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SUMMARY Today’s lecture 
• Heavy ion physics Last lecture 

• Renormalisation 
• The running of the coupling 

strength 
• Asymptotic freedom 

• Confinement 
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…I collide two large objects that are 
accelerated at ultra-relativistic energies?

SCIENTIFIC QUESTION TO BE ANSWERED

Not an interesting question to answer!!!
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…I collide two large objects that are 
accelerated at ultra-relativistic energies?

SCIENTIFIC QUESTION TO BE ANSWERED

Not an interesting question to answer!!!

How did the universe evolve after the Big 
Bang? 

Can we generate new states of matter at 
extreme temperatures and densities?

Interesting questions to answer!!!

Fundamental questions in physics
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• What is dark matter? 
• What is the nature of dark energy? 
• How did the Universe begin and evolve? 
• Can we incorporate quantum effects in a general gravitational theory? 
• What are the neutrino masses and what is their role in the evolution of the 

universe? 
• How do Cosmic Accelerators work and what are they accelerating? 
• Are protons unstable? 
• What are the new states of matter at exceedingly high density and 

temperature? 
• Are there additional space-time dimensions? 
• How were the elements from iron to uranium made? 
• Is a new theory of matter and light needed at the highest energies?

11 UNANSWERED QUESTIONS FOR THIS CENTURY
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• What is dark matter? 
• What is the nature of dark energy? 
• How did the Universe begin and evolve? 
• Can we incorporate quantum effects in a general gravitational theory? 
• What are the neutrino masses and what is their role in the evolution of the 

universe? 
• How do Cosmic Accelerators work and what are they accelerating? 
• Are protons unstable? 
• What are the new states of matter at exceedingly high density and 

temperature? 
• Are there additional space-time dimensions? 
• How were the elements from iron to uranium made? 
• Is a new theory of matter and light needed at the highest energies?

11 UNANSWERED QUESTIONS FOR THIS CENTURY

The theory of how protons and neutrons 
form the atomic nuclei of the chemical 
elements is well developed. At higher 

densities, neutrons and protons may 
dissolve into an undifferentiated “soup of 
quarks and gluons", which can be probed 

in heavy-ion accelerators. Densities 
beyond nuclear densities occur and can be 

probed in neutron stars, and still higher 
densities and temperatures existed in the 

early universe.

There is evidence that during its earliest 
moments the universe underwent a 

tremendous burst of expansion, known as 
inflation, so that the largest objects in the 

universe had their origins in subatomic 
quantum fuzz. The underlying physical 
cause of this inflation is a mystery. In 

addition, the universe evolved passing 
through the EW and the strong phase 
transition, through a state of extreme 
conditions which are too of a complete 

mystery.
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FERMI’S NOTES

Fermi (~1953)



Particle Physics 2 - 2023/2024 - QCD8

MATTER IN UNUSUAL CONDITIONS…
Fermi (~1953) Lee-Wick abnormal matter (~1974)Hagedorn (~1965)

Expectation for a weakly interacting quasi-particle gas

https://inspirehep.net/literature/658
https://inspirehep.net/literature/91170
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THE BIRTH OF QCD

1973: QCD
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QCD

It looks like QED, no?

Well…it’s not!!!
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infrared slavery 
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Typical hadron size: ~10-15m = 1fm 
• Planck’s constant: hbar c ~ 0.2GeV.fm 
• 200 MeV is the characteristic scale of confinement  
• the ΛQCD scale

QCD DISTINCT FEATURES
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The running coupling constant suggests the possibility of creating a new state of QCD 
matter where quarks and gluons are “free” ➡ the strong phase transition 
This transition can happen at sufficiently large: 

• temperature T & energy density ε 
Which T and ε? 

• for massless quarks and gluons the only physical scale in QCD is the confinement scale ~1 fm 
• T ~ 200 MeV 
• ε ~ 1 GeV/fm3 

At these scales the strong coupling constant becomes large 
• Perturbation theory can not be applied and analytical calculations are notoriously difficult to be 

made 
• Confinement is still poorly understood from first principles! 

