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SM and QCD
• Standard Model (SM); 

• Strong and Electro-weak interactions
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SM and QCD
• Standard Model (SM); 

• Strong and Electro-weak interactions

• Color sector of SM: 

• Described by Quantum Chromodynamics (QCD)
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proton structure

valence + sea 
(quarks and gluons)
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From dilute QCD to dense QCD
• QCD is not limited to a collection of small particles… 

• QCD matter has a rich and vast phase diagram
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State of matter where quarks and 
gluons are asymptotically free

QCD theory (1973) 
SU(3) Color symmetry; confinement; 

asymptotic freedom, …

QGP initial idea (1975) 
“Weakly coupling quark 

soup”
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• How to unveil the unknown corners of the QCD phase diagram? 

• Through heavy-ion collisions:

Discovering QCD phase diagram
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LHC PbPb (TeV)

RHIC AuAu (hundred GeV)

Fair (few GeV)
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Heavy-Ion collisions
• Why heavy-ions? 

• Probe the QCD phase diagram 

• Understand the QCD fundamental 
interactions  

• Collectivity from a gauge-field theory? 

• Tools used to study created matter shared 
with nearby physics fields research 

• QGP vs colliding nuclei?
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What is a heavy-ion collision?
• Proton-proton vs heavy-ion collisions:
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Proton-proton collisions 
Low multiplicity event
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What is a heavy-ion collision?
• Proton-proton vs heavy-ion collisions:
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Proton-proton collisions 
Low multiplicity event

Lead-Lead collisions 
High multiplicity event 

 (result of QGP formation)



How to study the Quark-Gluon 
Plasma?
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Heavy-Ion Collisions
• Different QGP probes will access different wavelengths:
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???
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Heavy-Ion Collisions
• Different QGP probes will access different wavelengths: 

• Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description 

• Hard probes (large-Q2 process): high-momentum particles - pQCD based description
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Common difficulty: QGP is dynamically 
evolving system


All observables require interpretation in 
the framework of transport models
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Heavy-Ion Collisions
• Different QGP probes will access different wavelengths: 

• Soft probes (bulk of the collision): low momentum particles - hydrodynamic based description 

• Hard probes (large-Q2 process): high-momentum particles - pQCD based description
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Common difficulty: QGP is dynamically 
evolving system


All observables require interpretation in 
the framework of transport models

Heavy-ion collision characterisation:

A multi-scale problem!



What to we know about the 
Quark-Gluon Plasma?

Soft probes 

(Bulk of the collision 
Low momentum particles)
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Soft probes
• Try different centralities and check response of the system to initial spatial 

anisotropy:
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Superposition of multiple pp collisions Collective bulk behaviour
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Spatial anisotropies
• Quantification through Fourier transformation of the particles angular distribution:
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triangular (v3),… flow coefficients

Reaction plane angle  
(where the nth harmonic component has its 

maximum multiplicity)

Central Peripheral
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Hydrodynamics
• Why hydrodynamics?

• Complicated to withdraw information from QCD Lagrangian…
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Hydrodynamics
• Why hydrodynamics?

• Complicated to withdraw information from QCD Lagrangian…

• Phenomenological theory to connect first principle with phenomena

• Input includes the Equation-of-State (EoS)

• Provided by, e.g., Lattice QCD
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Deviations from ideal hydro (viscous hydro) include additional coefficients: 
Shear viscosity ", bulk viscosity !, …
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• QGP is an (almost) ideal fluid:

QGP is a fluid
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added. The simulated data were filtered by a GEANT
model of STAR and reconstructed in a way similar to that
used for the data. For 2% and 10% elliptic flow added to
the simulations, the flow extracted was (2.0± 0.1)% and
(9.7 ± 0.2)%, respectively.
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FIG. 3. Elliptic flow (solid points) as a function of central-
ity defined as nch/nmax. The open rectangles show a range of
values expected for v2 in the hydrodynamic limit, scaled from
ε, the initial space eccentricity of the overlap region. The
lower edges correspond to ε multiplied by 0.19 and the upper
edges to ε multiplied by 0.25.

