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Outline

• Heavy ion physics and elementary particle 
physics: similarities and differences

• Why the quark-gluon plasma is interesting
• Collective flow
• Specific probes of the QGP: jets, quarkonia…
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Heavy ions vs. elementary particles
• We use the same machine, the LHC at CERN, which can 

accelerate either protons or atomic nuclei

• Nucleus-nucleus collisions:  Pb+Pb @2.76 TeV in 2011, 5.02 
TeV in 2015,  Xe+Xe @5.44 TeV in 2017  
(energy in the centre-of-mass of each nucleon-nucleon collision)

• proton-Pb collisions in  2012, 2013, 2016 (5.02 then 8.16 TeV)



Heavy ions vs. elementary particles

• We also use the same detectors.

• ALICE was built solely for heavy-ion physics.

• However, CMS and ATLAS have produced results as 
interesting. LHCb has recently joined the field. 



Heavy ions vs. elementary particles

• Scientific goals differ. 
• Research in elementary particle physics is 

governed by reductionism: find the most 
elementary particles and most fundamental 
phenomena.  

• Heavy-ion physics, like other branches of physics, 
tries to identify new, emergent phenomena which 
only exist in large systems: More is different.



Typical Pb-Pb 
collision “event” 
at the LHC
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• Pile-up is not welcome here: one event at a time.
• We are not only interested in rare particles or rare 

events.  We study the bulk of particle production.  
• A lot can be done even without tracking particles, as 

the elementary structure is not our main focus. 

Heavy ions vs. elementary particles
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Simple example: collision centrality

b

The impact parameter b 
plays an essential role in 
model calculations. 

Experimentally, b is 
estimated using the energy 
deposited in a calorimeter: 
more central=more energy
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Simple example: collision centrality
Correspondence between impact parameter and HF energy is 
not one to one. 
The probability distribution of impact parameter at fixed HF 
energy can be reconstructed from data alone, using simple 
Bayesian methods.

Sruthy, Giacalone, Monard,  JYO arXiv:1708.00081



 Nuclear collisions at the LHC 

• Kinetic energy of nuclei = 2700 x mass energy 

• Relativistic contraction of length by factor 2700: 
colliding thin pancakes 

• The strong interaction transfers part of incoming 
energy into mass energy (creation of matter) and 
transverse kinetic energy. 
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 Nuclear collisions at the LHC 

• The collisions creates strongly-coupled quark-gluon 
matter,  governed by strong interactions, which 
expands into the vacuum 

• The best theoretical description is a macroscopic one: 
a small lump of fluid with temperature ~200-300 MeV.
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• The equation of state of 
QCD has been recently 
calculated on the lattice 

• Ideal gas of hadrons 
(including resonances) 
for temperatures up to 
150-160 MeV

• Strongly-coupled quark-
gluon plasma at high 
temperature
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QCD thermodynamics
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Borsanyi et al arXiv:1309.5258 

http://arxiv.org/abs/arXiv:1309.5258


Typical Pb-Pb 
collision “event” 
at the LHC
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• A central Pb+Pb collisions produces typically 
30000 particles, 75% of which are pions.  

• The little fluid is seen by measuring 
correlations between these particles. 

New system, new analyses



 Counting pairs: correlations
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• In each collision, 
construct all pairs 
of particles. 

• Count as a 
function of relative 
angles ΔΦ and Δη 

• Average over many 
collisions in a 
centrality class 



Just for sake of 
comparison: there is 
nothing particularly 
interesting here, it is a 
complicated structure. 

(negative values are due to a global 
subtraction)

Correlations in proton-proton collisions
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More is different: 
Simplicity emerges!

Ripple in a pond, aka « ridge » 
=the cleanest signature of fluid 
behavior. 
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CMS 1201.3158 

Correlations in Pb+Pb collisions



Less central  Pb-Pb collision

Similar regular pattern, 
independent of Δη 
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CMS 1201.3158 



As the collision becomes less 
and less central, only the 
structure in Δφ evolves. 