Better understanding of this non-perturbative domain comes from lattice QCD 
calculations

STRONG PHASE TRANSITION 
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STUDYING QCD MATTER

Hard scattering

Small αs: calculations with perturbative QCD 

Quark Gluon PlasmaNuclear matter

Large αs: calculations with Lattice QCD 
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LATTICE QCD CALCULATIONS

Embed a discrete space-time grid over the QCD continuum 

Solve QCD numerically, and enable direct comparison to 
experimental results 

Perform Feynman’s Path Integral to compute quantum 
expectation value of an observable O 

Lattice spacing ~0.1 fm 
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As an example ➡ calculating the proton 
mass on the lattice 

• 100-1,000 Exa floating point operations 
(aka flops) 

• 1020- 1021 floating operations 
• 100 days on one rack of Blue Gene / Q 
• 100-1000 years on one desktop 

LATTICE QCD CALCULATIONS
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LATTICE QCD CALCULATIONS

Lattice QCD: beyond a critical temperature 
there is a rapid rise in the number of 

degrees of freedom ➡ phase transition to a 
deconfined state of quarks and gluons!!!

Quark-Gluon Plasma (QGP)
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THE QGP
Shuryak  

Quark Gluon 
Plasma - QGP 
(1978)

Nuclear matter Quark Gluon Plasma

 HotQCD Collaboration: 
Phys.Rev. D90, (2014) 094503

Phase transition beyond a critical temperature 
(~155 MeV) and energy density (~0.5 GeV/fm3)
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QGP: PRIMORDIAL MATTER
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STRONG PHASE TRANSITION IN THE LAB
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The Quark-Gluon Plasma (QGP):  
• a state of matter where the quarks and gluons should eventually be 

the relevant degrees of freedom 
• existed few µs after the Big-Bang (the universe crossed this phase 

after expanding and cooling down): Studying the strong phase 
transition ➞ study primordial matter 

• QCD: Phase transition beyond a critical temperature (~170 MeV) 
and energy density (~0.5 GeV/fm3) ➞ accessible in the laboratory 
➞ heavy-ion collisions

STRONG PHASE TRANSITION IN THE LAB
T(QGP-transition)~170MeV 

➞ 1012 degrees

T(Sun’s core)~107 degrees

T(QGP-transition) 
105xT(Sun’s core)

Can we constrain the 
equation of state and the 

transport properties of 
QGP?
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How can we recreate in the 
laboratory the necessary conditions 
for the phase transition to occur? 

• “Smash” large objects, accelerated 
at almost the speed of light to each 
other 
• Concentrate large amount of energy 

in a small volume 
• Create high pressure 
• Create high temperatures 

STRONG PHASE TRANSITION IN THE LAB

Heavy-ion collisions!!!
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HEAVY ION PHYSICS PROGRAM

Thermodynamics description of the medium, 
using macroscopic quantities  

• EoS, V, T, 𝜀, η/s, …  

Understand the microscopic details of the matter 
formed 

• Can we resolve quarks and gluons as the 
degrees of freedom?   

(non-QGP focused) QCD studies 
• Parity violation in strong interactions 
• Strong interaction potentials 

Need to study as many observables as 
possible as a function of centrality

Some of the topics could have (direct) 
connections to GW physics 
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SIMULATION
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CENTRALITY IN HEAVY ION COLLISIONS
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Heavy ions are not point-like objects 
• Collisions can create systems with different properties depending on whether they are head-on 

(i.e. large overlap region) or if the nuclei graze each other (i.e. small overlap region) 
• Centrality defined geometrically by the impact parameter b 

• Distance between the centres of the two nuclei 
• Perpendicular to the beam axis 

• Centrality related to the fraction of the geometrical cross-section that overlaps 
• proportional to πb2/π(2RA)2 

Experimentally centrality defined from particle multiplicity or energy deposited in (forward) 
detectors 

DEFINING CENTRALITY: IMPACT PARAMETER

2RAb

2RA
b
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PERIPHERAL COLLISIONS: FEW PARTICLES

b
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PROTON-PROTON: VERY FEW PARTICLES



Particle Physics 2 - 2023/2024 - QCD28

MID-CENTRAL COLLISIONS: MORE PARTICLES

b
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CENTRAL COLLISIONS: EVEN MORE PARTICLES

b
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MULTIPLICITY IN CENTRAL COLLISIONS
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MULTIPLICITY IN PROTON-PROTON COLLISIONS
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MEASURED MULTIPLICITY IN CENTRAL COLLISIONS

ALICE Collaboration,  Phys. Rev. Lett. 105, 252301 (2010)