Fig. 3 shows v2 as a function of centrality of the colli-
sion. Although this figure was made with the subevents
chosen as in Fig. 2, the same results within errors were
obtained with the other correlation methods. Restricting
the primary vertex z position to reduce TPC acceptance
edge effects also made no difference. From the results of
the study of non-flow contributions by different subevent
selections and the maximum magnitudes of the first and
higher-order harmonics, we estimate a systematic error
for v2 of about 0.005, with somewhat smaller uncertainty
for the mid-centralities where the resolution of the event
plane is high. The systematic errors are not included in
the figures.

In the hydrodynamic limit, elliptic flow is approxi-
mately proportional to the initial space anisotropy, ε,
which is calculated in Ref. [27]. The transformation to
the multiplicity axis in Fig. 3 was done using a Hijing [22]
simulation, taking into account the above mentioned
vertex-finding inefficiency for low multiplicity events. In
comparing the flow results to ε, no unusual structure is
evident which could be attributed to the crossing of a
phase transition while varying centrality [4,19]. The ε
values in Fig. 3 are scaled to show the range of hydrody-
namic predictions [6,8] for v2/ε from 0.19 to 0.25. The
data values for the lower multiplicities could indicate in-
complete thermalization during the early time when el-
liptic flow is generated [5,6]. On the other hand, for
the most central collisions, comparison of the data with
hydrodynamic calculations suggest that early-time ther-

malization may be complete. The v2 values peak at more
peripheral collisions than RQMD predictions [18], but in
qualitative agreement with hydrodynamic models [7].
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FIG. 4. Elliptic flow as a function of transverse momen-
tum for minimum bias events.

The differential anisotropic flow is a function of η and
pt. For the integrated results presented here, all v val-
ues should first be calculated as a function of η and pt,
and then averaged over either or both variables using the
double differential cross sections as weights. Since we do
not yet know the cross sections, we have averaged us-
ing the observed yields. Fig. 4 shows v2 as a function of
pt for a minimum bias trigger. The η dependence (not
shown), which is averaged over pt from 0.1 to 2.0 GeV/c,
is constant at a value of (4.5 ± 0.5)% for |η| <∼ 1.3. We
have assumed that the efficiency (yield/cross section) is
constant in the pt range where the yield is large. This is
borne out by studies of the effects of different track qual-
ity cuts on the observed pt spectra. For the pt depen-
dence the data are not very sensitive to the assumption
of constant efficiency as a function of η because v2 ap-
pears to be independent of η in the range used, |η| < 1.3.
Mathematically the v2 value at pt = 0, as well as its
first derivative, must be zero, but it is interesting that v2

appears to rise almost linearly with pt starting from rela-
tively low values of pt. This is consistent with a stronger
“in-plane” hydrodynamic expansion of the system than
the average radial expansion. Note that the results shown
in Fig. 3 were obtained by taking the average over both η
and pt, weighted by the yield. Although Fig. 4 is for ap-
proximately minimum bias data [28] the general shapes
are the same for data selected on centrality, except that
the slopes of the pt curves depend on centrality. Fig. 4
was made using pseudorapidity subevents, although the
same results within errors were obtained using the other
two methods.

We conclude that elliptic flow at RHIC rises up to
about 6% for the most peripheral collisions, a value which

4

CentralPeripheral

STAR (RHIC) 2008 
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Fig. 2. Comparison of the shear viscosity to entropy ratio of QGP with various
ordinary matter.

methods. One can list the kind of observables we are interested in, in an
order of increasing difficulty as follows:

— Firstly, we want to extract the spectrum of hadrons in the T = 0
vacuum state. As explained in Sec. 2 below, holographic QCD can
capture at most spin-2 operators, hence we will calculate the spectra
of glueballs and mesons1, and match to the available lattice QCD
results Sec. 3.

— Next level in difficulty is to calculate the thermodynamics of the sys-
tem. We shall discover that generically there exists a first order
confinement–deconfinement transition at some finite temperature. In
the holographic dual, the confined state corresponds to the so-called
“thermal gas” and the deconfined state to the black-brane geometries.
We shall then calculate the thermodynamic functions in Sec. 4, such
as the free energy, entropy and energy density as a function of T in the
deconfined state, again comparing with available lattice QCD data.

