr. F. Blanc

29 Lattice predictions (2020 : p.233)

From H. Satz 1101.3937 :

Tc ⇡ 160� 180MeV (180)
✏c ⇡ 0.5� 1.0GeV/fm

3 (181)

30 Nucleus diameter (2020 : p.235)

A = 207 ) r ⇡ 1.2 · 2071/3 = 1.2 · 5.9 = 7 fm ) diameter ' 14 fm (182)

31 Rapidity (2020 : p.241)

Lorentz boost :
✓

E
0

p
0
z

◆
=

✓
� ���

��� �

◆✓
E

pz

◆
=

✓
�E � ��pz

���E + �pz

◆
(183)

)
⇢

E
0 � p

0
z = (� + ��)E � (�� + �)pz = �(1 + �)(E � pz)

E
0
+ p

0
z = (� � ��)E � (�� � �)pz = �(1� �)(E + pz)

(184)

To demonstrate the additivity of the rapidity, express the rapidity y
0 in the boosted frame,

replace the energy and momentum by the values from the unboosted frame, and finally write
the results in terms of y and a constant :

y
0
=

1

2
ln

E
0
+ p

0
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=

1

2
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=
1

2
ln

1� �

1 + �| {z }
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+
1

2
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=y

(186)

= y + y0 (187)

32 Pseudorapidity (2020 : p.242)

Under the assumption of negligible mass, m ⌧ E, we can write E
2 ⇡ p

2
z + p

2
T. With the

definition tan ✓ =
pT
pz

, we obtain
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• What is the rapidity distribution for an isotropic source? 

• With the definition of  and                , 
one obtains: 

• Maximum rapidity:

y

230

Isotropic source

dN

dy
=?

dN =
N

2

E

p

1

cosh2 y
dy

dN

d⌦
=

N
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ymax = tanh�1 p

E

–ymax +ymax
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• QCD strings between partons 
⇒ production of quark pairs along the string 

• rapidity distribution for all produced 
particles is approximately uniform in  
 
 
 
 
 
 
 
 
 
 

y
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Rapidity distribution for a QCD string
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Fig. 4: Differential cross section of ϒ(1S) as a function of pT (left) and differential cross sections of ϒ(1S) and
ϒ(2S) as function of rapidity (right), measured by ALICE, LHCb [25] and CMS [42, 43]. The open symbols are
reflected with respect to y= 0.

26.5± 0.5% [36], one gets the fraction of inclusive ϒ(1S) coming from ϒ(2S) decay f ϒ(2S) = 0.090±
0.027(stat)±0.005(syst).

5 Model comparison

5.1 Differential production cross sections as a function of pT

The measured inclusive J/ψ differential production cross section as a function of pT is compared to
three theoretical calculations performed in the CSM (Fig. 5): two complete calculations at LO and NLO
respectively and a third calculation, called NNLO*, that includes the leading-pT contributions appearing
at NNLO [44]. In agreement with the authors, the calculations are scaled by a factor 1/0.6 to account for
the fact that they correspond to direct J/ψ production, whereas they are compared to inclusive measure-
ments. This scaling factor is obtained by assuming that about 20% of the inclusive J/ψ come from χc
decay [45], 10% from ψ(2S) (factor fψ(2S), Section 4) and 9% from b-mesons [39]. The LO calculation
underestimates the data for pT > 2 GeV/c and the pT dependence is much steeper than the measured
one. At NLO, the pT dependence is closer to that of the data, but the calculation still underestimates
the measured cross section. The addition of some NNLO contributions further improves the agreement
between data and theory concerning the pT dependence and further reduces the difference between the
two, at the price of larger theoretical uncertainties.

Using a constant scaling factor for the direct-to-inclusive J/ψ production cross section ratio requires
that the pT distributions of direct and decay J/ψ have the same shape. This assumption is a rather
crude approximation and for instance the LHCb collaboration has measured a significant increase of the
fraction of J/ψ from b-meson decay with pT up to 30% for pT > 14 GeV/c [39]. Properly accounting
for these variations would improve the agreement between data and theory at large pT.

Figure 6 presents the comparison of the inclusive J/ψ differential production cross section (top), the
inclusive ψ(2S) differential production cross section (middle) and the ratio between the two (bottom) as
a function of pT to two NRQCD calculations for prompt J/ψ and ψ(2S) production at NLO from [46]
(left) and [16] (right). As discussed with the authors, a number of theoretical uncertainties cancels out
when forming the ψ(2S)-to-J/ψ ratio and the theory bands shown in the bottom panels are obtained by
taking the ratio of the ψ(2S) and J/ψ upper and lower bounds from top and middle panels separately,
rather than forming all four combinations.

The NRQCD calculations include both the same leading order Color-Singlet (CS) contributions as the
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Therefore, each point in the string give a 1/ cosh
2
x distribution shifted by the value of yboost,

such that the overall distribution is essentially uniform, up to a maximal value. The maximum
can be determined as

ymax(string) = ymax(point)| {z }
⇡0

+ ln
1� ↵

L
2q

1� ↵2L2

4

⇡ ln
1� v

cq
1� v2

c2

=
1

2
ln

1� v
c

1 +
v
c

(212)

Remark : ymax(point) ⇡ 0 because the pion production from a quark pair will be mostly at rest
in the rest frame of the production point.

36 Energy density in central region (2020 : p.249)

Experimental evidence shows that, in 100 GeV proton-proton collisions, ⇡ 5 pions are pro-
duced per unit rapidity :

dN⇡

dy
⇡ 5 , (213)

and these pions have a typical transverse momentum of

pT ⇡ 350MeV/c . (214)

For a nucleus of atomic mass A :
dN⇡

dy
= 5A , (215)

so that the energy density in the central region is

✏ ⇡ A

⇡r2

dN

dz
E⇡ ⇡ A

⇡r2|{z}
r ⇡ 1.4A

1/3

r
2 ⇡ 2A

2/3

) A
⇡r2 ⇡ A1/3

2⇡

dN

dy|{z}
⇡5

dy

dz
E⇡ =

A
1/3

2⇡

dN

dy

dy

dz
E⇡ , (216)

where we use the fact that for each nucleon there are dN pions of energy E⇡ in volume ⇡r
2
dz

(add sketch of cylinder of radius r, length z, and axis parallel to vz).

We want to demonstrate now that dz/dy = ⌧ cosh y, where ⌧ is the particle proper time.
First, we see that

vz =
pz

E
= tanh y =

z

t
. (217)
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• At high energy, nuclei are almost 
transparent ⇒ fraction  interact 

• The products of the collision 
- nucleons that don’t interact strongly 
⇒ near maximum  

- hadrons from spectator quarks at 
relatively high rapidity 

- strings between partons 
⇒ fragmentation ⇒ hadrons in the 
intermediate rapidity region

κ

y

232

Hadrons from ion-ion collisions
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Rapidity distribution from ion-ion collision
nucleons from the nuclei 
that have not interacted 
⇒ mostly in the original 

beam direction ( )pT = 0

hadrons formed from 
spectator quarks in 

nucleons that interacted 
strongly

hadrons formed from 
string fragmentation
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• the two ions are not perfectly 
aligned in the collision 

• the distance  in the transverse plane 
between the centres of the ions 
characterises the centrality 

• very central collisions ⇒ many NN interactions 
⇒ high track multiplicity 

• in practice, the centrality is 
frequently measured using the 
track multiplicity in the event

b

235

Collision geometry and centrality

2.2 Geometrical Setup 13

Fig. 2.3 Schematic picture of the geometry of non-central high-energy heavy ion collisions for
(left) the longitudinal relativistic expansion and (right) the transverse expansion

τ =
√

t2 − z2, (2.1)

ηs =
1
2

ln
t + z
t − z

, (2.2)

are the proper time and the space-time rapidity. The space-time rapidity is a dimen-
sionless variable that can be interpreted as a hyperbolic angle. They satisfy the rela-
tions t = τ cosh ηs and z = τ sinh ηs . ηs = 0 corresponds to the t axis and ηs = ±∞
the light cone. Similarly, one defines the transverse mass mT and the rapidity y in
momentum space as

mT =
√

E2 − p2
z , (2.3)

y = 1
2

ln
E + pz

E − pz
. (2.4)

In collider physics, the transverse momentum pT =
√

m2
T − m2 and the pseudo-

rapidity ηp = 1
2 ln [(|p| + pz)(|p| − pz)] are useful variables because they are inde-

pendent of mass and thus of particle species. At relativistic energies, they are also
fairly close to the transverse mass and the rapidity, respectively, and become identical
in relativistic massless limit.

The polar coordinate system is often employed in analyses of the transverse
dynamics. The angle in the configuration space is denoted as φ and that in the
momentum space as φp. They are related to the variables in Cartesian coordinates
as (x, y) = (r cos φ, r sin φ) and (px , py) = (pT cos φp, pT sin φp).

