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Energy Scales

z The beginning
The universe is a hot plasma of fundamental particles … quarks, leptons, force 
mediating particles (and other particles ?)
10-43 s Planck scale (quantum gravity ?) 1019 GeV
10-35 s Grand unification scale (strong+electroweak) 1015 GeV

Inflationary period 10-35-10-33 s
10-11 s Electroweak unification scale 200 GeV

z Micro-structure
10-5 s QCD scale - protons and neutrons form 200 MeV
3 mins Primordial nucleosynthesis 5 MeV
3×105 y Radiation and matter decouple - atoms form 1 eV

z Large scale structure
1 b yrs Proto-galaxies and the first stars
3 b yrs Quasars and galaxy spheroids
5 b yrs Galaxy disks
Today Life !
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arXiv:hep-ph/9505231 Standard Model 

Strong Interaction: 
•  binds quarks into hadrons 
•  binds hadrons into nuclei 

QCD describes: 
•  quark-gluon interactions 
•  gluon-gluon interactions 

Quantum Chromo Dynamics 



arXiv:hep-ph/9505231 

Very successful theory valid over 25 orders of magnitude 
and up to the TeV scale! !  e.g.: pQCD vs production of high energy jets 

ATLAS: arXiv:1112.6297 
FA - Otranto - giugno 2013 6 

ATLAS, Phys.Rev. D86 (2012) 014022 

Comparison pQCD with 
hadron jet production 
cross section 
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The hadron mass 
 
•  A proton is composed out 

of uud quarks 

•  The proton mass is 938.3 
MeV/c2 

•  The sum of bare quark 
masses is only ~10 MeV/c2 

How is the extra-mass 
generated? 

Confinement 
 
•  An isolated quark has 

never been observed 

•  The quarks seem confined 
within the hadrons 

•  Half of the fundamental 
fermions is not observable 
directly  

Why? 

Quantum Chromo Dynamics 



QCD Lagrangian 

We want Dµqf to transform in exactly the same way as the colour-vector qf ; this fixes
the transformation properties of the gauge fields:

Dµ −→ (Dµ)′ = U Dµ U † ; Gµ −→ (Gµ)′ = U Gµ U † −
i

gs
(∂µU) U † . (3.7)

Under an infinitesimal SU(3)C transformation,

qα
f −→ (qα

f )′ = qα
f − igs

(

λa

2

)

αβ

δθa qβ
f ,

Gµ
a −→ (Gµ

a)′ = Gµ
a − ∂µ(δθa) + gsf

abcδθb Gµ
c . (3.8)

The gauge transformation of the gluon fields is more complicated that the one obtained
in QED for the photon. The non-commutativity of the SU(3)C matrices gives rise to an
additional term involving the gluon fields themselves. For constant δθa, the transforma-
tion rule for the gauge fields is expressed in terms of the structure constants fabc only;
thus, the gluon fields belong to the adjoint representation of the colour group (see Ap-
pendix A). Note also that there is a unique SU(3)C coupling gs. In QED it was possible to
assign arbitrary electromagnetic charges to the different fermions. Since the commutation
relation (3.4) is non-linear, this freedom does not exist for SU(3)C .

To build a gauge-invariant kinetic term for the gluon fields, we introduce the cor-
responding field strengths:

Gµν(x) ≡
i

gs
[Dµ, Dν ] = ∂µGν − ∂νGµ − igs [Gµ, Gν ] ≡

λa

2
Gµν

a (x) ,

Gµν
a (x) = ∂µGν

a − ∂νGµ
a + gsf

abcGµ
b G

ν
c . (3.9)

Under a gauge transformation,

Gµν −→ (Gµν)′ = U Gµν U † , (3.10)

and the colour trace Tr(GµνGµν) = 1
2G

µν
a Ga

µν remains invariant.
Taking the proper normalization for the gluon kinetic term, we finally have the

SU(3)C invariant QCD Lagrangian:

LQCD ≡ −
1

4
Gµν

a Ga
µν +

∑

f

q̄f (iγµDµ − mf ) qf . (3.11)

It is worth while to decompose the Lagrangian into its different pieces:

LQCD = −
1

4
(∂µGν

a − ∂νGµ
a)(∂µGa

ν − ∂νG
a
µ) +

∑

f

q̄α
f (iγµ∂µ − mf) qα

f

+ gs Gµ
a

∑

f

q̄α
f γµ

(

λa

2

)

αβ

qβ
f (3.12)

−
gs

2
fabc (∂µGν

a − ∂νGµ
a) Gb

µG
c
ν −

g2
s

4
fabcfade Gµ

b G
ν
cG

d
µGe

ν .

The first line contains the correct kinetic terms for the different fields, which give rise to
the corresponding propagators. The colour interaction between quarks and gluons is given

11
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Structure: QED-like (generalised Maxwell (Yang-Mills) + Dirac) 
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Tensorial part 

14Quantum Chromo Dynamics (QCD)

Elementary gluon field 

14Quantum Chromo Dynamics (QCD)

14Quantum Chromo Dynamics (QCD)

Contrary to photons,  gluons carry (color) charge and can interact among 
themselves creating complicated structures. 

QCD Lagrangian 
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Running coupling 

Consider the interaction of 2 elementary particles as a function of Q2 

Because of Heisenberg U.P.: 
 small Q2 ! large distances 
 large Q2 ! small distances 

Virtual pairs screen the bare interaction resulting in momentum-transfer dependent interaction 
strength à α(Q) 



 Running coupling: α vs αs 

α(Q2 ) ≈ α(µ 2 )

1− 1
3π

α(µ 2 ) log |Q
2 |

µ 2

QED 

Negative 
Small Q2 (large distances) à weaker α
(similar to screening of charge in dielectric materials) 



α(Q2 ) ≈ α(µ 2 )

1− 1
3π

α(µ 2 ) log |Q
2 |

µ 2

QED 

Negative 
Small Q2 (large distances) à weaker α
(similar to screening of charge in dielectric materials) 

α(Q2 ) ≈ α(µ 2 )

1+
11Ncolor − 2nflavor

12π
α(µ 2 ) log |Q

2 |
µ 2

QCD 

(33-12)/12π ! Positive 
Small Q2 (large distances) à stronger α
(anti-screening larger than screening) 

 Running coupling: α vs αs 



Running coupling: αs(Q)
1.2 Quantum-Chromodynamics 7

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1
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Figure 1.3. Summary of measurements of ↵s as a function of the energy scale Q. The
respective degree of QCD perturbation theory used in the extraction of ↵s is indicated
in brackets: NLO (Next-to-Leading Order), NNLO (Next-to-NLO), N3LO (Next-to-
NNLO) [18].

In the following, the latter strategy will be used, because it gives a more clear overall
picture of the phenomenon under consideration.

The QCD coupling constant ↵s ⇤
g2

s
4⇡ is the analogous to ↵ ⇤ e2

4⇡"0~c ⇤ 1/137 in
QED. It describes the strong interaction strength depending on the momentum
transfer Q2. Indeed, its value is not constant at all: as can be seen in Figure 1.3,
the dependence on Q2 is quite significant (in the electromagnetic interaction this
dependence is quite weak instead).

The reason for this behavior is once again in the self coupling of gluons. As can
be seen in Figure 1.4, gluons in vacuum con oscillate either into fermion or boson
loops. The contribution of the fluctuation of the gluon into a quark-antiquark pair
results in the screening of the strong charge (just like in QED, where the oscillation
of the photon in vacuum results in the screening of the charge). The higher Q2 is,
the smaller are the distances between the interacting particles���; the effective charge
of the interacting particles increases: the coupling constant increases.

Gluons, on the other hand, can also fluctuate into gluons. This fluctuation causes
antiscreening. The closer the interacting particles are, the smaller is the charge they
see. The coupling constant decreases with increasing Q2. In the case of gluons
the antiscreening is far stronger than the screening, that is why ↵s decreases as a
function of Q2.

A first-order perturbative Quantum Chromo-Dynamics (pQCD) calculation

���Since
p

Q2 is a momentum, the dual variable of a length (� ⇠ 1/|q | ⇤ 1/
p

Q2), it is possible to say
that the Q2-dependence of the coupling strength corresponds to a dependence on spatial separation.

0.2 fm 0.02 fm 0.002 fm 0.0002 fm 
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function of Q2.

A first-order perturbative Quantum Chromo-Dynamics (pQCD) calculation

���Since
p

Q2 is a momentum, the dual variable of a length (� ⇠ 1/|q | ⇤ 1/
p

Q2), it is possible to say
that the Q2-dependence of the coupling strength corresponds to a dependence on spatial separation.
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Confinement and Asymptotic freedom: a toy model 

Let’s parameterise the increase of the potential for a        pair by a 
potential “a la Cornell” + linear term (flux tube) which considers the 
confinement (semi-classic, non relativistic) 

26Confinement

● The increase of the interaction 
strength (for a qq pair) can be 
approximated by the Cornell 
potential

● Kr parametrizes the effects of 
confinement
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into a new         pair  
 

qq



Confinement and Asymptotic freedom: a toy model 

Let’s parameterise the increase of the potential for a        pair by a 
potential “a la Cornell” + linear term (flux tube) which considers the 
confinement (semi-classic, non relativistic) 

Increasing “r” it become energetically 
favorable to convert the stored energy 
into a new         pair  
 

qq

qq

7

String picture
String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

The potential between a qq̄ pair at separation r is

V (r) = −A(r)

r
+ Kr

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.6
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String Picture

A way of visualizing a meson −→ a qq̄ pair join together by a string

Colorless object

The potential between a qq̄ pair at separation r is

V (r) = −A(r)

r
+ Kr

When the energy is larger than mq + mq̄ a qq̄ pair breaks the string
and forms two different hadrons.