— The next level is to consider the small 4-momenta expansion in hy-
drodynamics. The zeroth order in this expansion is completely de-
termined by the thermodynamic quantities. At the first order, there

1 Baryon spectra in the improved holographic QCD have not been calculated and it is
an open problem.
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Figure 1.4: (Left) The ratio of shear viscosity to entropy density, h/s, normalized by the
conjectured KSS bound as a function of the reduced temperature, T/Tc, for water, Nitrogen,
and Helium. The cusp for Helium as shown corresponds to the case at the critical pressure.
(Right) Calculation of hot QCD matter (quark-gluon plasma) for a weakly coupled system.
Dashed lines show the scale dependence of the perturbative calculation.

from each other near Tc.

Figure 1.5 (left panel) shows several state-of-the-art calculations for h/s as a function of
temperature. Hadron gas calculations show a steep increase in h/s below Tc [22], and
similar results using the UrQMD model have also been obtained [23]. Above Tc there
is a lattice calculation in the SU(3) pure gauge theory [24] resulting in a value near the
KSS bound at T = 1.65 Tc. Calculations in the semi-QGP model [25], in which color is
not completely ionized, have a factor of five increase in h/s in the region of 1–2 Tc. Also
shown are calculations from a quasiparticle model (QPM) with finite µB [26] indicating
little change in h/s up to 2 Tc. There is also an update on the lower limit on h/s from
second order relativistic viscous hydrodynamics [27], with values remaining near 1/4p.
It is safe to say that little is known in a theoretically reliable way about the nature of this
transition or the approach to weak-coupling.

Hydrodynamic modeling of the bulk medium does provide constraints on h/s, and recent
work has been done to understand the combined constraints on h/s as a function of
temperature utilizing both RHIC and LHC flow data sets [28, 29, 30]. The results from [30]
as constrained by RHIC and LHC data on hadron transverse momentum spectra and
elliptic flow are shown in Figure 1.5 (left panel). These reach the pQCD weak coupled value
at 20 ⇥ 1/4p for T = 3.4Tc. Also shown are two scenarios, labeled “Song-a” and “Song-b”,
for h/s(T) in [28] from which the authors conclude that “one cannot unambiguously
determine the functional form of h/s(T) and whether the QGP fluid is more viscous or

6
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QGP constitution?
• Is the QGP a collection of point-like quasi-particles?
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The Physics Case for sPHENIX What are the inner workings of the QGP?

ments is given in Section 1.5. We note that enhancements in q̂ above the critical temperature
may be a generic feature of many models, as illustrated by the three conjectured evolutions,
and so underscore the need for detailed measurements of quark-gluon plasma properties
near the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by
precision data through different temperature evolutions, as measured at RHIC and the
LHC.
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Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

1.3 What are the inner workings of the QGP?

A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q2. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10�5 meters, to
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Jets in heavy-ions
• Also a multi-scale problem:
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In-medium processes
• Amount of energy loss measures transparency to the passage of a high momentum particle: 

• Towards higher accuracy in elementary building blocks of the parton shower

23



L. Apolinário Café com Física

In-medium processes
• Amount of energy loss measures transparency to the passage of a high momentum particle: 

• Towards higher accuracy in elementary building blocks of the parton shower

23

!$*+,%-(+-*,,./%&'(0/#-.++.+1

2*/,#&

3.4%5)(/.-#%$

6&.$*+,%-(+-*,,./%&'(0/#-.++.+1

Dominant for light (high-energy) partons

Relevant for heavy (low-energy) partons



L. Apolinário Café com Física

Medium-induced radiation
• Accumulation of momenta enhances gluon radiation:

24



L. Apolinário Café com Física

Medium-induced radiation
• Accumulation of momenta enhances gluon radiation:

• In addition to energy loss, parton also undergoes transverse 
momentum diffusion

• Medium-induced transverse momentum broadening
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• In addition to energy loss, parton also undergoes transverse 
momentum diffusion

• Medium-induced transverse momentum broadening
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• Accumulation of momenta enhances gluon radiation:

• In addition to energy loss, parton also undergoes transverse 
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Medium-induced energy loss and momentum 
broadening closely connected!