The non-centrality of collisions is characterized by the impact parameter b, which
is defined as the distance between the centers of the two colliding nuclei on the trans-
verse plane. Centrality is defined by groups of events per the number of participants
because the collision would have more participant nucleons for more central colli-
sions. The groups are ordered from the most central events, e.g., 0–20 % centrality
means that the most central collisions are selected up to 20 % of the total events,
20–40 % centrality the next 20 % events and likewise. The variable is preferred in
collider experiments as the impact parameter is not a direct observable. The number
of participants still reflects the centrality in asymmetric collisions where the smaller
nuclei is buried in the larger one because of the effects of fluctuating geometry.

z
Centrality determination with ALICE ALICE Collaboration

Fig. 10: (Color online) Distribution of the sum of amplitudes in the VZERO scintillators. The distribution
is fitted with the NBD-Glauber fit (explained in the text) shown as a line. The centrality classes used in
the analysis are indicated in the figure. The inset shows a zoom of the most peripheral region.

Npart and dNch/dh and to detector acceptance and resolution.

The Glauber Monte Carlo defines, for an event with a given impact parameter b, the correspond-
ing Npart and Ncoll. The particle multiplicity per nucleon-nucleon collision is parametrized by
a NBD. To apply this model to any collision with a given Npart and Ncoll value we introduce
the concept of “ancestors”, i.e. independently emitting sources of particles. We assume that
the number of ancestors Nancestors can be parameterized by Nancestors = f ·Npart +(1� f ) ·Ncoll.
This is inspired by two-component models [33, 34], which decompose nucleus–nucleus col-
lisions into soft and hard interactions, where the soft interactions produce particles with an
average multiplicity proportional to Npart, and the probability for hard interactions to occur is
proportional to Ncoll. We discuss the independence of the fit results of this assumption below
(Sec. 4.2.1).

To generate the number of particles produced per interaction, we use the negative binomial
distribution

Pµ,k(n) =
G(n+ k)

G(n+1)G(k)
· (µ/k)n

(µ/k+1)n+k
, (5)

which gives the probability of measuring n hits per ancestor, where µ is the mean multiplicity
per ancestor and k controls the width. For every Glauber Monte Carlo event, the NBD is sam-
pled Nancestors times to obtain the averaged simulated VZERO amplitude for this event, which
is proportional to the number of particles hitting the hodoscopes. The VZERO amplitude dis-
tribution is simulated for an ensemble of events and for various values of the NBD parameters
µ , k, and the Nancestors parameter f . A minimization procedure is applied to find the parame-
ters which result in the smallest c2, also shown in Fig. 10. The fit is performed for VZERO
amplitudes large enough so that the purity of the event sample and the efficiency of the event
selection is 100%. That leaves a very broad range in the amplitude values that can be fitted to
extract parameters f , µ and k directly from the data. The amplitude, above which we have 90%
of the hadronic cross section, defines the AP. The quality of the fit is good, as the c2/NDF is
approximately unity for all fits. We note that the high multiplicity tail, which is quite sensitive
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ALICE VZERO scintillator 
detector  is used for triggering: 

the signal amplitude is 
proportional to the multiplicity
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• Energy in the central region  

• From experimental data : 
- the number of particles (pions) produced per unit rapidity and per 

nucleon-nucleon collision at :  

- the typical pion transverse momentum:  

• Assuming , we find : 
 
 
 
 
⇒ The energy density is larger 

than  if  

100 GeV dN/dy ≃ 5
pT ≃ 350 MeV/c

v(z) = z /t

1 GeV/fm3 t < 3 fm
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Energy density in the central region
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• High temperature 
⇒ expect plasma of deconfined coloured quarks and gluons 

• The interaction medium can be characterised by several observables 
used to identify the QGP: 
- hadron production 
- photon spectrum 
- pressure 
- dimensions, anisotropies 
- particle correlations 
- quarkonium (e.g. ) production 
- strangeness production 
- jet production and jet quenching

ϕ, J/ψ, Υ

237

QGP Signatures
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• Three categories of photons : 
1.prompt photons (produced in collision) 
2.thermal photons 
3.secondary photons (from decay of prompt particles, e.g. ) 

• Measure photon spectrum ⇒ temperature (⇒ pressure) 

- Planck : 

- valid for thermal photons emitted 
at the surface of QGP (r > 0.1Å) 

- small volumes (few fm3) are 
transparent to photon ⇒ correction 
 
 
but... probes the centre of the QGP!

π0 → γγ

238

Photon spectrum

p =
✏

3
= 0.22T 4

dp(E� , T )
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FIG. 9. Thermal photon production in a QGP of 7 fm radius and during 10 fm/c, as expected
from a black-body radiation.

for temperatures of 200 MeV, 500 MeV and 700 MeV. The corresponding photon yields for
energies above 1 GeV are 52, 4600 and 16000, respectively.

Obviously, the numerical example presented here is unrealistic since a 7 fm radius QGP
will be transparent to photons. Under these conditions, the electromagnetic radiation of
a thermalised QGP is not in thermal equilibrium with the medium which is producing it.
Once a photon is produced, it will escape from the QGP, therefore the emission is from
the volume and not from the surface as in the black-body radiation. The calculation of the
thermal photon radiation from a QGP is complicated [Gelis 03, Arleo 03]. At first order,
one could expect a reduction of the total number of photons emitted following the ratio of
the strength of the strong and the electromagnetic forces ↵QED/↵QCD. Only for large size
QGP, with a radius above ⇠0.1 Å, the black-body radiation model would become valid.

2. Screening of the colour potential between heavy quarks in the QGP

As we have already mentioned, the transition to the QGP only concerns the light quarks
u, d and s, for which the chiral symmetry is a good approximation. Since heavy quarks
explicitly break the chiral symmetry, they are not directly concerned by the transition to
QGP. In other words, the bound states of heavy quarks (quarkonia) are not necessarily melt
in a QGP and they could exist as bound states. For this reason, these bound states become
very interesting probes for measuring the temperature of the QGP [Matsui 86].

Let us see qualitatively which are the properties of a quarkonium embedded in a QGP.
Quarkonia are bound states between two heavy quarks QQ̄: cc̄ for the family ⌘c, J/ ,

 (2S), �c ... and the states bb̄ for the family ⌥’s and �b. The bound state tt̄ has not been
experimentally observed and it will surely not exist due to the short lifetime of the top

r = 7 fm 
t = 10 fm/c
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• Can we probe the  
phase space? 

• Pressure after collision 
⇒ information on the state 
of matter 

• High pressure ⇒ higher transverse momentum   

 
⇒ measure transverse momentum spectrum versus energy

(P, T4)

pT

239

Pressure

0

–B
Tc4 T4

P

pions

QGP

T4/3

4T
4–B

(pT, E) ⇔ (P, T4)
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• Interferometry can be used to measure the dimensions of the volume 
in which the pions are produced 

• Exploit Bose-Einstein correlations between identical bosons emitted 
close in phase space: Hanbury Brown-Twiss method 

• Measure the 4D separation between pions of same charge 

• Compare q2 distributions for pions in same events with the 
distribution for pions in different events (i.e. uncorrelated) 
⇒ measure of the interference 

• One obtains information on the dimensions and the lifetime of the 
source

240

QGP dimensions

|p1 � p2|2 = q2
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• Quarkonia of heavy quark-antiquark pairs 
- radius much smaller than for light hadrons ( ) 

- more tightly bound (binding energies up to 0.5 – 1GeV) 
 
⇒ can survive in QGP up to temperatures above deconfinement point; but 
will melt at temperature above binding energy 
⇒ are not produced when the colour screening radius is about the size of 
the quarkonium radius 

•  is different for each quarkonium state ⇒ probe temperature from 

the quarkonium spectrum

rQ ≪ rh ∼ 1 fm

rQ

241

Quarkonium production

these cannot exist in the interior of the QGP and hence must be formed through hadroniza-
tion at the cooler surface. Such radiation will therefore provide information about the
hadronization stage of the QGP, but not about the pre-hadronic state in the interior. In
the hot QGP itself, quark-gluon interactions and quark-antiquark annihilation produce
real and virtual photons, respectively, and these will leave the medium without further
strong interaction. They can thus provide information about the state of the medium
when they were formed, i.e., about the hot QGP [19]. The difficulty is that they can be
formed at all evolution stages of the medium, even in the hadronic phase, and so one has
to find a way to identify hot thermal electromagnetic radiation. If this can be achieved,
such radiation provides a thermometer for the medium.

Alternative tools are obtained by testing the medium with external probes. In particular,
we can study the effect of the medium on quarkonia or on jets. Both will interact strongly
in a deconfined medium and less or not at all with hadronic matter; thus they can provide
information on the temperature and/or density of the QGP.