In the limit mq → ∞ the string cannot break (infinite energy)

Islamabad, March 2004 HIC and the search for the QGP - 1. QCD matter. – p.6
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(colorless) 

The confinement cannot be described perturbatively. 
At scales of the hadron size (~1fm) the  perturbative methods lose 
validity. Calculations rely on approximate methods (lattice theory, 
effective theories). Ex: MIT Bag Model, simple QCD inspired model 
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{ screening of color charges 
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MIT Bag Model - (confinement) 

The Model assumes that the quarks are 
confined within bags of perturbative 
(empty) vacuum of radius R, in which 
they are free to move 

The QCD vacuum creates a confining 
bag with pressure B 

The bag constant is obtained by 
balancing the vacuum with the kinetic 
pressure of the quarks.  
By minimizing: 

32The MIT Bag model

"empty"
 vacuum "true" (QCD) vacuum

pressure = B

Bag model of a hadron:

B = "bag constant"           B≈0.2 GeV/fm3

Chodos et al., PRD 10 (1974) 2599

● The MIT bag model assumes 
that quarks are confined within 
bags of perturbative (empty) 
vacuum of radius R, in which 
they are free to move 

● The QCD (true) vacuum creates 
a confining bag pressure B

● The bag constant is obtained by 
balancing the vacuum with the 
kinetic pressure of the quarks 

● By minimizing

● B ≈ (200 MeV)4 = 0.2 GeV/fm3 
with N=3 quarks in R=0.8fm
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confine 3 quarks within 
the proton volume 
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● The MIT bag model assumes 
that quarks are confined within 
bags of perturbative (empty) 
vacuum of radius R, in which 
they are free to move 

● The QCD (true) vacuum creates 
a confining bag pressure B

● The bag constant is obtained by 
balancing the vacuum with the 
kinetic pressure of the quarks 
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● B ≈ (200 MeV)4 = 0.2 GeV/fm3 
with N=3 quarks in R=0.8fm

At the end, 0.2 GeV/
fm3 are sufficient to 
confine 3 quarks within 
the proton volume 

• Quarks in bubble Æ kinetic pressure

• QCD vacuum Æ bag pressure

• Bag pressure = phenomenological 

quantity for non-perturbative effects 

of QCD

• Massless fermions in spherical cavity

• Equilibrium defines bag radius

• Proton radius (~0.8 fm) 

Æ B1/4 ~ 206 MeV
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Bag Model

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus
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If kinetic pressure exceeds bag pressure Æ deconfinement



A toy model - (deconfinement) 

Deconfinement 

!  What if we compress/heat matter so much that the 
individual hadrons start to interpenetrate? 

Lattice QCD predicts that 
if a system of hadrons is 
brought to sufficiently large 
density and/or temperature 
a deconfinement phase 
transition should occur 
 
In the new phase, called 
Quark-Gluon Plasma (QGP), 
quarks and gluons are no 
longer confined within 
individual hadrons, but are 
free to move around over a 
larger volume 

FA - Otranto - giugno 2013 20 

We can heat matter so much that 
individual hadrons start to overlap 

From statistical mechanics, for an ideal 
gas 

33

Compression

QGP

Heating

Deconfinement: A toy model

● Heat or compress matter 
so much that individual 
hadrons start to overlap

● From statistical mechanics 
for an ideal gas

B=Boson
F=Fermion

gB=0, gF=2 
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● Heat or compress matter 
so much that individual 
hadrons start to overlap

● From statistical mechanics 
for an ideal gas

B=Boson
F=Fermion

If the pression>B and/or T>Tc 
we have the conditions for  
Quark Gluon Plasma (QGP) gB=2x8 (spin x colors) = 16  

gF=2x2x3x3 (      x spin x flavor x colors) = 24 qq

Phase transition 

A toy model - (deconfinement) 



A phase transition has brought the 
system* to a deconfined stage 

with  release of degrees of 
freedom 

*of a non negligible dimensions 



Matter in extreme conditions 

How does matter behave in such extreme conditions? 
 
What are the properties of the Quark-Gluon Plasma and the early Universe? 
Remember that even with the most powerful telescopes, we cannot go back in 
time to less than ~ 400,000 years after the Big Bang (except GW) 

V.Greco 
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QCD phase diagram 
Volume 59B, number 1 PHYSICS LETTERS 13 October 1975 

T 

Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 

fined. If many hadrons are present, space is divided in- 

to two regions: the "exterior" and the "interior". At 

low temperature the hadron density is low, and the 

"interior" is made up of disconnected islands (the 

hadrons) in a connected sea of "exterior". By increas- 

ing the temperature, the hadron density increases, and 

so does the portion of space belonging to the 

"interior". At high enough temperature we expect a 

transition to a new situation, where the "interior" has 

fused into a connected region, with isolated ponds and 

lakes of exterior. Again, in the high temperature state, 

quarks can move throughout space. We note that this 

picture of  the quark liberation is very close to that of 

the droplet model of  second order phase transitions 

[13]. 

We expect the same transition to be also present at 

low temperature but high pressure, for the same reason, 

i.e. we expect a phase diagram of the kind indicated in 

fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 

such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 

(phase transition or limiting temperature) give rise to 

similar forms for the hadronic spectrum, the equation 

of state for high densities is radically different. In the 

first case we may expect the equation of state to be- 

come asymptotically similar to that of a free Fermi 

gas, while the limiting temperature case leads to an ex- 

tremely "soft" equation of state [15]. This difference 

has important astrophysical implications [ 16]. 
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QCD phase diagram 

First lattice calculation found a first order phase transition
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First order phase transition (lattice calculation) 

=quark – antiquark 
 

gBoson=16 gFermion=24 dof	  

Baryochemical potential 



First order phase transition (lattice calculation) 
Including quark masses (not at the first order) 
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QCD phase diagram 

First lattice calculation found a first order phase transition
Including quark masses probably not a first order
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QCD phase diagram 



First order phase transition (lattice calculation) 
Including quark masses (not at the first order) 
Several different phases found (present status)  

37Phase diagram of non-interacting QGP

Hadron gas

QGP(105 times core of sun)

(net-baryon density 
 of about 5 x nucleus)(see Reygers and Schweda)

● Condition 
for QGP:
Pressure ≥ B

(B=Boson, F=Fermion dof)

37Phase diagram of non-interacting QGP

Hadron gas

QGP(105 times core of sun)

(net-baryon density 
 of about 5 x nucleus)(see Reygers and Schweda)

● Condition 
for QGP:
Pressure ≥ B

(B=Boson, F=Fermion dof)

Troom~300 K ~ 25 meV (milli-eV !) 

QCD phase diagram 



Lattice QCD 

The confinement cannot be described perturbatively. 
At scales of the hadron size (~1fm) the  perturbative methods lose 
validity.  

QCD can be solved numerically by putting fields on a space-time 
lattice. It is a rigorous way of doing calculations in non-perturbative 
regime of QCD. 
  

Computationally demanding: farm with 300.000 cores, petaFLOPS 
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THE APE COMPUTER: AN ARRAY PROCESSOR OPTIMIZED
FOR LATTICE GAUGE THEORY SIMULATIONS

M. ALBANESE d P. BACILIERI a s. CABASINO b N. CABIBBO ~, F. COSTANTINI d
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The APE computer is a high performance processor designed to provide massive computational power for intrinsically
parallel and homogeneous applications. APE is a linear array of processing elements and memory boards that execute in
parallel in SIMD mode under the control of a CERN/SLAC 3081/E. Processing elements and memory boards are connected
by a ‘circular’ switchnet. The hardware and software architecture of APE, as well as its implementation are discussed in this
paper. Some physics results obtained in the simulation of lattice gauge theories are also presented.

1. Introduction As an example of performance, a prototype
consisting of 4 cells updates one link in an SU(3)

APE (Array Processor with Emulator) is a high pure gauge theory in 40 ~is, running a program
performance computer designed to provide mas- written in a high-level specially developed lan-
sive number-crunching capabilities for applica- guage. The efficiency for such a program, whose
tions that are intrinsically parallel and homoge- source code is larger than 1500 lines, is 70% of the
neous. So far, APE has been used for lattice gauge theoretical speed. This figure can be compared
theory (LGT) simulations, with 35 ~s obtained on a CRAY-XMP1 code in
The full scale machine consists of a linear array which the most time consuming routines were

of 16 cells, each consisting of a floating point written in assembly language.
processor and a memory-board. Floating point APE can efficiently perform many primitive
processors and memories are connected through a computations such as matrix manipulation, fast
‘circular’ switchnet. The number of cells is in Fourier transform, multidimensional convolution
principle arbitrary and can eventually be enlarged. and, in general, algorithms that can be parallelized
The array runs in SIMD (Single Instruction Multi- while requiring extensive communication among
ple Data) mode under the control of a the processing elements.
CERN/SLAC 3081/E (the Controller), integrated While achieving a high throughput, typical of
in a general purpose host enviromnent (presently a special-purpose processors, APE has a high degree
VAX/VMS system). of programmability. A high level FORTRAN-like
The theoretical speed of the machine is 1 Gflops language has been developed to take full ad-

while the total memory size is 256 Mbytes. vantage of the features of the machine. Although

0010-4655/87/$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Leinweber et al.