~1600 particles in the central region (not the 
whole phase space) in central Pb-Pb collisions!!!
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TOTAL PARTICLE MULTIPLICITY
ALICE Collaboration, Phys. Lett. B754 (2016) 373
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Number of participants (Npart): nucleons undergoing at least one 
collision 

• Scale with volume ~2A 
Number of binary collisions (Ncoll): inelastic collisions between a 
nucleon of one nucleus and at least one nucleon of the other 
nucleus 

• Scale with AxA1/3=A4/3 

Number of spectators (Nspec): nucleons that do not lie in the 
overlap region and thus fly away without interacting

NUMBER OF PARTICIPANTS, SPECTATORS

Binary collisions 
Number of participants

Ann.Rev.Nucl.Part.Sci.57,2007
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Experimentally neither the impact parameter nor the Npart/Nspec 
can be measured 

• Have to rely on experimental measurements: 
• Multiplicity (central or/and forward regions) 

• Large (small) for central (peripheral) collisions 
• Zero degree calorimeters (energy deposited by spectator nucleons) 

• EZDC small (large) for central (peripheral) collisions 

• Expressed as the percentage of the total nuclear interaction cross 
section 
• e.g. 5% most central Pb-Pb (or Au-Au) collisions are the 5% with the 

highest multiplicity

CENTRALITY IN EXPERIMENTS

(ALICE Collaboration) 
Phys. Rev. C88 (2013) 044909
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HEAVY ION PHYSICS @ CERN-SPS

Fixed target experiments  
(event display courtesy of NA49)

(Mainly) Pb beams √sNN = 6.3 - 17.3 GeV 
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HEAVY ION PHYSICS @ BNL-RHIC Collider experiments  
(event displays courtesy 
of PHENIX and STAR)

(Mainly) Au beams √sNN = 200 GeV 
BES: √sNN = 7.7 - 62.4 GeV 
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HEAVY ION PHYSICS @ CERN-LHC

Pb beams √sNN = 2.76 & 5.02 TeV 
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EXPERIMENTAL SETUP
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Two main ways to probe the QGP 
properties: 

• Through bulk observables 
• The vast majority of particles are produced 

with pT < 2 GeV/c 
• Hard (rare) probes with pT > 6 GeV/c 

• High pT hadrons 
• Jets 
• Heavy flavour (e.g. charm-mesons)

STUDYING THE QGP PROPERTIES
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THE QGP @ CERN-SPS
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WHAT IS THE QGP?
M. Roirdan and W. Zajc, Scientific American 34A May (2006)
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HARD PROBES
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Hard process scale: Q >> ΛQCD (~200 
MeV) 

• High pT parton with Q ~ pT 

• These partons are formed early 
during the evolution of the system  
• They fragment and create jets and high 

transverse momentum hadrons 
• These processes can be calculated in 

perturbative QCD

JET QUENCHING IN A NUTSHELL

protonproton

quark

quark
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In heavy ion collisions, in the presence of a hot 
and dense medium (QGP), during the 
propagation through the QGP, these objects 
interact with the medium and lose energy 
either via collisional or radiative energy loss 

• Experimental consequence: 
• Suppression of high transverse 

momentum particles 
• Attenuation of energy of jets 
• Modification of soft particle production

JET QUENCHING IN A NUTSHELL jet

quenched jet

QGP
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We need to compare particle production 
• In the QGP medium (heavy-ion collisions)  
• In the vacuum (pp collisions) scaled 

• Assumes that a heavy-ion collision can be 
considered as a superposition of 
independent pp collisions

A WAY OF VISUALISING THE QUENCHING

in-medium effects

no in-medium effects

PHENIX Collaboration Phys.Rev.Lett. 91 (2003) 072301
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JET QUENCHING @ LHC
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JET QUENCHING @ LHC
CMS Collaboration, EPJC 72 (2012) 1945
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REFERENCE PROBES
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THE OTHER 99%…BULK OF PARTICLE PRODUCTION
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ANISOTROPIC FLOW
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TO FLOW OR NOT TO FLOW?
Superposition of independent pp collisions Momenta pointing at random directions 

relative to the reaction plane
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TO FLOW OR NOT TO FLOW?
More and faster particles in-plane than 

out-of-plane
Evolution as a bulk system

Pressure gradient 
higher in-plane i.e. 

pushes bulk out: flow
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ELLIPTIC FLOW
Superposition of independent pp collisions