Dipole cross-section (collision rate):
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interaction
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Energy Loss
• Jet quenching was a major step in establishing the 

QGP 

• It was needed: 

• Theoretical developments to accurately address 
QGP-jet interactions  

• Experimental control to reconstruct jets in a 
large and fluctuating background

25

6&%,%*$(.77#/,+(,#8*/4+('$#9*$(:.,(0/#0./,%.+



L. Apolinário Café com Física

Average in-medium jets
• Jet spectrum affected by jet-QGP interactions: 

• Energy loss will shift population towards smaller pT
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Several ansatz:
- Initial state (factorisation to final-

state effects)?

- Medium temperature and 

energy-density time-evolution 
profiles?


- QGP phase initialisation time?

- Energy loss during partonic and 

hadronic phases?

- QGP EoS and degrees of 

freedom?

- …

[LA, Y-J Lee, M. Winn (2203.16352)]
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How can we improve it?

[LA, Y-J Lee, M. Winn (2203.16352)]
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• Relaxing previous kinematic constrains allows more 
sensitivity to different realistic parton-medium 
potentials:

29

Yukawa potential:

HTL potential:

[Andrés, LA, Dominguez, (2002.01517)]

Energy:

Transverse momentum:

??
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The Physics Case for sPHENIX What are the inner workings of the QGP?

ments is given in Section 1.5. We note that enhancements in q̂ above the critical temperature
may be a generic feature of many models, as illustrated by the three conjectured evolutions,
and so underscore the need for detailed measurements of quark-gluon plasma properties
near the transition temperature.

All measurements in heavy ion collisions are the result of emitted particles integrated over
the entire time evolution of the reaction, covering a range of temperatures. Similar to the
hydrodynamic model constraints, the theory modeling requires a consistent temperature
and scale dependent model of the quark-gluon plasma and is only well constrained by
precision data through different temperature evolutions, as measured at RHIC and the
LHC.

g*
Q2

q

?

QGP

Q2 PT Initial Parton

What scale sets this transition?

Tc

Probe Integrates Over a Range of Q2

pQCD
Scattering from 
Point-Like Bare
Color Charges

µD

pQCD Scattering
From Quasiparticles

with size ~ µDebye

Strong Coupling
No Quasiparticles

 µDebye ! 0

AdS/CFT

?!

" ?

What scale sets this transition?

Scattering 
from Thermal 
Mass Gluons?

Figure 1.7: (Left) Diagram of a quark exchanging a virtual gluon with an unknown object in
the QGP. This highlights the uncertainty for what sets the scale of the interaction and what
objects or quasiparticles are recoiling. (Right) Diagram as a function of the Q2 for the net
interaction of the parton with the medium and the range of possibilities for the recoil objects.

1.3 What are the inner workings of the QGP?

A second axis along which one can investigate the underlying structure of the
quark-gluon plasma concerns the question of what length scale of the medium is being
probed by jet quenching processes. In electron scattering, the scale is set by the virtuality
of the exchanged photon, Q2. By varying this virtuality one can obtain information over
an enormous range of scales: from pictures of viruses at length scales of 10�5 meters, to

9



L. Apolinário Café com Física

Elastic energy loss
• Jets in heavy-ions: going to lower energy scales

Medium: E*+,(.F0*&+%#&G
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How fast is the energy 
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Thermalisation
• Transparency to the passage of a high momentum particle: 

• Thermalisation/Equilibration 

• How fast is the jet energy propagated and thermalised with the rest of the QGP?

32

[Co-LBT: arXiv: 1704.03648 ]
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Jet substructure
• Looking inside jets and looking to its constituents distribution and transverse momentum spectrum:

33
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Medium response
• Mostly seen in jet radial profile but signatures of each approach is very different:

34

[Coupled Jet-Fluid: 1701.07951] [MARTINI:1807.06550][Hybrid: 1609.05842]

[Casalderrey-Solana, Gulhan, Milhano, Pablos, Rajagopal (14;17)]
[Tachibana, Chang, Qin (17)]

[Park, Jeon, Gale (18)]
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Overall picture from 
hard and soft sector?