Snapshot of fluctuating quark and gluon 
fields on a discrete space-time lattice

● As QCD is asymptotically free at small distances, cannot use 
perturbation theory to calculate properties of e.g. hadrons

● Instead solve QCD numerically by putting fields 
on a space-time lattice (lattice QCD)

● First principle non-perturbative calculation

● Computationally demanding 
as lattice needs to be big, 
e.g. 163x32

JUGENE in Jülich 
(294,912 cores, ~ 1 PetaFLOPSS

Fluctuating quark and gluon 
fields on a discrete space-time 
lattice 
 

Lattice QCD 



We discretize the space-time and, on this lattice, we solve the QCD equations  

41Lattice QCD: the approach

(see, e.g. Wittig)

● Solve path integrals 
numerically in discretized 
Euclidean space-time

● Physical results
● Continuum limit (a→0)
● Infinite volume limit (V→∞)
● Set scale(s) using data 

e.g. hadron mass(es)

a=lattice spacing 
 
Each point is a d.o.f for a q 
or qbar. In between there is 
the field mediator 
 
quark  
 
antiquark 
 
gluon 
 
field tensor 
 

a

Lattice QCD 
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(see, e.g. Wittig)

● Solve path integrals 
numerically in discretized 
Euclidean space-time

● Physical results
● Continuum limit (a→0)
● Infinite volume limit (V→∞)
● Set scale(s) using data 

e.g. hadron mass(es)

a=lattice spacing 
 
Each point is a d.o.f for a q 
or qbar. In between there is 
the field mediator.  
 

a

In order to go back from the lattice 
to the real physics we have to 
apply the: 
•  Continuum limit a!0, infinite 

momenta 
•  Infinite volume limit V!∞
•  Set scales using data (e.g. 

hadron masses)  

Problems of approach: 
•  2xfermions then the real world 
•  Small masses ask huge CPU time, 

large masses are needed. 
•  Very difficult for finite µ  

Lattice QCD 



43Lattice QCD: hadron spectrum

Fodor et al., Science 322 (2008) 1224

Full calculation using 2 quark flavors 
in excellent agreement with experimental data

Excellent agreement between Lattice (2 flavors) and experimental data   

Lattice QCD 



Temperature dependence of the heavy quark free energy (static potential) in 
3-flavour QCD 

26Confinement

● The increase of the interaction 
strength (for a qq pair) can be 
approximated by the Cornell 
potential

● Kr parametrizes the effects of 
confinement

Increasing T there is the creation of spontaneous qqbar-pairs in the “heat bath”  
à  exhibits screening of long range confining potential with increasing temperature 

“Quasi free interaction”  

8
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Figure 6. Temperature dependence of the heavy quark free energy in 3-flavour QCD
[11]. The band of solid curves shows the Cornell potential V (r) = −α/r + σr with
α = 0.25 ± 0.05. The finite temperature free energies have been normalized to this
potential at the shortest distance available, i.e. at rT = 0.25.

other hand, influence the light hadron spectrum and may result in experimental signatures,
for instance in the enhanced dilepton production observed in heavy ion experiments [22].

In numerical calculations on Euclidean lattices one has access to thermal Green’s func-
tions ḠH(τ, r⃗) in fixed quantum number channels H , to which in particular at high tem-
perature many excited states contribute. As the temporal direction of the Euclidean
lattice is rather short at finite temperature one usually has restricted numerical investi-
gations to the analysis of the long distance behaviour of spatial correlations functions,
ḠH(τ, r⃗) ∼ exp(−m̄H |r⃗|), which defines hadronic screening masses m̄H . This indeed
gives evidence for the restoration of chiral symmetry above Tc, e.g. one finds that scalar
and pseudo-vector screening lengths become degenerate and also the difference between
screening lengths in scalar and pseudo-scalar channels strongly diminishes, which gives
indications for a partial restoration of the UA(1) symmetry [1].

In order to get information on the T -dependence of pole masses and their widths one
has to analyze the structure of temporal correlation functions. The information on hadron
masses and quasi-particle excitations is then encoded in the spectral function σH(ω, p⃗),

GH(τ, p⃗) =
∫

d3r exp (i p⃗ r⃗) ḠH(τ, r⃗) =
∫ ∞

0
dω σH(ω, p⃗)

cosh(ω(τ − β/2))

sinh(ωβ/2)
. (7)

At finite temperature the temporal correlation function usually is determined only at a
small number of lattice grid points as the temperature is related to the finite extent of the
lattice in this direction, Nτ = 1/(aT ). A way out may be the use of anisotropic lattices
[23]. These calculations indeed show large changes in meson correlators in the vicinity
of Tc. To what extent the results suggest that pole masses in light meson channels exist
as well defined states even above Tc, however, is difficult to judge solely on the basis of
standard analysis techniques also used for correlation functions at zero temperature. At

T=0 T=0.66 Tc 

T=0.90 Tc 

T=0.97 Tc 

T=1.15 Tc 
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0.66 TCT =0

1.06 TC

0.90 TC

Karsch, Nucl. Phys. A 698 (2002) 199 

Lattice calculation (for a heavy quark pair) exhibits screening 
of long range confining potential with increasing temperature
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Lattice QCD: Energy density

Fodor et al., JHEP 11 (2010) 077

Cross-over transition temperature region between 140 and 200 MeV 
with range of energy density between 0.2 and 1.8 GeV/fm3 
Remember: Tc ≈170 MeV and εc ≈ 1 GeV/fm3

Energy Density 

Temporal extension (space-time at large volume) 

Lattice QCD 
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Fodor et al., JHEP 11 (2010) 077

Cross-over transition temperature region between 140 and 200 MeV 
with range of energy density between 0.2 and 1.8 GeV/fm3 
Remember: Tc ≈170 MeV and εc ≈ 1 GeV/fm3

(not sharp) Transition temperature 
(Tc~170 MeV, εc~1 GeV/fm3) 
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(not sharp) Transition temperature 
(Tc~170 MeV, εc~1 GeV/fm3) 

Stefan-Boltzman limit 

qqbar 
residual 
interaction 
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Fodor et al., JHEP 11 (2010) 077
Slow 
convergence
to ideal gas 
(SB) limit

Cross-over, not sharp phase transition 

(like ionization of atomic plasma)

What carries
the energy?
Complex bound 
states of q and g?
Strongly coupled
plasma?

Cross-over transition temperature region between 140 and 200 MeV 
with range of energy density between 0.2 and 1.8 GeV/fm3 
Remember: Tc ≈170 MeV and εc ≈ 1 GeV/fm3
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T.D. Lee 
Is our vacuum stable?

Vacuum is not true 
ground state:  

Tunneling

Could hadronic collisions 
make such a transition?

Inflation of the universe from such 
transitions

In this way one could temporarily restore broken symmetries of tIn this way one could temporarily restore broken symmetries of the physical he physical 
vacuum and possibly create novel abnormal dense states of nucleavacuum and possibly create novel abnormal dense states of nuclear matterr matter

T. D. Lee and G. C. Wick

QGP physics SS2017 | K. Reygers | 1. Introduction 

Quarks are bound in (color-neutral) hadrons 
by the strong interaction

20

proton

source: http://de.wikipedia.org

neutron

positive pion

2 mu + md = 9.6 MeV/c2  
mproton =  938.27 MeV/c2 !!! 

■ Hadron mass scale set by constituent quarks masses (mu,d,const ≈ 300 MeV/c2) 

■ QCD responsible for 99% of the mass of your body! 

■ Related to breaking of chiral symmetry

Chiral symmetry 



Chiral symmetry 

In the absence of quark mass the QCD Lagrangian splits into two 
independent quark terms: 

8

Chiral symmetry

In the absence of quark masses the QCD Lagrangian splits into two 
independent quark sectors

LQCD = Lgluons + iq̄L�µDµqL + iq̄R�µDµqR

For two flavors                       is symmetric under 
However, this symmetry is not observed

Solution: the vacuum     is not invariant

Symmetry breaking 
Golstone’s theorem       massless bosons associated: pions

(i = u, d)LQCD SU(2)L � SU(2)R

|0�

⌅0|q̄LqR|0⇧ ⇤= 0 �⇥ chiral condensate

=�

 ESHEP - Garderen - June 2014                                                           Heavy Ion Collisions

For two flavors (i=u,d) the Lagrangian is symmetric under  SU(2)L × SU(2)R
Symmetry NOT observed à solution: the vacuum is not invariant. 
The “empty” vacuum is unstable. There is a state of lower energy that 
consists of cells, each containing a gluon pair à “Liquid” vacuum 

0 qLqR 0 ≠ 0 Chiral condensate 

Chiral symmetry: Fermions and anti-fermions 
have opposite helicity 

T.D. Lee 
Is our vacuum stable?

Vacuum is not true 
ground state:  

Tunneling

Could hadronic collisions 
make such a transition?

