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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?

What are the new states of matter at 
exceedingly high density and temperature?

(SOME OF THE) SCIENTIFIC CHALLENGES (~2000)
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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 QUARK-GLUON PLASMA (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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STUDYING QCD MATTER AT EXTREME CONDITIONS
M. Roirdan and W. Zajc, Scientific American 34A May (2006)Series of experiments at: 

•  Bevalac (HI between 1980-1993) 
•  AGS (Si/Au beams ~1986-1994) 
•  SPS (S/Pb beams ~1987-Today) 
•  RHIC (Au beams, 2000-Today) 
•  LHC (Pb beams, 2010-Today) 

The birth of the perfect fluid paradigm
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Anisotropies in coordinate 
space 

• Initial geometry and its 
fluctuations 

Transferred to anisotropies in 
momentum space 
Quantified by Fourier 
coefficients vn

ANISOTROPIC FLOW

Voloshin and Zhang, Z. Phys. C70 (1996) 665
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Momentum space: 
flow harmonics

Coordinate space: eccentricities
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PROBING DIFFERENT STAGES OF THE EVOLUTION

t = 0 fm/c t < 1 fm/c t ~ 10 fm/c

Pre-equilibrium Viscous hydrodynamics Hadronic rescattering Free streaming

Initial stage QGP evolution Hadronic gas Detector
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PROBING THE INITIAL STATE

Higher anisotropic flow harmonics represent modulations in 
smaller spatial scales 

• Unique tool to constrain the IS  
• More sensitive probes of the QGP transport properties

Initial state fluctuations transferred via the low viscosity QGP into final state correlations (higher, odd harmonics)
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PROBING THE QGP TRANSPORT COEFFICIENTS

Higher anisotropic flow harmonics represent modulations in 
smaller spatial scales 

• Unique tool to constrain the IS  
• More sensitive probes of the QGP transport properties

B. Schenke et al., Phys.Rev. C85 (2012) 024901 B. Abelev et al. (ALICE Collaboration), JHEP 09 (2016) 164



Heavy ion experiments: results and perspectives10

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

One of the first 
attempts for a 
global fit on data 

• Spectra 
• HBT radii 
• v2(pT)
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EOS CONSTRAINS
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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TRANSPORT PROPERTIES CONSTRAINS @ RHIC

Posterior from LHC data

(JETSCAPE Collaboration) Phys. Rev. C 103, 054904 (2021)

Posterior from RHIC data

Coherent physics description of experimental data at various energies from a 
single model with a common set of parameters (except the initial energy density)
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SEARCH FOR NOVEL QCD PHENOMENA…

Animation @ http://www.physics.adelaide.edu.au/
theory/staff/leinweber/VisualQCD/Nobel/

Ingredients 
Strong magnetic field 
Chirality imbalance 

Chiral quarks 
Collective flow 
Hadronisation 

D. Kharzeev et al., Phys. Rev. Lett. 81, (1998) 512 
D. Kharzeev, Prog. Part. Nucl. Phys. 75 (2014) 133

The Chiral Magnetic Effect (CME)



Heavy ion experiments: results and perspectives15

THE STRONGEST MAGNETIC FIELD IN NATURE…

Heavy ion collisions: ~1019-1020 G

Au-Au collisions @ RHIC Pb-Pb collisions @ LHC
√sNN = 200 GeV √sNN = 2.76 GeV

γ = 100 γ = 1.38x103

Ζ = 79 Ζ = 82
b = RAu ~ 7fm b = RAu ~ 7fm

eB ~ mπ2 eB ~ 10mπ2

U. Gürsoy et al., Phys. Rev. C89, (2014) 054905
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Decay rate depends on the electric 
conductivity of the medium → poorly 
constrained experimentally

Magnetar’s field: 1012 -1015 G

Limits for B @ freeze-out
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Current analyses provide stringent upper limits for the CME fraction at 
both RHIC and LHC energies → CME signal, if any, at the level of few %

CME FRACTION UPPER LIMITS

(ALICE Collaboration) Phys. Lett. B777, (2018) 151 
(CMS Collaboration) Phys.Rev.C 97 (2018) 4, 044912 

(ALICE Collaboration) JHEP 2020, (2020) 160

Summary of upper limits @ LHC (95% CL)

ALICE
ESE in Pb-Pb collisions 26-33%

Higher harmonics in Pb-Pb collisions 11-15%

CMS
p-Pb collisions 13%**

ESE in Pb-Pb collisions 7%*



Heavy ion experiments: results and perspectives17

FUTURE PROSPECTS: ISOBAR ANALYSIS

Slide “stolen” from talk of Niseem Magdy Abdelrahman @ RHIC & AGS Annual User’s meeting
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FROM LARGE TO SMALL SYSTEMS
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COLLECTIVITY IN SMALL COLLISION SYSTEMS 

(CMS Collaboration) JHEP 09, (2010) 091

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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Hydrodynamical models → initial geometry 
vs IS momentum correlation models 
Explore different initial collision geometry in 
p-Au, d-Au and He3-Au

RHIC SYSTEM SCAN
(PHENIX Collaboration), Nature Phys. 15, 214 (2019)

•  Smaller ⟨ε2⟩ in p-Au → smaller v2 
•  Larger ⟨ε3⟩ in He3-Au → smaller v3

Proof (?) of geometry + hydrodynamics 
Reproduced only by hydroddynamical models
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• 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?

A LOT OF PROGRESS…
How does a strongly coupled QGP emerge from QCD? 

Discover the proper 
microscopic picture that 

describes the macroscopic 
behaviour of the QGP



Heavy ion experiments: results and perspectives22

MPD @ NICA 
• TPC as central tracking detector 
• MRPC Time-of-flight system 
• Calorimetry 

CBM @ FAIR 
• Si-based vertexer 
• TOF, TRD 

EoS of QCD matter at high µB 
• Heavy flavour in cold and dense 

matter 
• Strange matter

LOOKING AT THE FUTURE: NICA - FAIR

CBM @ FAIR (2025 +)MPD @ NICA (2023 +)
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Full azimuthal coverage with |η| < 1.1 
Full ECAL+HCAL  
Vertexer based on MAPS 
TPC based on GEM (continuous readout) 
Physics focus 

• Jets 
• Open heavy flavour 
• Quarkonia states 
• Photons 

LOOKING AT THE FUTURE: RHIC
sPHENIX (2023+)
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Physics focus 
• Origin of collectivity in small 

systems 
• Hard probes (Jets, Heavy flavour,…) 
• Novel QCD phenomena, vorticity & 

magnetic fields 
How does a strongly coupled QGP 
emerge from QCD  

• Connection of the macroscopic 
QGP behaviour with the microscopic 
description of its degrees of freedom

LOOKING AT THE FUTURE: HI@LHC 2022-2029
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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 2030+

https://arxiv.org/abs/1902.01211
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Thank you for 
your attention!
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