Quarkonia are bound states of heavy quark-antiquark pairs (cc̄, bb̄). They are much smaller
than “light” hadroncs (rQ ≪ rh ∼ 1 fm) and much more tightly bound, with binding
energies up to 0.5 to 1.0 GeV. Therefore they can survive in a QGP up to temperature
above the deconfinement point and “melt” only when the color screening radius has
dropped to quarkonium size [20]. Since the different quarkonium states have different
sizes and binding energies, since will lead to a “sequential” suppression of quarkonia:
first, the larger and more loosely bound excited states are dissolved, finally the small and
tightly bound ground states. For charmonia, this is illustrated in Fig. 7, with ψ′ and
χc melting followed eventually by that of the J/ψ. Such patterns can provide a spectral
analysis of the QGP, similar to that obtained for the sun by solar spectra [21].

J/

J/

ψ

ψ

ψ χ

χ

c

c

’

ψ ’

T < Tc

ψΤ    < Τ < Τ χ

J/

J/

ψ

ψ

ψ χ

χ

c

c

’

ψ ’

Τ > Τ

Τ    < Τ < Τψχ

ψ

Figure 7: The spectral analysis of the QGP through charmonium states

Jets are fast partons (quarks or gluons) passing through the medium. They are colored
and hence interact stronger with a QGP than with color-neutral hadronic matter. A sub-
stantial attenuation (“quenching”) of jets thus indicates the presence of a dense deconfined
medium [22, 23].

We had called quarkonia and jets “external” probes. It is clear, however, that they have to
be produced in the same collision which leads to the QGP candidate to be probed. They
are, however, produced through very early hard interactions, which take place before the
QGP is formed. We can then study the subsequent effect of the QGP on their behavior.
Moreover, their initial production is to a large extent calculable by perturbative QCD,
and it can be gauged in the study of pp and pA collisions, which presumably do not
produce a QGP.

8
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J/ψ production at 200GeV / nucleon

ψ

CERN NA38 experiment 

p-U, O-U, S-U collisions 
200GeV/nucleon 

 production normalised to 
 production 

Clear deficit in heavier ion 
collisions above 1GeV/fm2  

Is this a signature of QGP? 

Note: ss production is suppressed because the 
screening effect is much larger for the lighter s 

quark (∼200MeV vs 1840MeV for c quark)

J/ψ
μ+μ−
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• Jets are created in nucleon interactions 
- in QGP, expect strong interaction of jets with the medium ⇒ absorbed 

- compare rate of di-jet events in pp and in ion-ion interactions 
- suppression of jets in ion-ion collisions may be a sign of QGP 

• Other tests have been suggested 
- lepton production rate 
- photon production rate 

 
…and any observable may have power to discriminate between QGP and 
other states of matter (hadron gas)

243

Jet and lepton production
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1.Understand the dynamics of the collision 
- systematic study of the colliding system: centre of mass energies and 

impact parameter 

2.Experimental probes 
- detection, identification, kinematic characterisation of the particles 

produced in the ion-ion collision 
- deduce: particle multiplicities; unflavoured and strange hadron yields; pT 

and  distributions; asymmetries in the distributions; heavy quarks; 
quarkonia ( ); photons; jets; etc... 

3.Global interpretation 
- interpretation of all the results into phenomenological models, and identify 

the models that give a good description of all the observations

η
J/ψ

244

Experimental methodology
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• Main laboratories involved in high-energy nuclear matter experiments 
- CERN, Geneva, Switzerland 
- Brookhaven National Laboratory (BNL) , New York, USA 
- GSI, Darmstadt, Germany 
- GANIL, Caen, France 

• First ion beams at ultra-relativistic energies in the 1980’s (used for fixed-target experiments) 
: 

- AGS (BNL), 5GeV/nucleon pair,  
- SPS (CERN), 18GeV/nucleon pair 

• First heavy-ion colliders in 2000’s: 
- RHIC (BNL) 

- Au-Au collisions at √sNN = 130 GeV (2000) 
- Au-Au collisions at √sNN = 200 GeV (2001) 

- LHC (CERN) 
- Pb-Pb collisions at √sNN = 2760 GeV (2010) 
- p-Pb   collisions at √sNN = 5020 GeV (2013) 
- Pb-Pb collisions at √sNN = 5020 GeV (2015) 
- Pb-Pb collisions at √sNN = 5360 GeV (2023) 

 
 ⇒ Total energy in the collision: 5360 × APb(=207) = 1110 TeV

245

Heavy ion collisions in laboratories
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• AGS at BNL 
- built in 1957 
- proton beams at 33GeV 
- Nobel prizes for the discovery of 

the muon neutrinο  (1962), 
of CP violation (1963), of the  meson (1974)! 

• 1986: acceleration of Silicon ions at 14 GeV 
• 1991: booster 

- Si and Au ions with 
energies up to √sNN = 11 GeV 

• Probably never reached the 
critical density of 1 GeV/fm3 

νμ

J/ψ

246

Alternating Gradient Synchrotron (AGS)

http://www.bnl.gov/rhic/ags.asp

http://www.bnl.gov/rhic/ags.asp
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• Proton accelerator, 500GeV (1976); fixed target experiments 
• Became a proton-antiproton collider in 1981 

- discovery of the W and Z bosons → Nobel prize in 1984 
• 1986: inject Pb ions 

- Pb ions with charge Q=+27e, and energy 2.5keV 
- stripped of the remaining 

electrons in thin (∼1 µm) 
carbon and Aluminium foils 

- final energy: √sNN = 158 GeV 

• CERN announcement in 2000: 
- the results of the experiments 

hint at a new state of matter: 
Quark Gluon Plasma

247

CERN Super Proton Synchrotron (SPS)
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• RHIC (BNL) 
- first collisions in 2000 
- 3.85km circumference 
- Au-Au collider at √sNN = 200 GeV 
- the AGS is used as injector (9 GeV) 
- 60 bunches per beam; luminosities ∼1027 cm–2 s–1  
- 4 collision points (currently only two are used: STAR, PHENIX)

248

Relativistic Heavy Ion Collider (RHIC)
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Relativistic Heavy Ion Collider (RHIC)
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• LHC (CERN), since 2009 
• Uses the SPS as injector 
• 2010: 

- first Pb-Pb collisions 
at √sNN = 2.76 TeV 

• Luminosity ∼5×1026 cm–2 s–1  
• √sNN = 5.36 TeV since 2023 

• Beam lifetime reduced because of two main processes 
- electromagnetic production of e+e– pairs followed by e– capture in Pb ion 
- neutron emission resulting from electromagnetic excitation of the Pb ion

250

Large Hadron Collider (LHC)
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CERN accelerator complex
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• Main experiments used for the study of ion-ion collisions at high 
energies: 

- experiments at RHIC 
- STAR 

- PHENIX 

- experiments at LHC 
- ALICE 

- ATLAS, CMS, LHCb

252

Heavy-ion collider experiments
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• Typical  detector geometry 
• Tracking with Silicon vertex tracker and a large time-projection 

chamber (TPC) 
• Particle identification with time-of-flight and calorimeter

4π

253

The STAR experiment (at RHIC)
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The STAR detector
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STAR Conceptual Design Report

Table 2-2 Time Projection Chamber.

Chapter 2 - Overview of Experiment

Drift Volume Coaxial Cylinder -
Inner Radius O.5m
Outer Radius 2.0m
Length 4.2m
Pill acceptance 1111 < 1
Tracking acceptance 1111 < 2
Drift Gas Ar+ 1O%CH4
Pressure Atmospheric
Sampling Rate 12.3 MHz
Time Samples 512
#ofpad rows 50
Pad Sectors Two types
Type, Number of rows Inner, 18
Pad Size 2.85 mm x 11.5 mm
Type, Number of rows Outer, 32
Pad Size 6.2 mm x 19.5 mm
Total number of pads 140,000
Total # pixels 77,000,000
Dynamic range for dEldx 10 bits
Position resolution (Pt > 1GeVI c) 460 Jlm in x,y and 700 Jlffi in z
Drift time 40 Jls

electrostatic calculations have been performedl to determine the effect of the primary
ionization of the expected large multiplicity of charged particles in central collisions at
RHIC. The accumulation of positive ion charge in the STAR TPC is found to have a
small effect on the TPC space points for Au beam luminosities up to 20 times the design
luminosity (!fo =2 x 1026 cm2sec· l ).

Tracking performance in the STAR TPC has been simulated using
...Jsnn =200 GeV Au + Au central events, generated using the FRITIOF code and
processed by the GEANT detector simulation program. The pattern recognition
program for the STAR TPC is based on the ALEPH code.2 On average 93% of the tracks
within the range 1111 < 1 and with momenta above 150 MeVI c that are generated for
central Au + Au events are successfully reconstructed. The 6.p/p of the reconstructed
tnu:ks is found to be 1.4% in good agreement with an evaluation based on the track
length and momentum distribution in an argon gas-filled TPc.3

1 STAR Update to the RHIC Letter of Intent (1991).
2 W.B. Atwood, et al.. Performance of the Aleph Time Projection Chamber - submitted to Nuclear
Instruments and Methods A.
3 R.K. Bock et aI., Formula and Methods in Experimental Data Evaluation, European Physical Society,
Geneva, CERN (1984).