Inflation of the universe from such 
transitions

In this way one could temporarily restore broken symmetries of tIn this way one could temporarily restore broken symmetries of the physical he physical 
vacuum and possibly create novel abnormal dense states of nucleavacuum and possibly create novel abnormal dense states of nuclear matterr matter

T. D. Lee and G. C. Wick

• QCD Lagrangian symmetric under SU(2)L x SU(2)R

• Light quarks have finite (small) bare masses
– Explicit chiral symmetry breaking

• Creation of coherent q-qbar pairs 
in QCD vacuum (compare to 
cooper pairs in superconductivity)
– Has a chiral charge
– Not symmetric under SU(2)L x SU(2)R

Æ Spontaneous symmetry breaking (pseudo-goldstone bosons: pions)

• Quarks acquire ~350 MeV additional mass
– Constituent mass
– Relevant only for u, d, s

14

Chiral Symmetry

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus
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Restoration of bare masses 

Quarks have very small 
masses generated by the 
coupling to Higgs (light q< 10 
MeV)  

Confined quarks (i.e. in the 
proton) require ~350 MeV 
generated dynamically through 
the confining effects of the 
strong interaction 

Deconfinement must be 
accompanied by a restoration 
of the masses to the bare mass 
values they have in the 
Lagrangian: 
•  m(u,d): ~350 MeV ! few MeV 
•  m(s): ~500 MeV ! 150 MeV 

56Restoration of bare masses

     1.0                          T/T
c

Satz, arXiv:0803.1611
● Up and down quarks have very 

small (<10 MeV) bare masses 
(generated from the coupling to 
the Higgs)

● Confined quarks however 
require about 300 MeV 
dynamically through the effect of 
the strong interactions

● Deconfinement should be 
accompanied by a restoration of 
the masses to the bare masses 
of the Lagrangian

● Usually called “Partial 
restoration of chiral symmetry”

● Effective quark mass from <ψψ> 
computed on lattice confirms 
expected behavior

Partial* restoration of chiral 
symmetry computed on lattice 

56Restoration of bare masses

     1.0                          T/T
c

Satz, arXiv:0803.1611
● Up and down quarks have very 

small (<10 MeV) bare masses 
(generated from the coupling to 
the Higgs)

● Confined quarks however 
require about 300 MeV 
dynamically through the effect of 
the strong interactions

● Deconfinement should be 
accompanied by a restoration of 
the masses to the bare masses 
of the Lagrangian

● Usually called “Partial 
restoration of chiral symmetry”

● Effective quark mass from <ψψ> 
computed on lattice confirms 
expected behavior

*Partial because the symmetry is exact only for massless 
particles, therefore its restoration here is only partial 



QCD , a successful theory with 
some fundamental problem 

Is there a regime were the 
symmetry is restored? 

QCD phase transition 



Where? 

At the Big Bang  
we think that in the first instants of life of the Universe, quarks and gluons were 
not trapped inside hadrons (protons, neutrons, …) but could move freely in a 
“deconfined” state: the Quark-Gluon Plasma 
 
 

10 µs: the birth of hadrons 
after about 10 µs from the Big Bang, 
the Universe cooled down to less 
than 2 x 1012 degrees 

 
at that point, the QCD phase 
transition took place: quarks and 
gluons were confined inside hadrons 
 
the familiar particles, such as pions, 
kaons, protons and neutrons 
appeared on the stage of the 
Universe 
 

… and  
-in the core of the neutron stars 
-in the heavy-ion collision experiments 



59QCD phase transition in the early universe

Effective degrees 
of freedom per 
relativistic particle
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62Study QCD bulk matter at high temperature

In high energy physics we have 
concentrated on experiments, in 
which we distribute a higher and 
higher amount of energy into a 
region with smaller and smaller 
dimensions. In order to study the 
question of “vacuum”, we must turn 
to a different direction; we should 
investigate some “bulk” phenomena 
by distributing high energy over a 
relatively large volume.

T.D.Lee, 
Rev.Mod.Phys. 47 (1975) 267



Nucleus-Nucleus Collisions 

•  We need a small system so that it can be accelerated 
to ultrarelativistic speed (99.9% c) 

•  That system (i.e. a chunk of matter and not just a single 
particle) must follow simple rules of thermodynamics 
and form a new state of matter in a particular phase 

 
•  We can use heavy ions (e.g. Pb). They are tiny (~10-14 

m) and have a finite volume that can be exposed to 
pressure and temperature (the system is more than 1 
order of magnitude larger than the pp) 



Nucleus-Nucleus Collisions 
64How can we create QCD matter?
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ice cube nuclei 

collision 

A strong and critic difference is the time scale evolution of the system 



We need Heavy-Ions 

2 nuclei  
colliding at  
very high  
energy  



Colliding Heavy Ions 

Simulation “VNI” (Geiger, Longacre, Srivastava) 

Lorentz-contracted 
nuclei (Δz~R/γ) 

Hard 
Collisions 

Parton 
Dynamics 

Hadron 
Dynamics 

QCD Matter 
quarks and gluons 

are the relevant 
degrees of freedom 

Mesons and Baryons 
are always the final 
degrees of freedom 

pQCD 







Particle 
detection 

Kinetic 
freeze-out 

Chemical 
freeze-out 

Hydrodynamic 
evolution (t~0.5 fm/c) 



Soft processes:  
•  High cross section 
•  Decouple late 
! Indirect signals for QGP 

EM probes (real and 
virtual photons): 
insensitive to the 
hadronization phase 

Hard processes: 
•  Low cross section 
•  Probe the whole 
evolution of the collision 



Observables 

Various observables will probe different stages of the collision 



Multiplicity, HBT 
Particle yields + spectra 

Observables 

Transverse flow 
Thermal photons 

Hard probes 
(jets, heavy flavor, EW bosons) 



Esperienza di Rutherford
Sotto questo nominativo vanno tutti gli studi sistematici condotti dal fisico sulla diffusione delle particelle a nella materia. Egli sapeva che una singola
particella a, quando colpisce uno schermo di solfuro di zinco, produce un lampo visibile di luce; così egli si servì del dispositivo rappresentato in figura e
insieme a Geiger e Marsden lavorò per 2 anni mettendo a punto la sua famosa esperienza.

Le particelle a emesse da una sorgente radioattiva erano confinate in un cono grazie ad un collimatore di piombo. Dopo essere state diffuse dalla lamina
d’oro, le particelle a colpivano uno schermo di solfuro di zinco e venivano rivelate con un piccolo microscopio grazie all’osservazione dei lampi di luce. Il
rivelatore poteva essere rotato per misurare il numero relativo di particelle a diffuse sotto vari angoli.
Secondo il modello atomico di Thomson, le particelle a sarebbero dovute riuscire ad attraversare liberamente gli atomi d’oro; e solo di tanto in tanto una
particella a sarebbe dovuta essere lievemente deflessa dal campo coulombiano degli elettroni. Ci si aspettava perciò che un fascio di particelle a subisse un
certo "sparpagliamento" nell’attraversare la sottile lamina e che il valore medio degli angoli di diffusione fosse quindi di qualche grado. In verità, questa
diffusione a piccoli gradi fu osservata, ma, cosa affatto imprevista, si trovò che la traiettoria di circa una particella a su 20.000 particelle incidenti era
completamente invertita. Rutherford commentò:"Era l’evento più incredibile che fosse mai capitato nella mia vita. Era come se una granata di 15 pollici,
sparata contro un pezzo di carta velina, fosse tornata indietro colpendo chi l’aveva sparata".

Traiettorie delle particelle a incidenti su un atomo secondo il modello di
Thomson

Traiettorie delle particelle a incidenti su un atomo secondo il modello di
Rutherford. Le deflessioni sono tanto più grandi quanto più le particelle
passano vicino al nucleo.

Egli concluse che l’unico modo in cui si potevano spiegare i risultati sperimentali era supporre che la carica positiva di un atomo fosse concentrata in un
piccolo volume nel centro dell’atomo stesso, invece che distribuita come nel modello di Thomson, il cosiddetto  nucleo.

Esperienza di Rutherford http://www.sansepolcroliceo.it/Cincilla/Esperienza di Rutherford.htm

1 di 1 /23/1/12 22:30 

Atom not ατοµοσ
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The first exploration of subatomic structure, by Rutherford,

used Au atoms as targets and a particles as probes

Interpretation:

Positive charge is concentrated in 

a tiny volume with respect to the 

atomic dimensions

Exploring the structure of atoms

Hoppenau and Eggers, Eur.J.Phys. 6 (1985) 86
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Deep inelastic scattering experiments at SLAC in the 1960s 

established the quark-parton model:

electron

proton

p1

p2

The angular distribution of the 

scattered electrons reflects the 

distribution of charge inside the proton

Exploring the structure of protons

… going deeper
Increasing the energy, in the ‘60 at SLAC first 
investigation of the proton structure by Deep 
Inelastic Scattering 
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Deep inelastic scattering experiments at SLAC in the 1960s 

established the quark-parton model:

electron

proton

p1

p2

The angular distribution of the 

scattered electrons reflects the 

distribution of charge inside the proton

Exploring the structure of protons

The angular distribution of the scattered electrons 
reflects a sub structure made of charge objects: 
-scale concept, constant form factor 

The discovery of quarks (still point-like objects) 
1990 Nobel Prize 



Same idea for exploring the QGP?

“Calibrated probes” can be used to probe the QGP 
 
The idea is to measure how QGP can modify the probes?  

77

QGP ?