Soft Probes + Hard Probes 

(Full Collision)
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Soft vs Hard
• Shear viscosity can also be related to 

transport coefficients: 

• But still model dependent…

36

[LA, Y-J Lee, M. Winn (2203.16352)]

Light Flavour/Jets:

Heavy Flavour:
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Soft vs Hard
• Shear viscosity can also be related to 

transport coefficients: 

• But still model dependent…

36

[LA, Y-J Lee, M. Winn (2203.16352)]

Light Flavour/Jets:

Heavy Flavour:

But QGP is a fast expanding medium… 

What is the time-dependence of the medium properties?



Conditions to form a QGP?
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QGP onset
• No energy loss in pA…

38
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QGP onset
• No energy loss in pA…

38

[PHENIX (PRL 123, 039901)]

Flow coefficients well reproduced by hydro 
predictions, but not by initial state effects only 

but strong evidence in support of hydrodynamic behavior
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Light Systems
• Magnitude of Jet quenching depends on system size: 

• Peripheral collisions: expected some energy loss

39

Studies of System Size 
dependence 
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[arXiv: 1812.06772]
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Light Systems
• Magnitude of Jet quenching depends on system size: 

• Lighter nuclei allow to fix geometry

40

Studies of System Size dependence 
(always fixing geometry - [0-10]%)
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[arXiv:2007.13754]

[Huss, Kurkela, Mazeliauskas, Paatelainen,  
Van der Schee, Widemann (20)]

Better control on initial condition to collectivity studies
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From dense to light systems
• Extrapolation from dense to light needs further understanding…

41

Hydrodynamic 
expansion

QGP 
Thermalisation

[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney 
(1601.03283, 1805.00961)] 

[Schlichting, Soudi (2008.04928)]
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From dense to light systems
• Extrapolation from dense to light needs further understanding…

41

Hydrodynamic 
expansion

QGP 
Thermalisation

Energy loss?

[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney 
(1601.03283, 1805.00961)] 

[Schlichting, Soudi (2008.04928)]
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From dense to light systems
• Extrapolation from dense to light needs further understanding… 

• Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control 
the initial state

42

[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney 
(1601.03283, 1805.00961)] 

[Schlichting, Soudi (2008.04928)]

[Huss, et al (2007.13754)]

Future OO run similar to PbPb peripheral 

(better suited to system-size dependence) 


Future pO run crucial do reduce nPDF 
uncertainties
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• Extrapolation from dense to light needs further understanding… 

• Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control 
the initial state

42

[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney 
(1601.03283, 1805.00961)] 

[Schlichting, Soudi (2008.04928)]

[Huss, et al (2007.13754)]

Future OO run similar to PbPb peripheral 

(better suited to system-size dependence) 


Future pO run crucial do reduce nPDF 
uncertainties

Cold or Hot nuclear matter effects? 

Nucleon structure at 
high energy: or ?



QGP evolution?
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Top-initiated jets
• Reconstructed hadronic W boson jet mass:

44
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Top-initiated jets @ FCC
• Time-differential measurements might be possible with tops

45

[LA, Milhano, Salgado, Salam  
(1711.03105)]

Expanding Medium
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Tops as time-delayed probes of the 
QGP (QGP tomography)

First tops measured in PbPb (CMS - 2006.11110)

Smaller mW

Higher mW



Wrapping up
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Summary
• Heavy-ions are a vibrant field full of activity 

• From far-from-equillibrium QCD to a fully thermalised medium 

• Quark-Gluon Plasma studies have entered precision physics era 

• Determination of energy loss, momentum broadening and structure of a medium-modified parton 
showers 

• Future runs / Future colliders will provide crucial input to many of our current unsolved questions 

• HL-LHC, FCC…

47



L. Apolinário Café com Física

Summary
• Heavy-ions are a vibrant field full of activity 

• From far-from-equillibrium QCD to a fully thermalised medium 

• Quark-Gluon Plasma studies have entered precision physics era 

• Determination of energy loss, momentum broadening and structure of a medium-modified parton 
showers 

• Future runs / Future colliders will provide crucial input to many of our current unsolved questions 

• HL-LHC, FCC…

47

Thank you!
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