2-6
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The STAR TPC
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• Pioneering High Energy Nuclear Interaction eXperiment 
• Designed to measure direct probes 

of the ion-ion collisions, such as 
electrons, muons and photons 

• Asymmetric design

256

The PHENIX experiment (at RHIC)

Fig. 2. A cutaway drawing of the PHENIX detector. Labeled arrows point to the
major detector subsystems.

mately one steradian. The global detectors measure the start time, vertex and
multiplicity of the interactions. A photograph of the PHENIX detector from
above is shown in Fig.3.

3.1 Global Detectors

In order to characterize the nature of an event following a heavy ion collision,
three global detectors are employed. They consist of Zero-Degree Calorimeters
(ZDC), Beam- Beam Counters (BBC) and the Multiplicity-Vertex Detector
(MVD). A pair of ZDC’s [5] detect neutrons from grazing collisions and form
a trigger for the most peripheral collisions. The ZDC is used by all four RHIC
detectors and is discussed elsewhere in this volume [6]. A pair of BBCs [7]
provide a measure of the time-of-flight of forward particles to determine the
time of a collision, provide a trigger for the more central collisions and provide
a measure of the collision position along the beam axis. The MVD [7] provides

10

Introduction Measurement Overview

PHENIX Heavy Flavor Measurements

I c , b ! ` in North, South,
central arms

I J/ ! `+`� in North, South
central arms

I  0 ! e+e�, �c ! e+e��,
central arms

I cc̄ , bb̄ ! e+e� central arms

I cc̄ ! e±µ⌥ in central-muon
arms

N. Grau (Augustana) Heavy Quarks in d+Au 4/8/14 5 / 27

PHENIX event
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The ALICE experiment (at LHC)
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ALICE event at √sNN=5.02 TeV
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• Energy densities 
• Particle multiplicities 
• Measurements of the freeze-out temperature 
• Initial temperature 
• Correlations (including QGP dimensions)  
• Opacity of the hadronic matter 
• Jet production asymmetry

259

Selection of experimental results
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• Charged particle pseudorapidity densities for pp and PbPb collisions 
• At RHIC: ∼600 charged (∼900 total) particles per unit of  

⇒ estimate energy density at the level of  5 – 15 GeV/fm3  

• At 2.76 TeV, transverse energy  TeV and  charged particles 
per unit of  ⇒ initial temperature  MeV 

⇒ above the phase transition!

η

∼ 2 ∼ 1600
η ∼ 310 − 370
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Energy densities
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FIG. 5. Dependence of the energy density as a function of the temperature of the hadronic matter
at null baryonic potential given by lattice QCD calculations at finite temperature. The calculations
are performed for two massless quarks, three massless quarks and two massless quark and one (s)
with its real mass. A transition is observed at a temperature of about 173 MeV and energy density
of 0.7 GeV/fm3. For the calculations with a real s mass, the transition is faded away [Karsch 02a]

are able to explain the evolution of this factor for T � 2Tc [Blaizot 99].
The lattice QCD calculations show that for massive quarks, the phase transition could

fade away, it would become a cross-over and no criticalness would be observed. The crit-
icalness of the transition has been studied as a function of the quark masses (see Fig. 6).
In the calculations presented here, the u and d masses are considered to be identical and
µB = 0. It is observed that for both low and large masses, a 1st order phase transition
is predicted. The cross-over transition occurs for intermediate quark masses. A 2nd order
phase transition occurs in the border line between 1st order and cross-over areas. Today
there is some consensus to believe that for the physical quark masses and µB=0 there is not
a phase transition but a cross-over [Karsch 02a, Karsch 02b]7.

The QCD lattice calculations with physical quark masses, have determined critical tem-
peratures between 150-200 MeV. There has been some confusion about the exact critical
temperature of the transition in the last years. The outcome was that the evaluation of the
transition temperature, which is not a well defined parameter for a cross-over transition,
would depend on the method used for its determination. Calculations based on chiral order
parameter show a cross-over transition for T⇠155 MeV. On the other hand, the behaviour
of the Polyakov loop suggests that colour screening sets in at temperatures that are higher
than the chiral transition temperature [Petreczky 12].

Finally, lattice QCD calculations have studied the order parameters of the chiral and
deconfinement transitions (see Fig. 7) showing that, a priori, both transitions occur at the

7 Note that more recent references on this subject exist and they are not referenced in this lecture.

Prediction from lattice QCD:
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factor of 1.8 from the most central collisions, large hNparti,
to the most peripheral, small hNparti. There appears to be a
smooth trend towards the value measured in minimum bias
p-Pb collisions [18]. The Pb-Pb data measured at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2.76 TeV [4] are also shown, scaled by a factor 1.2, which
is calculated from the observed s0.155 dependence of the
results in the most central collisions and which describes
well the increase for all centralities. The proton-proton
result at the same energy [26] is scaled by a factor of 1.13
from the s0.103 dependence. The ratio between the data
measured at the two collision energies is consistent with
being independent of Npart, within the uncertainties, which
are largely uncorrelated. While, in general, the uncertainties
related to the tracklet measurement are correlated between
the two analyses, the subtraction of the background and the
centrality classification are, instead, uncorrelated, depend-
ing on the determination of the usable fraction of the
hadronic cross section and therefore on the run and detector
conditions [15].
Figure 3 shows a comparison of the data to some of the

models which were compared to the measurements at lower
energy. The curves shown are predictions of the models,
without any retuning of the parameters based on the new
data presented here.
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FIG. 2. The ð2=hNpartiÞhdNch=dηi for Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV in the centrality range 0%–80%, as a function
of hNparti in each centrality class. The error bars indicate the
point-to-point centrality-dependent uncertainties, whereas the
shaded band shows the correlated contributions. Also shown is
the result from nonsingle diffractive p-Pb collisions at the sameffiffiffiffiffiffiffiffi
sNN

p
[18]. Data from lower-energy (2.76 TeV) Pb-Pb and pp

collisions [4,26], scaled by a factor of 1.2 and 1.13, respectively,
are shown for comparison. The error bars for p-Pb at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV and lower-energy Pb-Pb and pp collisions indicate the
total uncertainty.
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• Pseudorapidity density distributions for various centralities 
• Measurement by ALICE at 2.76TeV: 

 
 
 
 
 
 
 
 
 
 

• Total integrated charged multiplicity from integration of these plots: 
 for  centrality 

• The models don’t describe the data accurately

Nch = 17165 ± 772 0 − 5 %
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Fig. 3. Left: Comparison of (dNch/d⌘)/(hNparti/2) with model calculations for PbPb at
p
sNN = 2.76 TeV. Uncorrelated

uncertainties are indicated by the error bars, while correlated uncertainties are shown as the grey band. Statistical errors are
negligible. The HIJING 2.0 curve is shown for two values of the gluon shadowing (sg) parameter. Right: dNch/d⌘ in di↵erent
centrality classes compared to model predictions [63,66,67,68].

2.3 Azimuthal asymmetries

In heavy-ion collisions, the impact-parameter vector and the beam direction define the reaction plane. If the particle
momenta do not only depend on the local conditions at their production point, but also on the overall event geometry,
a correlation between the azimuthal angle of the produced particles and the reaction plane (anisotropic transverse
flow) may be detected, and represents an unambiguous signature of a collective behaviour in the created medium. In
particular, in non-central heavy-ion collisions, the initial shape of the created fireball has a geometrical anisotropy,
which induces di↵erent pressure gradients in the collectively expanding medium. As a consequence, an anisotropy of
the azimuthal distributions of the produced particles arises, if interactions in the medium are strong and consequently
the mean free path small enough for relativistic hydrodynamics to be applicable [70,71,20] very early - an issue still
pending a theoretical explanation [18,23]. The coe�cients of a Fourier expansion of such distributions [72] can be
used to characterize the observed asymmetry. Specifically, the second coe�cient of the expansion (elliptic flow, v2)
is strongly related to the pressure gradient di↵erence, but also higher-order coe�cients (v3, v4,...) provide valuable
information on the evolution of the medium and on the geometric fluctuations of the initial state. At RHIC [73],
the observation of v2 values at low pT in good agreement with ideal hydrodynamic calculations (i.e. zero viscosity) in
semi-central and central collisions were at the basis of the claim for the production of a strongly interacting QGP phase
behaving as an ideal liquid [74,75,76,77]. In addition, a hierarchy of v2 values was observed for identified particles,
with higher values, at a given pT, for lighter particles [78]. This characteristic ordering can be mainly understood in
terms of a radial flow e↵ect and models including a partonic phase, characterized by a harder equation of state (and
consequently a higher speed of sound) with respect to the hadronic phase, showed a quantitative agreement with the
results [79].