In analogy, we study the QCD matter produced in HI collisions by 

measuring how it affects well understood probes, as a function of the 

temperature of the system

Calibrated

“probe source”

Matter under study

Calibrated

“probe meter”

Calibrated

heat source

Probe

Exploring the structure of QCD matter

C.Loizides’ figure 
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Vacuum Hadronic  
matter 

QGP 

Effects to disentangle 
(not in the correct proportions) 



The path to the Heavy Ions LHC
Brookhaven National Laboratory (BNL) 
•  AGS (1986-2000) Si and Au beams, √s~5 GeV (only hadronic variables) 
•  RHIC (2000-…) 3He, Cu, Au beams, up to √s=200 GeV (4 experiments, 2 left) 

CERN-SPS 

•  CERN-LHC (2009-…) Pb beams, √s~5000 GeV (ALICE, ATLAS, CMS, LHCb) 



RHIC @ BNL 89

RHIC BRAHMSPHOBOS

PHENIX
STAR

AGS

TANDEMS

1 km

The Relativistic Heavy Ion Collider (RHIC)



SPS RHIC LHC 

√sNN [GeV] 17.3 200 5500 

dNch/dy 450 800 1600 

ε [GeV/fm3] 3 5.5 ~ 10 

Nucleus-Nucleus Collisions at the LHC 

Nucleus-Nucleus collisions at the LHC! 

SPS RHIC LHC 

√sNN [GeV] 17.3 200 5500 

dNch/dy 450 800 1600 

ε [GeV/fm3] 3 5.5 ~ 10 

!  large ε " deeper in deconfinement region  
" closer to “ideal”  behaviour? 

!  large cross section for “hard probes” ! 
"  a new set of tools to probe the medium properties 

 e.g.: 

Pb! Pb!
b!

b!

b!

b!
FA - Otranto - giugno 2013 28 

Fully ionised 208Pb nucleus 
accelerated in the LHC 
(configuration magnetically 
identical to that for pp) 
 
 
 
 
 
 
 
The relevant figure is √s per 
nucleon-nucleon collision 
(latest configuration): 

sNN =
2EPb

A
=
Z
A

spp =
82
208

spp = 5.1TeV

pPb = Zpp = 82 ⋅6.5= 533TeV

sPbPb =1066TeV



 France et CERN / Mai 2009 l'Université de Genève 450 ans / 1 avril 2009 75

Nucleus-nucleus collisions at the LHC 

CMS

ALICE

LHCb

ATLAS



Nucleus-Nucleus Collisions at the LHC 

ALICE (A Large Ion Collider Experiment) 
HI dedicated experiment: 
-Low-pT tracking, PID, mid-rapidity + forward muons  

ATLAS and CMS, multipurpose experiments. Large 
capabilities for HI collisions. 
Large acceptance, full calorimetry, high-pT tracking  

LHCb, complementary phase space for HI collisions 
Forward tracking, PID, calorimetry 
(pPb in 2013 and 2016, PbPb since 2015) 



Nucleus-Nucleus Collisions at the LHC 93(Heavy-)Ion data-taking experiments at the LHC

Example ATLAS: 
Calorimeter coverage

Example ALICE: PID capabilities

● ALICE dedicated HI experiment

● Low-pT tracking, PID, mid-rapidity

● Forward-muon spectrometer

● ATLAS/CMS large HEP experiments

● Large acceptance, full calorimetry

● LHCb (pPb in 2013, PbPb since 2015)

● Forward tracking, PID, calorimetry

ATLAS 



Production and acceleration of Pb ions 



79 

–  ECR source: Pb27+ (80 mA) 

–  RFQ: Pb27+ to 250 A keV 

–  Linac3: Pb27+ to 4.2 A MeV 

–  Stripper: Pb53+ 

–  PS Booster: Pb53+ to 95 A MeV 

–  PS: Pb53+ to 4.25 A GeV 

–  Stripper: Pb82+ (full ionisation) 

–  SPS: Pb82+ to 158 A GeV 

–  LHC: Pb82+ to 2.76 A TeV 

Production and acceleration of Pb ions 

Huge differences in the delivered luminosity 

between PbPb (~1027 cm-2s-1)  

and pp (~1034 cm-2s-1) collisions 



5

External control parameters



Kinematical variables 

⎟⎟
⎠

⎞
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⎝

⎛
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z

z

pE
pEy ln

2
1

The kinematical distribution of the produced particles are usually expressed as a 
function of rapidity (y) and transverse momentum (pT) 

22
yxT ppp +=

pT: Lorentz-invariant with respect to a boost in the beam direction 
y: no Lorentz-invariant but additive transformation law à y’=y-yβ 
        (where yβ is the rapidity of the ref. system boosted by a velocity β) 

y measurement needs particle ID (measure momentum and energy) 
Practical alternative: pseudorapidity (η) 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝
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⎠
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⎜
⎜
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−

+
=

2
tanloglog

2
1 θ

η
z

z

pp
pp

!
!

y~η for relativistic particles 

beam axis 
θ 

Hadronic collisions are characterized by limited transfer of transverse momentum 



•  central collisions 
–  small impact parameter b 
–  high number of participants à high multiplicity 

•  peripheral collisions 
–  large impact parameter b 
–  low number of participants à low multiplicity 

Geometry of a Pb-Pb collision 

Ø  Many nucleons involved 
Ø  Many nucleon-nucleon collisions 
Ø  Large interaction volume 
Ø  Many produced particles 

 

Ø  Few nucleons involved 
Ø  Few nucleon-nucleon collisions 
Ø  Small interaction volume 
Ø  Few produced particles 

N.B. In pp there are always 2 participants 



• How do measure the impact parameter b?

40

Centrality

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Peripheral
b > 0

Central
b = 0

Low multiplicity High multiplicity

b

Striking relation between b and multiplicity



9External parameters: Collision centrality

Collision centrality

C
ol

lis
io

n 
en

er
gy

 

Nuclear cross-section classes
(by slicing in bins of multiplicity)

Glauber model

Number of participants (or collisions) Cross-section percentile (in %)
Via model

arXiv:1301.4361

Glauber model 

10External parameters: Transverse geometry

C
en

te
r 

of
 m

as
s 

en
er

gy
 

Collision centrality

x

y Nucleus 2Nucleus 1

Overlap (participant) 
region is asymmetric in 
azimuthal angle

φ

PHOBOS Glauber MC

Number of participants

E
cc

en
tr

ic
ity

ϵstd=
σ y

2−σ x

2

σ y

2+σ x

2

Initial state eccentricity

arXiv:0711.3724
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Collision centrality

x

y Nucleus 2Nucleus 1

Overlap (participant) 
region is asymmetric in 
azimuthal angle

φ

PHOBOS Glauber MC

Number of participants
E

cc
en

tr
ic

ity

ϵstd=
σ y

2−σ x

2

σ y

2+σ x

2

Initial state eccentricity

arXiv:0711.3724

•  Eccentricity 
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Realistic Example
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Figure: nucl-ex/0701025

Transverse view Along the beam axis

light nucleons: have not participated (spectators)
dark nucleons: have participated



Number of participants vs b 
q With respect to Ncoll, the dependence on the nucleon-nucleon cross  
    section is much weaker  
q When σinel > 30 mb, practically all the nucleons in the overlap region 
    have at least one interaction and therefore participate in the collisions 

Accel. √s 
(GeV) 

σtotal 
(mb) 

σinel 
(mb) 

AGS 3-5 40 21 

SPS 17 40 33 

RHIC 200 50 42 

LHC(Pb) 5500 90 60 



Centrality: how to access experimentally 

q  Two main strategies to evaluate the impact parameter in  
    heavy-ion collisions 

q Measure observables related to the energy deposited in the  
   interaction region à charged particle multiplicity, transverse  
   energy (∝ Npart) 
q Measure energy of hadrons emitted in the beam direction 
   à zero degree energy  (∝ Nspect) 

 





11

Multiplicity and transverse energy
(Estimate of energy density and related to entropy)



12Energy dependence of dN/dη and dET/dη

Central collisions

arXiv:1202.3233

Up dN/dη ≈ 1600 charged particles in central PbPb at LHC

Most central collisions at LHC:  up to 1600 charged particles per unit of η 

Results normalised to pp (vacuum) 
•  √sNN=2.76 TeV Pb+Pb, 0-5% central, |η|<0.5 
•  dNch/dη / (<Npart>/2) = 8.3 ± 0.4 (sys.) 

Log extrapolation: 
l  OK at lower energies 
l  fails at the LHC 

90 

Particle multiplicity 

The increase with beam energy 
Is significantly steeper than in pp 



Let’s evaluate the energy density reached in the collision: 

ε =
1

Scτ 0
dET

dy y=0

91 

Bjorken’s formula 

S=transverse dimension of the nucleus 

τ0= formation time, from the hard scattering to a 
neutral color object ~1 fm/c 13Energy dependence of dN/dη and dET/dη

Central collisions

arXiv:1202.3233

Central collisions

PRL 109 (2012) 152303

CMS

Up dN/dη ≈ 1600 charged particles in central PbPb at LHC

15Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

15Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:



Let’s evaluate the energy density reached in the collision: 

ε =
1

Scτ 0
dET

dy y=0

92 

Energy Density 

S=transverse dimension of the nucleus 

τ0= formation time, from the hard scattering to a 
neutral color object ~1 fm/c 

GeV 1800≈
=oy

T

dy
dE

•  experimentally, for central collisions at the LHC: 

fm)2.1(       fm 160 3/12 ARS A ≈≈•  transverse dimension:  

33 GeV/fm 10~GeV/fm )160/1800(~ε
More than 
enough for 

deconfinement! 

15Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

N.B. only necessary, not sufficient condition … pp collisions 



Centrality dependence of dN/dη 16Centrality dependence of dN/dη

Factorization in energy and centrality: 
Shape is strikingly similar to RHIC

arXiv:1202.3233

Arbitrary 
factor 

The shapes between RHIC and LHC are very similar! 
Factorization in energy and centrality  



Centrality dependence of dN/dη 19Centrality dependence of dN/dη and models

arXiv:1202.3233

Glauber IC

Two-component model 
dN

d 
=
dN

d  pp
1−x N collx N part /2 

PRC 70 021902 (2004)

Glauber IC

CGC IC

dN

d 
∝N part

  s


Color glass condensate

PRL 94 022002 (2005)

CGC IC



• Measurements in an environment with 
dNch/dh up to 1600 (�sNN = 2.76 TeV)
= 400 pp MB collisions = 1 event with 399 pile-up events
(ATLAS/CMS reconstruct up to 100)

• In one collision, there are in the tracker acceptances
– 3200 tracks in ALICE | 8000 tracks in CMS/ATLAS

29

Heavy-Ion Environment

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

for comparison 
pp : dNch/dh�~ 4

pp Pb-Pb

x 400



Picturing a (simple) QCD event 
QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

Start of with qq̄

Image Credits: G.Salam   



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

A gluon gets emitted at small angles

Picturing a (simple) QCD event 



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

It radiates a further gluon

Picturing a (simple) QCD event 



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

And so forth

Picturing a (simple) QCD event 



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

Meanwhile the same happened on other side of event

Picturing a (simple) QCD event 



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

And then a non-perturbative transition occurs

Picturing a (simple) QCD event 



Image Credits: G.Salam   

QCD lecture 2 (p. 9)

Soft-collinear implications

How many gluons are emitted?
Picturing a QCD event

q

q

π, K, p, ...

Giving a pattern of hadrons that “remembers” the gluon branching
Hadrons mostly produced at small angle wrt qq̄ directions or with low energy

Jets: collimated, energetic bunches of particles 

Picturing a (simple) QCD event 



Gavin Salam (CERN) Jets and jet substructure (1) CFHEP, April 2014 15

PbPb, where are the jets? 

Underlying events cause locally, fluctuating, high background 



24

A Back-to-Back Jet

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

h

h
j

j

ATLAS, PRL105:252303,2010
Drawing: A. Mischke h

j

One jet disappears in the QGP
Æ “Jet quenching”

ATLAS



• How often do jets lose lot of energy?
• Quantify by dijet asymmetry
• 2 highest energy jets with Dj > 2S/3

• Peripheral collisions: Pb-Pb ~ Pythia
• Central collisions: Significant 

difference

25

Dijet Asymmetry
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PRC 84 (2011) 024906
PRL105:252303,2010

21

21

TT

TT
J pp

pp
A

�
�

 
pT1 = pT2Æ AJ = 0

1/3 pT1 = pT2Æ AJ = 0.5

Central / peripheral will be introduced soon



• How often do jets lose lot of energy?
• Quantify by dijet asymmetry
• 2 highest energy jets with Dj > 2S/3

• Peripheral collisions: Pb-Pb ~ Pythia
• Central collisions: Significant 

difference

25

Dijet Asymmetry
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PRC 84 (2011) 024906
PRL105:252303,2010

21

21

TT

TT
J pp

pp
A

�
�

 
pT1 = pT2Æ AJ = 0

1/3 pT1 = pT2Æ AJ = 0.5

Central / peripheral will be introduced soon

Jets lose up to two thirds of their energy !

Something significant happening 
in heavy-ion collisions !

26Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus
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Probes Traverse the QGP

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Quark-Gluon Plasma

Final state

Detector
Initial state

Quarks 
and 
gluons

Heavy 
quarkonia

Electro-
weak 
probes

Sketch: d’Enterria: arXiv:1207.4362 



Nuclear Modification Factor	   RAA (pT ) =
Yield(Pb+Pb)

Yield(p+ p)× Ncoll

Average number of NN  
collisions in PbPb 	  

Jörn Putschke for the ALICE Collaboration, PHENO 2012

“Jet quenching”: Looking for attenuation/absorption

Nuclear Modification Factor:

No “Effect”:
• R < 1 at small momenta -  
   production from thermal bath
• R = 1 at higher momenta where
   hard processes dominate 
   (A-A superposition of p-p)

Average number 
of p-p collision
in A-A collision 

23

Compare to p-p reference at same collision energy

R<1  at high pT if QGP affecting 
parton’s propagation

In case of “No Effect”: 
-R<1 at small momenta, production  
from thermal bath 
-R=1 at higher momenta where  
hard processes dominate 
 
but if R<1 at high momenta, hot and 
dense medium is affecting the parton 
propagation 	   108	  

The nuclear modification factor 
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RAA

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

RAA = 1 
Æ no modification

70-80% (peripheral) 
Æ RAA ~ 0.7

0-5% (central) 
Æ RAA drops to 0.14

Drop at low pT

Soft particle 
production does 

not scale with Ncoll ALICE, PLB696 (2011) 30

Tppcoll

TAA
AA dpdNN

dpdN
R

/
/

 
RAA vs. pT

Nuclear Modification Factor	   RAA (pT ) =
Yield(Pb+Pb)

Yield(p+ p)× Ncoll

109	  

•  Evidence for a strong parton energy loss and a large medium density at the LHC 
•  Behaviour reproduced by all models/calculations. RAA alone is not highly 

discriminating   
 

Hadrons constrain the parton kinematics very loosely ! Jets can capture the 
modified fragmentation process of partons: high-pT partons interact strongly with 

QCD medium prior to fragmentation 
	  

Strong suppression for hadrons 



110	  

RAA at High pT

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 45

ATLAS, JHEP09(2015)050

60-80% (peripheral)
Æ RAA increases up to 0.9

0-5% (central)
Æ RAA increases up to 0.6

RAA reaches asymptotic 
value for pT > 50 GeV/c

RAA vs. pT
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RAA for vector bosons 

Fundamental check: 
 
Electroweak probes are unmodified à the interacting medium is 
colored, interacting strongly 

47

RAA for Color-Neutral Probes

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Photons

W, Z0

EPJC 72 (2012) 1945

No suppression for 
color-neutral probes

Æ No interaction with QGP

Æ Experimental check on 
Ncoll calculation 
(and nuclear PDFs)

charged
particles
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D RAA

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 66

strong suppression ~ 0.2
D and S RAA compatible

RAA vs. centrality RAA vs. pT

D
Charged particles
S

arXiv:1506.06604

Tppcoll

TAA
AA dpdNN

dpdN
R

/
/
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• Due to kinematical constraints, gluon radiation 
in vacuum suppressed for angles q < m/E = 1/g by
– Massless parton m = 0 Æ no suppression

• Similar effect in the medium
– Significant for charm and beauty
– Radiative energy loss reduced by

25% (c) and 75% (b) [P = 1 GeV/c2]

• Implies quark mass dependence

56

Dead Cone Effect
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PLB519:199-206,2001
Lect. Notes Phys. 785,285 (2010)

2
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m

Charm over light quark
suppression vs. pT

B
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D
AAAA RRR ��S

2



114	  

Centrality Dependence

B RAA

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 68

Comparison B and D

B

D

CMS, HIN-12-014

B±Æ (J/\Æ µµ) + X identified by displaced 
secondary vertices (see backup)

D is stronger suppressed than B ! Æ hint of quark mass dependence
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• Observed at SPS in Pb-Pb collisions (�sNN = 17 GeV)

72

J/\ Suppression

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

NA60 In-In
NA50 Pb-Pb

EPJC (2011) 71:1534

J/\ yield modification vs. Npart

In: A = 105
Pb: A = 208
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• … and at RHIC (�sNN = 200 GeV)

73

J/\ Suppression (2)

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Wouldn’t we expect a stronger suppression at larger �sNN?

PHENIX Au-Au
NA60 In-In
NA50 Pb-Pb

J/\ yield modification vs. Npart
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J/\ Suppression (3)

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 74

RHIC

LHC

LHC Æ RHIC : �sNN 14 times larger … but the suppression is smaller !

RAA vs. multiplicity
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LHC

J/\ Regeneration

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 76

RHIC

H. Satz

Dissociation and regeneration 
work in opposite directions

J/\ modification vs. energy density
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LHC

J/\ Regeneration

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus 76

RHIC

H. Satz

Dissociation and regeneration 
work in opposite directions

J/\ modification vs. energy density• J/\ regeneration / statistical hadronization models

77

J/\ Regeneration (2)
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PRL109, 072301

RAA vs. Npart

Other quarkonia states melt at different temperatures 
Æ QGP thermometer (see backup)



The transfer of this asymmetry to momentum space provides a measure of the 
strength of collective phenomena  
•  Large mean free path  

–  particles stream out isotropically, no memory of the asymmetry  
–  extreme: ideal gas  (infinite mean free path)  

•  Small mean free path 
–  larger density gradient -> larger pressure gradient -> larger momentum  
–  extreme: ideal liquid (zero mean free path, hydrodynamic limit) 
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plane
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Particle correlations: Elliptic Flow  

Non-central collisions are azimuthally asymmetric 



• Particles as a function of j - <RP

• Define v2 = < cos 2 (j - <RP) >
– Second coefficient of Fourier expansion

• <RP common symmetry plane 
(for all particles)

• What if there were no 
correlations with <RP?