Less central  Pb-Pb collision
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CMS 1201.3158 



Less central  Pb-Pb collision

As the collision becomes less 
and less central, only the 
structure in Δφ evolves. 
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CMS 1201.3158 



Less central  Pb-Pb collision

As the collision becomes less 
and less central, only the 
structure in Δφ evolves. 
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CMS 1201.3158 



Less central  Pb-Pb collision

As the collision becomes less 
and less central, only the 
structure in Δφ evolves. 
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CMS 1201.3158 



Less central  Pb-Pb collision
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CMS 1201.3158 



Less central  Pb-Pb collision
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CMS 1201.3158 



Less central  Pb-Pb collision
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CMS 1201.3158 



Less central  Pb-Pb collision
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CMS 1201.3158 



Peripheral collisions again show 
a large « near side » peak, like 
proton-proton collisions. 

Less central  Pb-Pb collision
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CMS 1201.3158 



Peripheral collisions again show 
a large « near side » peak, like 
proton-proton collisions. 

Less central  Pb-Pb collision
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CMS 1201.3158 
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Pb+Pb

CMS 1305.0609 

They look similar: a small fluid also in p+Pb ? 

proton+Pb

Flow hypothesis versus data



Next: 
why we understand these waves in 
measured pair correlations as the 

signature of a little fluid
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Symmetries 
• Pb nucleus=208 nucleons

• Lorentz contraction projects 
the nuclear sphere on the 
transverse plane

• Elementary collisions deposit 
energy at the transverse 
location of the nucleons

• Thus the initial density profile 
is typically uniform 
longitudinally, but with a 
bumpy transverse profile 
 

Gelis 1110.1544 
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Symmetries 

Thermalization 
creates a little fluid 
with the same 
symmetry as the initial 
state: longitudinally 
invariant 
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Symmetries 

Transverse velocity is 
generated by expansion 
into the vacuum 
(pressure gradient)

The transverse velocity 
of the fluid depends on 
the azimuthal direction 
φ due to transverse 
fluctuations 
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Fluid to particles 
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As the fluid cools down 
it becomes a gas of 
independent particles

Particle velocity=

fluid velocity+

(small) thermal motion



The probability of 
emitting a particle is 
independent of the 
rapidity η  
(longitudinal 
invariance)  

Fluid to particles 
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Therefore the number 
of pairs is independent 
of the relative rapidity 
Δη  
(longitudinal 
invariance)

Fluid to particles 

Δη
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But the probability 
depends on 
azimuthal angle φ 
(transverse 
fluctuations)  

Fluid to particles 
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Therefore, the 
number of pairs 
depends on the 
relative azimuthal 
angle Δφ 

Fluid to particles 

Δφ
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• Initial conditions: typically a model of 
the energy density profile right after 
the collision

• Relativistic fluid dynamics describes the 
subsequent expansion into the vacuum 

• The fluid « freezes » to independent 
particles.  
in particular, one calculates the full probability 
distribution P(φ).

Hydrodynamic modeling
(how we make quantitative predictions)
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• Pressure accelerates the fluid :  
                         ρ dv/dt = -∇P 

• The pressure P is related to the density ρ  
through the equation of state (EoS)

Ideal fluid dynamics
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• Viscosity slows down the expansion

• Gradient expansion:  
ρ dv/dt = -∇P + η∆v + « 2nd order terms »  
               1/R +  1/R2 + 1/R3 + …

• Hydrodynamics applies only if the expansion 
converges, i.e., viscous terms are small.

Viscous fluid dynamics



Jets

Jets are now fully reconstructed not only in proton-proton, but 
also in nucleus-nucleus collisions, using the same algorithm. 
This is a relatively new subfield of heavy ion physics. 

Cacciari Salam Soyez  
arXiv:0802.1189
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Jets in plasma

• A quark in the vacuum radiates high energy gluons at small 
angles which hadronize into a jet. 

• A quark in the plasma radiates low energy gluons at large 
angles which are no longer part of the jet.  