At the LHC, anisotropic flow measurements have reached an unprecedent accuracy, due to the larger charged
multiplicities and to the large acceptance of the experiments. Concerning v2, it was observed (see Fig. 4(left)) that
the pT-integrated values increase by about 30% with respect to RHIC, the increase being mainly due to the larger
hpTi (as v2 increases with pT at relatively low pT) [80]. At fixed pT, as shown in Fig. 4(right), the observed values
are similar at RHIC and LHC [80,83,84]. It is interesting to note that such a similarity extends down to low RHIC
energies [85].

The pT-reach of the elliptic flow measurements has been pushed to very-high pT (> 50 GeV/c) [84], as shown in
Fig. 5(left). Here the interpretation in terms of collective e↵ects does not hold any more and the observed non-zero
v2 is mainly related to the di↵erent pathlength in the medium for particles emitted in-plane and out-of-plane, which
induces a di↵erent energy loss (see Section 3.1). Higher-order azimuthal asymmetries have also received considerable
attention, with measurements extending up to v6 [86,87,88]. Their study is particularly important to help constraining
the initial conditions of the collision, which play a key role in the determination of the viscosity. The measured flow
coe�cients show little dependence on centrality, consistent with an anisotropy primarily associated with fluctuations

in the initial geometry. The approximate scaling v1/nn (pT) / v1/22 (pT), expected in a hydrodynamic scenario, has been
observed for all but the most central events (see Fig. 5(right) [86]).

At LHC energies, first systematic studies of event-by-event flow coe�cients have been carried out [89]. They are
particularly relevant for the assessment of fluctuations in the initial geometry, and were extensively compared to
models. The results show that the vn distributions broaden from central to peripheral collisions, and are in good

arXiv:1511.02151
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• Measure hadron multiplicities to determine the temperature 
- the expanding hot system hadronises statistically at freeze-out. 
- if thermal equilibrium, temperature can be determined from particle 

multiplicities 
• Freeze-out temperature measured at RHIC and LHC:
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FIG. 12. Left: Comparison of thermal model predictions with RHIC data. Right: Thermal model
fits to ALICE data on hadron production in central Pb–Pb collisions. From reference [Andronic 12].

[Andronic 04]. In this model, the expanding hot system hadronizes statistically at the freeze-
out, and therefore the hadron yields are given by the following expression:

ni =
Ni

V
=

gi
2⇡2

Z 1

0

p2dp

exp[(Ei � µi)/T ]± 1
(32)

with (+) for fermions and (-) for bosons, T is the temperature, Ni is the total number
of hadrons of the species i, V the total volume of the system, gi is the isospin and spin
degeneration factor, Ei the total hadron energy and µi the chemical potential. Considering
zero total strangeness and isospin of the system, one can consider µi = µb where µb is
the baryonic chemical potential. Therefore only two parameters are needed to predict the
hadron yield ratios: the freeze-out temperature and the baryonic potential. The analysis
of hadron yield ratios allows to extract a similar freeze-out temperature of ⇠ 160 MeV at
RHIC and at the LHC (see Fig. 12). The baryonic potential is µb ⇠20 MeV at RHIC
and, as expected, a lower µb at LHC, indeed close to zero [Andronic 09, Andronic 12]. The
value of the temperature at chemical freeze-out is indeed very close to the phase transition
temperature as predicted by lattice calculations presented in section IID. One should notice
that, at LHC energies, proton and antiproton yields normalised to the pion yields exhibit
an anomalous behaviour that has to be further investigated [Andronic 12].

The azimuthal distribution of particles in the plane perpendicular to the beam direction
is an experimental observable which is also sensitive to the dynamics of the early stages of
heavy-ion collisions. When nuclei collide at finite impact parameter (non-central collisions),
the geometrical overlap region and therefore the initial matter distribution is anisotropic
(almond shaped). If the matter is strongly interacting, this spatial asymmetry is converted
via multiple collisions into an anisotropic momentum distribution [Ollitrault 93]. The second
moment of the final state hadron azimuthal distribution with respect to the reaction plane
is called the elliptic flow (v2):

E
d3N

d3~p
=

1

2⇡

d2N

pTdpTdy

"
1 +

1X

n=1

n
2vn cos [n(�� R)]

o#
(33)

where  R is the reaction plane, defined by the beam axis and the impact parameter.

RHIC:  Tfreeze-out = 162MeV LHC:  Tfreeze-out = 164MeV

Anomaly with protons 
and antiprotons
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• ALICE measured the production rates of deuterium, 3He, 3H, and the 
corresponding anti-nuclei in p–Pb collisions 
- rates for nuclei and anti-nuclei are compatible 
⇒ symmetric production 

- these results have implications for the predictions of rates of nuclei in 
cosmic rays, and the 
search for Dark Matter 
(cf. AMS measurements)
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Production of matter and antimatter

Production of (anti-)3He and (anti-)3H in p–Pb collisions at
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Figure 4: pT spectra of (anti-)3He (left) and (anti-)3H (right) measured in INEL > 0 p–Pb collisions at
√

sNN =

5.02 TeV. The bottom panels show the corresponding antiparticle-to-particle ratios as a function of pT. Statistical
and systematic uncertainties are indicated by vertical bars and boxes, respectively.

to be extrapolated to the unmeasured regions in order to obtain the integrated yield (dN/dy). For the
extrapolation, the measured pT spectra are fitted with the following functional forms: pT-exponential,
mT-exponential, Boltzmann, Bose–Einstein, and Fermi–Dirac function.

The extrapolated yield is calculated by integrating each of these functions outside the measured pT range
and taking the average. The result is added to the integral of the measured spectrum to obtain the total pT-
integrated yield. For the calculation of the statistical uncertainty on the yield, the transverse momentum
spectrum is modified by shifting the data points for different transverse momentum bins independently
by random numbers with Gaussian distributions centered around the measured values with a width given
by the statistical uncertainties. In addition, the extrapolated yields at pT below and above the measured
range are varied following a Gaussian function centered at the default value with a width given by the
uncertainty on the extrapolated yield. The standard deviation of the distribution of measured yields
determines the statistical uncertainty for each functional form fitted.

For the systematic uncertainty of the total yield, for each of the functional forms the part correlated
in pT, i.e. the material budget, the hadronic cross section, feed-down uncertainty, and the uncertainty
linked to the estimation of the primary fraction, is treated separately from the remaining uncertainty.
It is evaluated as the average difference between the default value and the yield obtained by shifting
the measured points up or down by the correlated part of the systematic uncertainties. The remaining
part of the total uncertainty, i.e. the uncertainty linked to the track selection, PID, and contamination,
is partially uncorrelated between pT-bins. Therefore, the Gaussian sampling procedure is also used to
evaluate the contributions of these sources to the systematic uncertainty of the pT-integrated yield. The
contribution for each functional form is given by the sum in quadrature of the uncorrelated and the
correlated uncertainty. To obtain the total systematic uncertainty on the integrated yield, the average
of the contributions from the different functional forms is calculated and added in quadrature to the
uncertainty given by the spread of the values obtained with the different functional forms. The latter is
calculated as the difference of the maximum and the minimum yield divided by

√
12. The extrapolated
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• PHENIX measured the photon spectrum in Au–Au collisions 
- QGP thermal radiation ⇒ expect high energy photons 

- results incompatible with perturbative QCD calculations, but can be 
described by hydrodynamical models ⇒ T = 300–600MeV 

• Temperature estimated from quarkonium production rates 
- suppression of Υ(2S) and Υ(3S) resonances in CMS Pb–Pb data 
- compatible with formation of QGP with T = 200–400MeV
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FIG. 15. Dimuon invariant-mass distributions in Pb-Pb (left) and pp (right) data at
p
sNN= 2.76

TeV. The solid (signal + background) and dashed (background-only) curves show the results of the
simultaneous fit to the two datasets. Figure 1 in reference [CMS 12c].

represent an important experimental observation. Preliminary results from ALICE about
thermal photon production in central Pb-Pb at 2.76 TeV are already available [Wilde 12].
The supposed thermal photon yield exhibits a 40% larger inverse slope at LHC than that
at RHIC. The latter is in qualitatively good agreement with the expected relative increase
of the initial temperature from RHIC to LHC energies.

Quarkonium was proposed as a probe of the QCD matter formed in relativistic heavy-ion
collisions more than two decades ago. A familiar prediction, quarkonium suppression due
to colour-screening of the heavy-quark potential in deconfined QCD matter [Matsui 86], has
been experimentally searched for at the SPS and RHIC heavy-ion facilities.