Evolution as a bulk system
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BULK OBSERVABLES: ANISOTROPIC FLOW

Development as a bulk system: 
high density and pressure at 

the centre of the fireball

Asymmetric pressure gradients 
(larger in-plane than out-of-
plane) push bulk out ➞ flow

More and faster particles in-
plane than out-of-plane

Superposition of 
independent pp collisions

Momenta pointing at random directions
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COORDINATE SPACE VS MOMENTUM ANISOTROPIES

time

Momentum space: flow harmonicsCoordinate space: eccentricities

y

x

x

y

px

py

px

pyS. Voloshin and Y. Zhang, Z. Phys. C70, 665 (1996)Connection to 
equation of state and 
to the system’s 
transport properties 
(e.g. η/s, ζ/s)
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THE PERFECT LIQUID AT RHIC AND LHC

η/s = 0

η/s > 0
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THE PERFECT LIQUID AT RHIC AND LHC

η/s = 0

η/s > 0
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SPECIFIC SHEAR VISCOSITY

time

Large values of v2

Small values of v2
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ELLIPTIC FLOW @ LHC

centrality percentile
0 10 20 30 40 50 60 70 80

2v

0

0.02

0.04

0.06

0.08

0.1

0.12

{2}2v
 (same charge){2}2v

{4}2v
 (same charge){4}2v

{q-dist}2v
{LYZ}2v

 STAR{EP}2v
 STAR{LYZ}2v

b
b



Particle Physics 2 - 2023/2024 - QCD61

Study the QGP properties in more detail 
• Allows for the first time to probe the temperature 

dependence of η/S 
• Connection to EoS 

Looking at the details 
• Initial state 
• η/S(T), ζ/S(T) 
•  EoS 
• Hadronic phase 
• Surprises?

ANISOTROPIC FLOW @ LHC

The medium behaves as an 
almost perfect liquid!!!
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Initial geometry not described by the (ideal) almond shape 
• Fluctuations of the initial energy/pressure distributions lead to “irregular” shapes that fluctuate 

from one event to the other 
• Higher order (odd) harmonics develop, each one having its own symmetry plane 

• Higher order harmonics more sensitive to the value of η/S 

But initial conditions not known precisely enough (model dependent) 
• Data can be described by different combinations of initial conditions and η/S

THERE ARE ALSO FLUCTUATIONS…
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HIGHER HARMONICS

Due to the low value of η/s, higher harmonics survive at the final state 
Allow the study of initial conditions of heavy-ion collisions for the first time!

Part of a MSc thesis!!!
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HIGHER HARMONICS @ LHC (RUN 1)

B. Abelev et al. (ALICE Collaboration), JHEP 09 (2016) 164
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HIGHER HARMONICS @ LHC (RUN 1)

B. Abelev et al. (ALICE Collaboration), JHEP 09 (2016) 164
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A LOT OF PROGRESS…FROM THIS

(NA49 Collaboration) Phys.Rev. C68 (2003) 034903(NA49 Collaboration) Phys.Rev.Lett. 80 (1998) 4136



Particle Physics 2 - 2023/2024 - QCD67

A LOT OF PROGRESS…TO THIS

(PHENIX Collaboration): Phys. Rev. Lett.91, 182301,2003(STAR Collaboration): Phys. Rev. Lett. 87 (2001) 182301
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A LOT OF PROGRESS…AND NOW TO THIS

B. Abelev et al. (ALICE Collaboration), JHEP 09 (2016) 164
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Time evolution of constrains on η/s

A LOT OF PROGRESS…AND NOW TO THIS



FROM QUALITATIVE TO 
QUANTITATIVE
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EOS CONSTRAINS
S.Pratt et al., Phys. Rev. Lett. 114, (2015) 202301

One of the first attempts 
for a global fit on data

Model parameters
Experimental data

Priors

Normalisation 
(“Bayesian evidence”)

Posterior  
distribution
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A LOT OF PROGRESS…AND NOW TO THIS

Constraining the EoS

S.Pratt et al., Phys. Rev. Lett. 114, (2015) 202301
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TRANSPORT PROPERTIES CONSTRAINS @ LHC
J. E. Bernhard et al., Nature Phys. 15, 214 (2019)
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FROM LARGE TO SMALL COLLIDING SYSTEMS

Pb-Pb  
√sNN = 2.76 TeV 
√sNN = 5.02 TeV

p-Pb  
√sNN = 5.02 TeV 
√sNN = 8 TeV

pp  
√s = 2.76 TeV  
√s = 5.02 TeV  
√s = 7 TeV 
√s = 8 TeV 
√s = 13 TeV

Xe-Xe  
√sNN = 5.44 TeV

p-Au, d-Au, He3-Au  
√sNN = 0.2 TeV
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QGP IN SMALL SYSTEMS?