96

Elliptic Flow (3)
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px

py

<RP
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d
dN

<�� j
j



• Strong centrality dependence
• v2 largest for 40-50%
• Spatial anisotropy very small 

in central collisions
• Largest anisotropy in mid-

central collisions
• Small overlap region in 

peripheral collisions

99

Centrality Dependence
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CMS, PRC 87(2013) 014902

v2 vs. Centrality



•  system still have low viscosity 
 
•  similar behaviour 
 

 

v2(pT) very similar at LHC and RHIC 
 
 
 
 
 
 
 
 

azimuthal asymmetry almost as 
large as expected at                  
hydro limit! … “perfect liquid”? 

 
very far from “ideal gas” picture 
of plasma 



32/37Christine Nattrass (UTK), Ole Miss, 16 Oct. 2012

More data

Mass ordering:
v2(K) > v2(Λ)  > v2(Ξ)

mT=√pT
2 +m2

 Phys. Rev. Lett. 98, 162301 (2007)

v
2
(p

T

hadron) µ  n
quark

v
2
(p

T

quark)

We have a liquid of quarks and gluons!

  

34/37Christine Nattrass (UTK), Ole Miss, 16 Oct. 2012

What do we learn about the QGP?

● Hydrodynamics works →
– (local) thermalization
– image of the initial state

● Really low viscosity
– Near AdS/CFT bound
– η/S ~ 1/4π

The QGP is the perfect liquid!
(not the gas of “free” quarks and gluons we expected)
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Particles through Pb-Pb and p-Pb 

RAA (pT ) =
Yield(Pb+Pb)

Yield(p+ p)× Ncoll
Nuclear Modification Factor: 

PRL 110, 082302 (2013) 

arXiv: 1405.2737 

•  Strong suppression of charged hadrons in Pb-Pb (wrt pp) up to very high momenta 
  
• Direct photons, W and Z are not quenched … reference particles 

•  p-Pb results (consistent with unity up to 50 GeV) confirm that strong suppression in Pb-
Pb is due to hot nuclear matter effects  

 

Soppressione di particelle cariche

Fattore di modifica nucleare: RAA(pT ) = (1/NAA
coll) d2NAA

ch /dpT d÷

ÈNcoll Í(1/Npp
coll) d2Npp

ch /dpT d÷
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 = 5.02 TeV, NSD (ALICE)NNs, p-Pbrh

 = 2.76 TeV, 0-10% (CMS)NNs, Pb-PbJ

 = 2.76 TeV, 0-10% (CMS)NNs, Pb-PbrW

 = 2.76 TeV, 0-10% (CMS)
NN
s, Pb-Pb0Z

, Pb-Pb (ALICE)rh
, Pb-Pb (CMS)rh
 = 2.76 TeV, 0-5% NNs

[N. Brambilla et al., arXiv:1404.3723, in stampa su EPJC]

Risultato
Il mezzo caldo e denso sopprime fino a 7 volte la produzione di particelle cariche

Christian Durante Studio del QGP all’LHC con ALICE 30 ottobre 2014 14 / 15



The ridge in A+A collisions 
83-94% 55-65% 

ηΔ width 

STAR-RHIC 46-55% 
y 

0-5% 
y 

In (central) A+A, the ridge is commonly interpreted as hydrodynamic “hubble” flow of 
initial “stringy” structures in rapidity 
 
The structures in the Δφ direction are decomposed and studied by the vn Fourier “Flow 
moments”     

Not in pp (low multiplicity) neither in pPb (low multiplicity)  

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

pPb pp 

PRC80:064912,2009 
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The discovery 

pp 

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

pPp 
Ridge 

Distinct long range correlation in η collimated around ΔΦ≈ 0 

No ridge in MC 

Similar for pPb (high mult), pp (high 
mult) and PbPb (peripheral) 
 
Hydrodynamic flow in pp and pPb 
collisions? 
 
 
 

arXiv:1210.5482, PLB 
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Double ridge described by both Color Glass Condensate 
(initial state effect) or hydrodynamics (final state effect) 

projected  
on Δϕ 

PLB 719, 29 (2013) 

Correlations: double ridge in p-Pb 

Why sometimes the particles fly in sync? 
 
“The LHC may be uncovering a new deep internal 
structure of the initial protons … at these higher 
energies, one is taking a snapshot of the proton 
with higher spatial and time resolution than ever 
before” 

 Frank Wilczek 
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Let’s go back to “fundamentals” 

Different energy scales offer 
information on different aspects of 
proton internal structure 



Unveiling the proton structure by scattering 
particles 
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What have we learned in terms of this 
picture by now? 

•  Up and down quark “valence” 
distributions peaked ~1/3 



What have we learned in terms of this 
picture by now? 

•  Up and down quark “valence” 
distributions peaked ~1/3 

•  Lots of sea quark-antiquark pairs 
and even more gluons! 



Hard Scattering Process 
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Particle production rates can be calculated using pQCD from: 
–  Parton distribution functions (from experiment) 
–  pQCD partonic scattering rates (from theory) 
–  “Fragmentation functions” (from experiment) 

We can use factorized perturbative QCD (pQCD) to calculate particle 
production at high-energy facilities 



… but then something strange happened 

Charged pions produced preferentially on 
one or the other side with respect to the 
transversely polarized beam direction … by 
up to 40%!!  

Argonne	  √s=4.9	  GeV	  	  

W.H.	  Dragoset	  et	  al.,	  PRL36,	  929	  (1976)	  

spx longF /2=

Spin-‐momentum	  correla+ons:	  
1976	  discovery	  in	  p+p	  collisions	  



… but then something strange happened 

Charged pions produced preferentially on 
one or the other side with respect to the 
transversely polarized beam direction … by 
up to 40%!!  

Had to wait more than a decade for the 
birth of a new subfield: 
 
•  In 1990 D.W. Sivers departs from 

traditional collinear  factorization 
assumption in pQCD and proposes 
correlation between the intrinsic 
transverse motion of the quarks and 
gluons and the proton’s spin 

 
 

Argonne	  √s=4.9	  GeV	  	  

W.H.	  Dragoset	  et	  al.,	  PRL36,	  929	  (1976)	  

spx longF /2=

Spin-‐momentum	  correla+ons:	  
1976	  discovery	  in	  p+p	  collisions	  

First quark distribution function describing a 
spin-momentum correlation in the proton 

New frontier!  Quark dynamics inside QCD 
bound states, and in their formation process 



The Proton Spin Crisis 
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A proton has a total spin +1/2 along some axis.  
Most naively, you’d expect it to contain two 
quarks with spin +1/2 and one with spin -1/2. 
1/2 + 1/2 - 1/2 = +1/2 



The Proton Spin Crisis 
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Proton 

↓u ↑u
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A proton has a total spin +1/2 along some axis.  
Most naively, you’d expect it to contain two 
quarks with spin +1/2 and one with spin -1/2. 
1/2 + 1/2 - 1/2 = +1/2 

Surprising data from late 1980’s! 
Only ~12% of proton’s spin carried by 

quarks’ spins! 



Hence ~12% of the proton spin is carried by the spin of the quarks, 
the remaining spin must be carried by gluons or orbital angular 
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In QCD bound states we need to include 
Spin-spin and spin-momentum correlations 
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Sivers	  
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Helicity	  
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Worm-‐gear	  
(Kotzinian-‐Mulders)	  

Pretzelosity	  

In QCD bound states we need to include 
Spin-spin and spin-momentum correlations 
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Hadron tomography 



New breakthroughs in the field can only arise from the joint effort of experimentalists and theoreticians: the former
providing high-precision results on TMDs observables based on both consolidated and innovative experimental
approaches, the latter developing the theoretical background, the phenomenological interpretation as well as
sophisticated global analysis procedures.

The 3D-FOUNDATION project is driven by this joint effort. Its strength is based on the synergic interplay of three Work
Packages (WP):

WP1. Construction and implementation of a gaseous target internal to the LHCb experiment. This will allow the study of
unpolarized quark and gluon TMDs in hadron-hadron collisions at unique kinematic conditions.

WP2. Development of original techniques to analyze experimental data at CLAS12 and COMPASS, to facilitate TMD
extractions and pave the way to analysis at LHCb and at a future Electron-Ion Collider (EIC).

WP3. Implementation of global fit procedures and phenomenological paradigms for the physical interpretation of the
results and the elaboration of predictions for relevant observables for the experiments.

Fig. 1: 3-D structure of the proton as emerging from one of the latest global analysis.

WP1: Internal gas target for LHCb

The construction and implementation of an internal gas target at the LHC constitutes a major milestone of the project.
The LHCb detector [LHCB08], the sole forward magnetic spectrometer at the LHC, is perfectly suited for the study of
fixed target hadron-hadron collisions. A gaseous fixed target can be installed in the proximity of the nominal interaction
region, as an integration of the LHCb detector system (Fig. 2).

Presently, LHCb detects unpolarized beam-target collisions using the SMOG (System for Measuring the Overlap with
Gas) system [LHCB14]. The injected gas propagates throughout the whole length of the LHCb beam-pipe section and

Prin 2017Prin 2017 https://prin2017.cineca.it/simbad/php5/6.8/vis_modello.php?info=...