CMS collaboration has performed the first measurement of the upsilon resonances (⌥(1S),
⌥(2S) and ⌥(3S)) at the LHC [CMS 11a, CMS 12g, CMS 12c]. The results indicate a sig-
nificant decrease of the ⌥(2S) and ⌥(3S) RAA (see Fig. 15). The ⌥(1S) RAA is about 0.41
for the most central collisions. One should note that about 50% of the upsilon production in
hadronic collisions is expected to result from the radiative decays of higher bottomonium res-
onances [Bedjidian 04]. If one assumes that high resonances are dissolved, one would expect
to measure a nuclear modification factor for the ⌥(1S) about 0.5. The present measure-
ment would be compatible with a formation of a QGP at the LHC at an initial temperature
between 1.2-2.0 times the critical temperatures (see Tab. II), so absolute temperatures be-
tween 200-400 MeV. Since the melting temperature of ⌥(2S) and J/ are expected to be
similar (see Tab. II) one should expect a similar decrease of the J/ RAA at LHC energies.

The PHENIX experiment at RHIC reported the observation of J/ suppression in central
Au-Au collisions at

p
sNN=200 GeV (10 times higher than the maximum energy in the CM

at SPS) [PHENIX 07, PHENIX 11b, PHENIX 12b]. Deuteron-gold collisions have been
used to constrain cold nuclear matter (CNM) e↵ects at RHIC energies [PHENIX 11a]. As
a consequence, J/ suppression due to dissociation in QGP matter is roughly estimated to
be 40-80% in central Au-Au collisions at RHIC energies. Since about 40% of the J/ yield
results from the decays of higher resonances, it remains an open question whether the J/ 
is melt or not melt at RHIC energies. Finally, the STAR experiment has measured a smaller
suppression at high transverse momentum (pT � 5 GeV/c) at mid-rapidity [STAR 09a,
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• Temperature estimated from quarkonium production rates 
- suppression of  production is observed at RHIC and LHC, but less 

reduction at higher LHC energy! (  “regeneration” ?) 
 
 
 
 
 
 
 

- but it is not clear whether the suppression is because the  melted or if 
it is due to the melting of higher resonances from which part of the  are 
the decay products 
 
⇒ not an unambiguous evidence for deconfinement

J/ψ
⇒

J/ψ
J/ψ
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produced at the LHC with respect to lower energy machines, and an accurate study of the strongly bound ⌥ (1S) state,
along with the corresponding 2S and 3S resonances, becomes possible.

Heavy quarkonium states in pPb and PbPb collisions were mainly studied by ALICE [306,307,308,309,310,311,277,
312,313,314,315,316] and CMS [317,278,318,319,320], with contributions on selected topics also from ATLAS [321,
322] and LHCb [323,324]. The experiments measure quarkonia in the dilepton decay mode (mainly µ+µ�, but also
e+e�), both at central rapidity (CMS, with maximum coverage corresponding to |y| < 2.4) and forward rapidity
(ALICE, 2.5 < y < 4). ALICE covers charmonium production down to zero pT while CMS acceptance starts at pT ⇠ 6
GeV/c (down to a minimum of 3 GeV/c for selected rapidity intervals). For bottomonium, all the experiments have
coverage down to pT = 0.

In Fig. 24 (left) the dependence of the inclusive J/ RAA on hNparti, measured by ALICE at forward rapidity [312],
is compared to the corresponding measurement by PHENIX (Au-Au, 1.2 < |y| < 2.2) [299]. For hNparti > 100
the suppression observed in ALICE data is clearly smaller than at RHIC energy. Such a behaviour, also seen at
midrapidity [308], is compatible with the presence of a significant regeneration of J/ . This mechanism is expected to
enhance charmonium production mainly at low transverse momentum. When comparing the pT-dependence of RAA

for central collisions between PHENIX and ALICE, as in Fig. 24 (right) [312], one can clearly see that the di↵erence is
concentrated at low pT. Theoretical calculations (including transport and statistical models) qualitatively reproduce
the ALICE data [325,326,327,328]. For transport models, which implement charmonium dissociation and regeneration
in a thermally expanding fireball, more than 50% of the measured J/ is produced via regeneration. As for many
observables, it is expected that cold nuclear matter e↵ects may influence the measured RAA. Estimates based on the
results from pPb collisions at

p
sNN = 5.02 TeV show that cold nuclear matter e↵ects are negligible at large pT,

while at low pT their size becomes of the same order of magnitude as the observed suppression. Once such e↵ects are
corrected for, the low-pT enhancement of the J/ production becomes even stronger [311].
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Fig. 24. Left: the inclusive J/ RAA as a function of hNparti, measured in PbPb collisions at forward-y by ALICE [312] and
compared to PHENIX Au-Au results. Right: the pT-dependence of the inclusive J/ RAA [312], compared to PHENIX results
and to theoretical models.

In Fig. 25 (left) preliminary results on the nuclear modification factor for ⌥ (1S) and ⌥ (2S), measured by CMS in
|y| < 2.4, are shown as a function of Npart [329]. A strong suppression, increasing with centrality, is seen, in particular
for the relatively less bound 2S state. Such a behaviour is consistent with the observation of the sequential suppression
of the quarkonium states according to their binding energy [295]. One should note that a significant fraction (originally
estimated to be ⇠ 50% by CDF [330], but likely to be ⇠30% following more recent LHCb results [331]) of measured
⌥ (1S) states comes from the decay of higher-mass bottomonium resonances (⌥ (2S), ⌥ (3S), �b) so that a large
fraction of the observed 1S suppression is connected to such feed-down e↵ects. The contribution of regeneration e↵ects
is expected to be much smaller in the bottomonium sector, due to the lower bb yields compared to charm. In Fig. 25
(center, right) the pT- and y-dependence of RAA are shown [329]. No significant dependence on the two variables
can be seen, within uncertainties. It is remarkable that also ALICE results on ⌥ (1S), extending the y-coverage up to
y = 4, exhibit the same level of suppression [315]. Theoretical models do not still reproduce quantitatively the size of
the suppression and/or its rapidity dependence [332,333,334].
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• Apply Hanbury Brown-Twiss method using correlated pions 
 
 
 
 
 
 
 
 
 
 
 
 
⇒ uniform volume of 300 fm3 and time of 10 fm/c
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Intensity interferometry
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Fig. 1. Product of the three pion HBT radii at kT = 0.3GeV/c (left) and decoupling time (right).
The ALICE results (full circles) are compared to those obtained for central Au and Pb collisions
at lower energies.

3. Soft probes

To learn about the early state of the system, low pT (< 2.2GeV/c) direct photons
are studied. A temperature T = 297±12stat±41syst MeV has been measured for the
0-20% Pb–Pb collisions at

p
sNN =2.76TeV.? Hence, the system at the LHC is hot-

ter than that produced at RHIC, where an early temperature of 239±25stat±7syst

MeV was measured for the same centrality class in Au–Au collisions.? It is worth
noticing that such temperatures are already above the one predicted to achieve the
QCD phase transition.? The system formed at the LHC is also denser, the average
multiplicity per number of participant is twice that measured at RHIC.?

The system expands and cools down, when the inelastic interactions cease the
yields of particles are fixed. This is the stage of the so-called chemical freeze-out
which is studied using the yields of identified hadrons. Within 20% particle ratios,
e.g., the proton yield normalized to that of pions, are described by thermal models
with a common chemical freeze-out temperature of Tch ⇡ 156 MeV.? However,
larger deviations are observed for protons and K⇤0, for the latter, this is not a
surprise since its mean lifetime is smaller than that of the fireball (⇡10 fm/c),? and
therefore the resonance yield may deviate from the expected values due to hadronic
processes like re-scattering and regeneration.?

On the other hand, the measurement of the spatial extent at decoupling time is
accesible via intensity interferometry, a technique which exploits the Bose-Einstein
enhancement of identical bosons emitted close by in phase space. This approach is
known as Hanbury Brown-Twiss analysis (HBT) .? Such an analysis using identical
charged pions has been performed by ALICE. The results give a pion homogeneity
volume of ⇡ 300 fm3 (two times that reported at RHIC) and a decoupling time of
⇡ 10 fm/c.? The comparisons with results at lower energies are presented in Fig. 1.

The transverse momentum distributions of identified hadrons contain valu-
able information about the collective expansion of the system (pT . 2GeV/c),
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• Study  correlation plots between pairs of particles 

• Particles at  with wide range of  ⇒ “ridge” effect 

• Effect is strong with increasing centrality

(Δη, Δϕ)

Δϕ = 0 , π Δη

267

Correlations
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Fig. 8. Left: Two-dimensional (2D) per-trigger-particle associated yield of charged hadrons as a function of |�⌘| and |��| for
3 < ptrigT < 3.5 GeV/c and 1 < passocT < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions at 2.76 TeV/nucleon [the
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have triggered an intense debate on the origin of this phenomenon and on the possibility of large degrees of collectivity
in very high-multiplicity pp and pPb collisions at LHC energies.