High event activity pp collisions @ √s = 7 TeV

Ridges in pp collisions → pp 
collisions stopped being just a 

reference for the heavy-ion 
physics programs

(ALICE Collaboration) Phys. Lett. B726, (2013) 164

(CMS Collaboration) Phys. Lett. B 765 (2017) 193

Ηράκλειτος (Heraclitus) ~535 - 475 BC

Τα πάντα ρει…
(everything flows)
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A LOT OF PROGRESS…BUT STILL PLENTY OF UNANSWERED QUESTIONS

• Additional precision measurements (e.g. heavy quarks, jets) → 
knowledge of poorly constrained parameters 

• New phenomena (e.g. vorticity, magnetic fields, CME, CMW…)  
• Origin of collectivity in small systems → can this lead to a unified 
picture of how QCD matter evolves as a function event activity? 

• Critical point in QCD phase diagram? 
• Connection with GW physics → how does QCD matter behave at 
large values of µΒ?

How does a strongly coupled QGP emerge from QCD? 

Discover the proper 
microscopic picture that 

describes the macroscopic 
behaviour of the QGP
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LOOKING AT THE FUTURE
Low energies Intermediate energies High energies

CBM @ FAIR (2025+)MPD @ NICA (2023+) sPHENIX (2023+) LHC experiments (2022-2030)
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Full azimuthal coverage with |η| < 4 
Retractable first layers inside the 
beam pipe 
Fast timing silicon detectors, TOF, 
RICH, muon detector 
Physics focus 

• (Multi-)heavy flavour states 
• Quarkonia states 
• Soft photons 
• Exotic states  
• Chiral symmetry restoration

LOOKING AT THE FUTURE: HI@LHC 2032+

https://arxiv.org/abs/1902.01211
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(PART OF) THE NIKHEF/UU ALICE GROUP

We are leading the field with a number of interesting physics projects that could easily 
lead to an advanced stage (e.g. publication) 

Feel free to pass by my office @ Nikhef (N325) or drop me a mail if you are interested!!!
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Thank you for 
your attention!
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LATEX

E\frac{d^3 N}{d^3\vec{P}} = \frac{1}{2\pi}\frac{d^2N}{p_Tdp_Tdy}\Big(1 + \sum_{n=1}^{\infty}2v_n\cos[n(\varphi - \Psi_{RP})]\Big)

v_n = \langle \cos[n(\varphi - \Psi_{RP})] \rangle

\epsilon_P = \frac{\langle T_{xx} - T_{yy}\rangle}{\langle T_{xx} + T_{yy}\rangle}

\epsilon = \frac{\langle y^2 - x^2\rangle}{\langle y^2 + x^2\rangle}

R_{AA} \rightarrow \Big\{ \begin{matrix} < 1  \\ \approx 1 \end{matrix}

R_{AA} = \frac{\mathrm{QCD~medium}}{\mathrm{QCD~vacuum}} = \frac{\Big(\frac{d^2N}{dp_{T}d\eta}\Big)_{AA}}{N_{coll}\Big(\frac{d^2N}{dp_{T}d\eta}\Big)_{pp}}
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QGP: PRIMORDIAL MATTER
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In non-central collisions the coordinate space configuration is anisotropic (e.g. almond 
shape) 

• The initial momentum distribution is isotropic (spherically symmetric) 
The interactions among constituents generate a pressure gradient that transforms the initial 
coordinate space anisotropy into the observed momentum space anisotropy 

• Azimuthal anisotropy quantified by a Fourier expansion 
• v1: directed flow, v2: elliptic flow, v3: triangular flow, v4: quadrangular flow,… 

Connection to equation of state and to the system’s transport properties (e.g. η/S)

QUANTIFYING THE AZIMUTHAL ANISOTROPY

S. Voloshin and Y. Zhang, Z. Phys. C70, 665 (1996)