6 of 48 28/03/18, 17:10

Hadron tomography 



Transverse Momentum Distribution Functions (TMDs) 

PDFs involving transversely polarized quarks are chiral-odd 
 -can only be observed experimentally in conjunction with a second   
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Merging 3 worlds
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Merging 3 worlds

LHC

Most advanced 
detectors

Fixed Target

(pol, unpol)
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For the first time we will 
have an experiment 

with 2 Interaction 
Points: pp + p-target 
(working in synergy) 



New perspectives in QCD and soft QCD for Cosmic Ray Physics

J/ψ e cc cross section as a function of the c.m. energy

anti-p xsection

Inputs to Cosmic Ray Physics I

AMS02 results provide unprecedented accuracy for measurement of p/p ratio in cosmic rays
at high energies PRL 117, 091103 (2016)

hint for a possible excess, and milder en-
ergy dependence than expected
prediction for p/p ratio from spallation
of primary cosmic rays on intestellar
medium (H and He) is presently limited
by uncertainties on p production cross-
sections, particularly for p-He
no previous measurement of p production
in p-He, current predictions vary within a
factor 2
the LHC energy scale and LHCb +SMOG
are very well suited to perform this mea-
surement

Giesen et al., JCAP 1509, 023 (2015)

slide 7

Inputs to Cosmic Ray Physics II

Intrinsic charm important for high-energy neutrino astrophysics:
background for the ICECUBE experiment is dominated by open charm
production in atmospheric showers
predictions are based on measurements at x

F

⇠ 0 (like pp collisions in LHCb)
possible relatively large contribution from intrinsic charm

IceCube, arXiv:1705.07780
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FIG. 2. Left: Comparison of the total atmospheric ⌫e + ⌫̄e data (IceCube-86 for 332 days) with calculations. The contribution
to the ⌫e + ⌫̄e flux from intrinsic charm for Case (A) for various cosmic ray spectra is shown by the dashed lines (H3A =
magenta, H3P = green, H14A = brown, and H14B = magenta. H14A and H14B are on top of each other). The conventional
⌫e + ⌫̄e flux [123], conventional ⌫e + ⌫̄e + BERSS (H3A), and conventional ⌫e + ⌫̄e + BERSS + intrinsic charm contribution
for H3A are shown. Right: Same as the left panel, but for ⌫µ + ⌫̄µ [6] (IceCube-79/ 86 for 2 years). This measurement also
includes the astrophysical neutrino flux. The astrophysical flux shown in these panels is from Refs. [4].

contribution follows the inelastic cross section [127].

We solve Eqs. 1 – 3 separately in the low and high
energy regime [57, 58, 64, 70, 72]. The final prompt neu-
trino flux is a geometric interpolation of the low and high
energy solutions and includes the contribution of all the
charm hadrons, D0

, D̄

0
, D

±
, D

±
s

,⇤+
c

.

Our calculation improves over the previous esti-
mates [56, 57, 78–80] in various important ways. We
normalize our calculations to the ISR and the LEBC-
MPS collaboration data [86, 87], which were not used
in the earliest works. We employ the latest cosmic ray
flux measurement, and the experimentally measured nu-
clear scaling of the cross section, and a theoretically
motivated energy dependence of the cross section. We
use a more updated calculation of the intrinsic charm
cross section which takes into account the inherent non-
perturbativeness of the process [124, 125] whereas some
of these earlier works [78, 79] used a modified pQCD pre-
scription to account for the high x

F

data.

Results: Our predictions for the flux of neutrinos (⌫
µ

+
⌫̄

µ

or ⌫
e

+ ⌫̄

e

) are shown in Fig. 1. The highest, interme-
diate and the lowest flux are given by Case (A), Case (B),
and Case (C) respectively. We also show the flux calcu-
lated by BERSS [69], GMS [72], GRRST [70], HW1 [78],
HW2 [79], and ERS w/G [6, 85]. Due to the uncertainties
in parametrizing the g ! cc̄ contribution, the resulting
neutrino flux has an uncertainty of a factor of ⇠ 5 [70].

Remarkably, we find that the atmospheric prompt neu-
trino flux due to intrinsic charm is at the same level as
the pQCD contribution.
The neutrino fluxes due to intrinsic charm are large

enough to be detectable by IceCube. If IceCube does not
detect atmospheric prompt neutrinos at these flux lev-
els, then it will imply strong constraints on the intrinsic
charm content of the proton.
In the intrinsic charm picture, the proton preferen-

tially forms a charm hadron with a similar energy. In
the g ! cc̄ picture, due to its steeply falling d�/dx dis-
tribution, the charm hadron comes dominantly from a
proton at much higher energy. A rapid energy depen-
dence, disfavored by Refs. [124, 125], is used in Ref. [78],
and this results in a much higher neutrino flux. Our re-
sults are slightly lower than the calculation presented in
Ref. [79] due to the above mentioned refinements.
So far, IceCube has presented upper bounds on prompt

neutrinos. IceCube assumes that the prompt neutrino
flux is the ERS w/G spectrum and varies the normal-
ization. IceCube takes into account the muon veto for
downgoing events via a likelihood analysis. The present
limit on the prompt neutrino spectrum is 1.06 times the
ERS w/G flux [7]. These IceCube limits are close to the
intrinsic charm prompt neutrino spectrum predictions,
implying that IceCube can give information about in-
trinsic charm content of the proton in the near future.
In Fig. 2 (left), we compare our calculation for Case (A)

and the measurement of the atmospheric ⌫

e

flux [123].

Laha and Brodsky, arXiv:1607.08240slide 17

Large impact on the AMS (anti-p) and ICECUBE (open-charm) measurements

S M O G p - N e o n d a t a 
represent a valid  model of 
the interaction in air. The 
energy corresponds to the 
3rd-4th interaction for a 1010 
GeV shower. Mid-rapidity 
measurements are useful 
for the lateral development 
of the showers 
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…	  where	  I	  am	  the	  responsible	  	  

I	  phase:	  	  2019-‐2020	  
II	  phase:	  2024-‐…	  



Conclusions 

The QGP is a great tool to investigate the 
early Universe and to unveil the deepest 
“secrets” of the QCD  

Wealth	  of	  new	  intriguing	  phenomena	  in	  the	  medium!	  
	  

In November 2010, the field of ultrarelativistic 
nuclear collisions has entered a new era with the 
start of heavy-ion collisions at the LHC … an ideal 
place where to study the QGP 
 
Exiting results already achieved,  

      the future looks bright!  



            is very focussed on the project: 

SMOG2 is a reality and is foreseen to take data from 2021 

The R&D for           represents a fantastic challenge and is 
on its road 

Conclusions

Fixed target collisions at the LHC represent a unique 
possibility for a laboratory for QCD in unexplored 
kinematic regions … in a realistic time schedule

Pasquale Di Nezza!X

Conclusions (2) 

The         project represents a fantastic challenge both 
for its physics potentialities and for the technology 
involved 

52L.L.	Pappalardo		- NPQCD	2017		- Pollenzo,	May 22-24	2017

Anyone	interested	to	contribute	
to	this	fascinating	challenge	is	
more	than	welcome!!

Conclusions: the project

We are working to bring spin physics at the most powerful particle accelerator!

Ø The idea of a polarized target is being taken into serious consideration by the LHCb
Collaboration and LHC machine experts!

Ø A review process has been initiated inside the LHCb Collaboration

Ø The installation of a storage cell inside the VELO is presently under discussion within
the Collaboration and would constitute a R&D for the polarized target system

Ø Simulation studies are ongoing (acceptance, resolutions, backgrounds, etc)

Ø A group of experts for the various aspects of the project is being formed (backup slide)
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– Quark Matter Student Day (2014)

https://indico.cern.ch/event/219436/timetable/#20140518.detailed
– Quark Matter Student Day (2017)

https://indico.cern.ch/event/433345/timetable/#20170205.detailed

• Books
– C.Y. Wong, Introduction to High-Energy Heavy-Ion Collisions, World Scientific, 1994

http://books.google.de/books?id=Fnxvrdj2NOQC&printsec=frontcover
– L. P. Csernai, Introduction to Relativistic Heavy-Ion Collisions, 1994 (free as pdf)

http://www.csernai.no/Csernai-textbook.pdf
– E. Shuryak, The QCD vacuum, hadrons, and superdense matter, World Scientific, 2004

http://books.google.de/books?id=rbcQMK6a6ekC&printsec=frontcover
– Yagi, Hatsuda, Miake, Quark-Gluon Plasma, Cambridge University Press, 2005

http://books.google.de/books?id=C2bpxwUXJngC&printsec=frontcover
– R. Vogt, Ultrarelativistic Heavy-ion Collisions, Elsevier, 2007

http://books.google.de/books?id=F1P8WMESgkMC&printsec=frontcover
– W. Florkowski, Phenomenology of Ultra-Relativistic Heavy-Ion Collisions, World Scientific, 

2010
http://books.google.de/books?id=4gIp05n9lz4C&printsec=frontcover

– S. Sarkar, H. Satz and B. Sinha, The physics of the quark-gluon plasma, Lecture notes in 
physics, Volume 785, 2010 (free within CERN/university network)
https://link.springer.com/book/10.1007%2F978-3-642-02286-9
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Literature

Introduction to Heavy-Ion Physics – Jan Fiete Grosse-Oetringhaus

Additional literature 

or email to: Pasquale.Di.Nezza@cern.ch 