Many theoretical explanations have been proposed for the ridge. While not the only ones, see others in [126,127,
128,129], two main lines are currently under debate. One is the pure hydrodynamical explanation that considers that,
provided an initial condition that contains long-range correlations in rapidity, the coupling to an expanding medium
automatically produces the azimuthal correlation [130,131,132,133,134]. The other one, based on ideas of the CGC
that indeed provides a long-range rapidity correlation, considers that the azimuthal asymmetry originates from the
initial correlations in the wave function of the colliding hadrons [135,136,137,138,139,140] e.g. Bose enhancement
for gluon and the existence of domains in the hadron with oriented chromoelectric fields or density gradients. While
explanations based on CGC ideas have been successful in reproducing quantitatively the ridge in pp, flow is required
to reproduce its magnitude in PbPb and the situation in pPb is still unclear. This intense activity is linked with the
attempts to understand the origin of the fluctuations in the initial conditions for relativistic hydrodynamics, see e.g.
[141]. In any case, the apparent collectivity suggested by pp and pPb data is among the largest surprises from Run 1
at the LHC, although such possibility had already been put forward [142,143].

2.5 Hadrochemistry

The study of the chemical composition of the particles produced in heavy-ion collisions has been a key feature of the
experimental programmes and theoretical discussions for decades [144]. The success of the description of hadrochem-
istry assuming an equilibrated system ruled by the grand canonical ensemble, the statistical model of hadronisation
[145], has been taken as evidence of both the approximate equilibration and the partonic nature of the produced
medium, as well as of the simple statistical nature of the process.

In PbPb collisions at the LHC, ALICE has made a wealth of pT-di↵erential analyses of identified particle production.
In [146] and [147], the relative yields of multistrange hadrons and of � mesons have been measured. As shown in Fig.
11, the � mesons exhibit, with respect to pions, a relative enhancement with increasing pT that closely follows that of
protons, suggesting that a mass e↵ect is present, as resulting from hydrodynamic calculations where the radial flow is
linked to the mass of the particles (but other options exist, see e.g. [148]). The relative ratios of multistrange particles
and ⇤’s with respect to pions increase gradually with centrality, and agree with the expectations of the statistical
models for mid-central and central collisions. The same trends have been observed in the ⇤/K0

S ratios [152], or for
the transverse momentum and centrality dependence of pions, kaons and protons [153,154] that show a behaviour
compatible with relativistic hydrodynamics.
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• Effect also seen in 
p-Pb collisions 

• Implication: 
large correlation between 
particles at very different rapidities 

• Possible theoretical explanations: 
- hydrodynamics: initial long-range  correlation  correlation through 

the dynamical expansion of the medium 
- azimuthal asymmetry comes from the wave function of the colliding 

hadrons 

• These effects were unexpected ⇒ active search area

η ⇒ ϕ
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• Charged pion nuclear 
modification factor RAA  
in Pb–Pb collisions 
- strong suppression of   

at  

- rise above  in good 
agreement with QGP formation 

• Di-jet production asymmetry 
- strong suppression of one jet in central collisions

π±

pT = 6 − 7 GeV/c
7 GeV/c
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charged particles measured by ALICE in the most central Pb-Pb collisions (0-5%) in comparison
to results from CMS and model calculations. Figure 4 from reference [ALICE 12a]

centrality and pT dependence of the nuclear modification factors. In the most central col-
lisions, the RAA is strongly suppressed (RAA ⇡ 0.13) at pT = 6-7 GeV/c. Above pT = 7
GeV/c, there is a significant rise in the nuclear modification factor, which reaches RAA ⇡
0.4 for pT > 30 GeV/c (see Fig. 18). The latter is in good agreement with models based on
radiative energy loss of gluons in QGP.

At LHC the studies of jets in heavy ion collisions becomes possible. The ATLAS col-
laboration presented the first results on jet reconstruction in Pb-Pb collisions at the LHC
[ATLAS 10]. Jets were reconstructed up to transverse energies of 100 GeV. An asymmetry,
increasing with centrality, was observed between the transverse energies of the leading and
second jets (see Fig. 19). This is an outstanding confirmation of the strong jet energy loss
in a hot, dense medium, as it was inferred from the studies of the high pT RAA and hadron
correlations at RHIC. Similar conclusions were obtained from the measurement performed
by the CMS collaboration [CMS 11b].

At LHC, the phenomenology on studies related to QCD energy loss is also very rich.
Many measurements that are not described here have been performed, like hadron-hadron
correlations [ALICE 12e], single jets [CMS 12h] and gamma-jets [CMS 12d]. In the next
10 years, high precision measurements will be performed on these channels and other more
exotic ones, like Z-jet, will be studied.

The study of high pT RAA of heavy flavour hadrons should shed light on the QCD energy
loss mechanisms. According to QCD, the radiative energy loss of gluons should be larger
than that of quarks. In addition, due to the dead cone e↵ect [Dokshitzer 01], heavy quark
energy loss should be further reduced with respect to that of light quarks. Many studies
were performed at RHIC, mainly via the semileptonic decay of heavy flavour hadrons. A
strong suppression was observed but quantitative conclusions are not yet available. At the
LHC, ALICE collaboration has measured the high pT RAA of D0, D+, and D?+ [ALICE 12g,
Conesa del Valle 12] and the high pT RAA of semi-muonic decay of heavy-flavours (charm and
beauty) [ALICE 12f]. The CMS collaboration has measured the high pT RAA of J/ from
beauty hadron decays. These results indicate strong in-medium energy loss for charm and
beauty quarks, increasing towards the most central collisions. It seems that J/ from beauty
hadron decays are less suppressed than charm hadrons, but systematic uncertainties are still
large. In the next 10 years, thanks to the upgrades of the LHC and RHIC experiments,
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p
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higher precision measurements will become available.

F. Other interesting measurements

Among the huge amount of experimental results that have not been described in this
section, I would like to quickly mention the following ones:

• The measurement of electro-weak boson RAA, proposed by [Conesa del Valle 08], has
become possible at LHC. CMS and ATLAS collaboration has performed the first mea-
surements at the LHC [CMS 11c, ATLAS 12d, CMS 12f]. These have been funda-
mental measurements and (unfortunately) the measured nuclear modification factor is
compatible with unity, as it was expected.

• The charged particle multiplicities measured in high-multiplicity pp collisions at LHC
energies reach values that are of the same order as those measured in heavy-ion col-
lisions at lower energies (e.g. they are well above the ones observed at RHIC for
peripheral Cu-Cu collisions at 200 GeV [PHOBOS 11]). Therefore, it is a valid ques-
tion whether pp collisions also exhibit any kind of collective behaviour as seen in
these heavy-ion collisions. An indication for this might be the observation of long
range, near-side angular correlations (ridge) in pp collisions at 0.9, 2.36 and 7 TeV
with charged particle multiplicities above four times the mean multiplicity [CMS 10].
Recently J/ yields were measured for the first time in pp collisions as a function of
the charged particle multiplicity density [ALICE 12c]. The study of high multiplicity
pp and p-A collisions will be an exciting topic in the next years.

• Antimatter can e�ciently be created in heavy ion collisions. STAR collaboration
reported the first observation of the anti-helium-4 nucleus [STAR 11a].

RAA = ratio of single hadron transverse 
momentum spectra in heavy-ion collisions 
to the same quantity obtained in proton 

proton collisions, normalised to the number 
of binary collisions

central collisionsperipheral collisions
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• Search for QGP signatures in high-energy ion-ion collision 
- mainly at BNL and CERN 

• Many experimental results in agreement with QGP formation, which 
can be considered to have been produced as a new state of matter 
 
…but no single observation of a QGP can be claimed, because 
alternative explanations are not ruled out 

• Future measurements at RHIC and at LHC will help to further 
understand QGP
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Summary of experimental results
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• QGP during period  to  
- from quark formation to dense QGP stage to baryon formation

∼ 10−10 ∼ 10−5 s
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...a word on QGP and cosmology
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• Evolution of the temperature and the parameter of deceleration q as a 
function of time

272

Another view of the cosmological evolution
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Figure 1. From the present day until near BBN: on left – evolution of temperature T and
deceleration parameter q; on right – evolution of the Hubble parameter H and redshift z.

flows from e
+
e
�-annihilation into the photons and leads to the ambient temperature of neutrinos

in the current epoch being lower by a factor (4/11)1/3. This is a common simplifying assumption,
but small refinements are possible. The current accepted model of the neutrino freeze-out is
given in [9].