Mehtar-Tani et al, arXiv:1009.2965 
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http://arxiv.org/abs/arXiv:1009.2965


• The jet loses energy, which is carried away by large-angle radiation.  
• This in turn implies that at a given energy, there are fewer jets than 

one would expect based on the number of nucleon-nucleon 
collisions. The suppression factor is called RAA

ATLAS arXiv:1411.2357
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Jets in plasma



Consider now a  pair of jets emitted back to back (dijet) with the same 
transverse momentum. 
The jet which traverses a longer path in the plasma loses more energy, 
which results in a significant jet asymmetry. 
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Jets in plasma



The distribution of energy within a jet is modified in the plasma 
(ATLAS, 2014).  

D(z)
= fragmentation function
= number of particles carrying  
a fraction z of jet energy 

RD(z)= ratio between central 
(plasma) and peripheral (no 
plasma)
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(recent theoretical interpretation: Caucal et al arXiv:1801.09703)  

Jets in plasma



Quarkonia

= bound states of quark-antiquark pairs bb ̅or cc ̅   

cc ̅   bb ̅  
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Quarkonia
The quark-antiquark potential is modified in a plasma: it 
decreases because of colour screening 

Burnier et al 
arXiv:1410.2546 

Ab initio calculations 
of the quark-
antiquark potential 
are now available
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http://arxiv.org/abs/arXiv:1410.2546


Quarkonia

Quarkonia are typically observed through disintegration into a 
muon pairs. The states Y(1S), Y(2S) and Y(3S) are clearly separated.
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Quarkonia

In the plasma, the force between the quark and the antiquark 
decreases and the weakly bound states disappear. 
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Conclusions
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• We have ample evidence that the matter 
produced in heavy-ion collisions at the LHC 
behaves like a small fluid.

• Similar phenomena are observed in proton-
nucleus collisions: the smallest fluid ever 
produced in the lab.

• LHC is now running at higher energy:  only a 
small fraction of Pb+Pb are published, and no 
p+Pb results. We anticipate new results soon. 



The flow hypothesis
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• Particles are emitted independently, with an 
underlying probability distribution P(φ) that is not 
isotropic in φ, and is different in every event. 

• Fourier decomposition : P(φ)=∑nVn e-inφ

• vn≡|Vn|=anisotropic flow [phase of Vn≡ψn=event 
plane]  
v2≡elliptic flow   
v3≡triangular flow... 



What the flow hypothesis implies
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• Independence → pair distribution in an event  
                          Npairs(φ1,φ2)=P(φ1)P(φ2)

• After ⟨averaging over events⟩  
Npairs(Δφ)=∑n⟨vn2⟩ cos(nΔφ)

• Fourier coefficients of the pair distribution are all 
positive.  A non-trivial prediction which can be 
readily verified on data. 

• Implies in particular : absolute maximum at Δφ=0
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Initial transverse 
density profile 

Final distributionExpansion 

Elliptic flow v2

Triangular flow v3

Anisotropic flow and hydrodynamics

In hydrodynamics, anisotropic flow is a response to the 
anisotropy of the initial density profile. What about data?
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The centrality dependence of vn

• Steep decrease of v2 for 
central collisions: reflects the 
elliptic geometry of the 
overlap area

• Mild decrease of v3 : reflects 
the initial triangularity, due to 
fluctuations, smaller for larger 
systems

• For peripheral collisions, both 
v2 and v3 decrease: 1/R 
viscous suppression becomes 
large. 
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Big Bang versus Little Bang

• Small anisotropies observed in the cosmic microwave background are 
thought to originate from quantum fluctuations in the early Universe.  

• Anisotropic flow at the LHC is a similar phenomenon, occurring in a 
tiny system with large fluctuations. 

• Small fluctuations are Gaussian, large fluctuations are non-Gaussian.  
We measure and understand in detail the non-Gaussianity in Pb+Pb and 
p+Pb collisions (work by F. Taghavi and collaborators at IPM)

WMAP