Figure 1 shows in the left frame the temperature (left axis) and deceleration parameter (right
axis) from shortly after the completion of BBN until today. This type of presentation will
be repeated below for the two earlier eras; the connection from BBN to QGP and from QGP
to the electroweak (EW) transition. The horizontal dot-dashed lines show the pure radiation-
dominated value of q = 1 and the matter-dominated value of q = 1/2. The expansion in
this era starts o↵ as radiation-dominated, but transitions to matter-dominated starting around
T = O(10 eV) and begins to transition to a dark energy dominated era at T = O(1 meV). We
are still in the midst of this transition today. The dashed line shows the neutrino temperature,
which maintains a constant ratio of T⌫/T� ⇡ (4/11)1/3 since neutrino decoupling and e

+
e
�

annihilation around T = O(1 MeV).
The vertical dot-dashed lines show the time of recombination at T ' 0.3 eV and reionization

at T ' O(1 meV). On the right in figure 1 we show the Hubble parameter H and redshift
z + 1 ⌘ a0/a(t). We can see in figure 1 a visible deviation from power law behavior due to
the transitions from radiation to matter dominated and from matter to dark energy dominated
expansion. These transitions are accentuated and more easily visualized in the form of the
deceleration parameter q. The time span covered by the figure 1 is in essence the entire lifespan
of the Universe. All that happens before is a blip in comparison, but of course on a logarithmic
time scale, the two eras we study next are of comparable duration.

5. From BBN passing through QED-neutrino plasma to the hadron Universe

The era separating the photon-neutrino-matter-dark energy Universe we just described from the
QGP and hadron gas Universe is quite complex in its evolution. It begins when the number
of e+e�-pairs has decayed to the same abundance as the number of baryons in the Universe at
the temperature T = O(10 keV). It reaches back to T = O(30 MeV) where there is no baryon
antimatter as yet – no antiprotons, antineutrons, antilambdas. However there is significant
abundance of muons, mesons, strangeness. Seen from the QGP side, this era begins after all
baryon antimatter formed in QGP hadronization has annihilated. Pions and muons disappear
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Figure 2. From the end of baryon antimatter annihilation through BBN, see figure 1.

in abundance as compared to residual nucleons at T ' O(5 MeV), and we pass through neutrino
kinetic freeze-out at T ⌘ Tk ' O(1 MeV) followed by e

± annihilation and photon reheating at
T = O(me), and big bang nucleosynthesis (BBN) at T = O(100 keV) which actually is still
immersed in a rich e

+
e
�-pair ‘bath’.

In figure 2 the horizontal dot-dashed line for q = 1 shows the pure radiation dominated value
with two exceptions: the presence of massive pions and muons reduce the value of q near to the
maximal temperature shown, and when temperature is near the value of the electron mass the
e
+
e
�-pairs are not yet fully depleted but already su�ciently non-relativistic to cause another

dip in q. The dashed line shows the neutrino temperature, which decouples from the e
± and

photon temperature at T = O(1 MeV) when neutrinos freeze-out and begin free streaming. In
figure 2 the time unit is seconds, and the range spans the domain from fractions of a millisecond
to a few hours. We left some time gap between this and the domain shown in figure 1 describing
the current era – there is an uneventful evolution between the two domains.

6. Connecting with the Quark Universe

Going further back in time, the integration through the baryon antimatter requires a detailed
study of the hadron chemistry using the methods originally developed for heavy ion collision
physics as presented in Refs. [1, 10]. There are some structural uncertainties in doing this
computation which were discussed in these references. One should further note that the Universe
was for a short time filled with mesons, and most remarkably, a great number of diverse baryonic
pairs. At a time of 10–15µs hadrons dissolve in the QGP phase. Freely propagating quarks or
gluons filled the early Universe – quarks remain unbound for as long as the Universe is above the
critical temperature Tc ' 155± 10MeV. The Universe is pushed apart by the thermal pressure
generated predominantly by relativistic particles and thanks to the presence of numerous gluons
which have additional degeneracy 8 from color charge compared to photons, and essentially
massless u, d, s quarks, Universe expansion was rather rapid.

Figure 3 shows the temperature (left axis) and deceleration parameter (right axis) from the
end of the electroweak era at T = O(100 GeV), when the electroweak symmetry was broken
and particles became massive, through the quark gluon plasma (QGP) era and up to the QGP
phase transition at T = O(150 MeV). The horizontal dot-dashed line shows the pure radiation
dominated value of q = 1. From the right hand scale, one can see that the expansion in this
era is almost purely radiation dominated. There are two smaller deviations from q = 1 that
correspond to T on the order of the top, Higgs, Z, and W masses in the first case, and the bottom,
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Figure 3. From before our particle world to end of quark-gluon plasma, see figure 1.

tau, and charm masses in the other. The comparatively larger drop in q as T approaches the
QGP phase transition temperature arises because we injected the bag constant dark energy to
demonstrate how a first order phase transition would accelerate the Universe dynamics. On the
right in figure 3 we show the Hubble parameter and redshift through the QGP phase. Because
the Universe is very nearly radiation dominated during this era, they obey simple power laws
to high precision. All nuances that can be seen in the deceleration parameter are lost at the
double-logarithmic resolution level.

The solution presented is the consequence of a forward integration of Einstein equations. A
naive (i.e. ignoring any physics emerging at higher energy, including the details of the EW phase
transition) backward integration establishes a pico-second timescale between the big bang and
the end of the electroweak era. The precise timing is insignificant for the subsequent evolution
and properties of the QGP era, as can be seen in the dashed line in figure 3, where the starting
time was shifted by 1ns. On the other hand, this means that we can precisely show the time
scale at which the presumed hadronization condition will be reached for a free quark-gluon gas.
Inclusion of QCD interactions can be a future task.

Figure 4 zooms-in on the temperature range where the QGP phase transition occurs, with
several values of the bag energy density B. We see that the temperature dynamics are relatively
insensitive to B. On the other hand, B impacts strongly the critical temperature Tc where the
particle pressure cannot continue to support the deconfined state. This determines the onset of
the transition which will be determined entirely by the appropriate treatment of QCD degrees
of freedom near the transition condition. Considering that quark Universe hadronization is
expected at T = 155±10 MeV within the QCD-lattice study of QGP[7], we recognize in figure 4
the probable life span of 10–15µs of the quark Universe. The reason that we used a forward
integration in the QGP era is that there are quite a few uncertainties about the dynamics and
physics of the slow hadronization process and we cannot yet fully characterize the time scales
at which hadronization is complete as is discussed in in Refs. [1, 10]. This also means that
the redshift curve in figure 3 is only a (perhaps crude) approximation, as it will depend on the
precise evolution of the scale factor a(t) during hadronization.

7. Degrees of freedom and connection of all three eras of evolution

Before the QGP era, when the Higgs vacuum was not frozen, all particles were nearly massless,
possibly retaining mass at the scale we observe today for neutrinos. Later by the Higgs
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Figure 5. Disappearance of degrees of freedom through the evolution of the Universe in time
and how this a↵ects the fractional drop of temperature compared to red-shift.

In figure 5 we show ratio rU Eq. (8) as a function of photon temperature T from the primordial
high temperature T in early Universe on right to the present on the left, where rU must be by
definition unity. The periods of change seen in figure 5 come when the temperature crosses
the mass of a particle species that is in equilibrium. One can see drops corresponding to the
disappearance of particles as indicated. After e+e� annihilation on left, there are no significant
degrees of freedom remaining to annihilate and feed entropy into photons, and so rU remains
constant until today. In producing this plot, we used a very rough model for the QGP-hadron
phase transition.

As long as the dynamics are at least approximately entropy conserving, the total drop in
rU is entirely determined by entropy conservation. Namely, the magnitude of the drop in rU

figure 5 is a measure of the inflation factor of the Universe, beyond what would be estimated
from the thermal redshift. We now show that it is also a measure of the number of degrees
of freedom that have disappeared from the Universe. Consider two times t1 and t2 at which
all particle species that have not yet annihilated are e↵ectively massless. By conservation of
comoving entropy and scaling T = 1/a we have

1 =
a
3
1S1

a
3
2S2

=
a
3
1

P
i
giT

3
1,i

a
3
2

P
j
gjT

3
2,j

,
rU1

rU2
=

P
i
gi(T1,i/T1,�)3P

j
gj(T2,j/T2,�)3

(9)

where the sums are over the total number of degrees of freedom present at the indicated time
and the degeneracy factors gi contain the 7/8 factor for fermions. In the second form we divided
the numerator and denominator by anowT�,now. We distinguish between the temperature of
each particle species and our reference temperature, the photon temperature. This is important
since today neutrinos are colder than photons, due to e

+
e
�-reheating occurring after neutrinos

decoupled.
Using Eq. (9) we compute the total drop in rU shown in figure 5: at T = O(100 GeV)

the number of active degrees of freedom is slightly below gSM = 106.75 due to the partial
disappearance of top quarks, but this approximation will be good enough for our purposes. At
this time, all the species are in thermal equilibrium with photons and so T1,i/T1,� = 1 for all
i. Today we have 2 photon and 7/8⇥ 6 neutrino degrees of freedom with a neutrino to photon
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