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Standard Model: Recap
• Gauge Bosons (“Force carriers”)

• Example: Quantum Electrodynamics (QED)

• Electrons, muons,… with electric charge (+/-)

• Photon: neutral particle

• Example: Quantum Chromodynamics (QCD)

• Quarks with 1 color charge (RGB)

• Gluon: with “~2” color charges (RR, GG, BB)
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• Higgs: mass to elementary particles 

• QCD: contributes largely to the mass of 
composite particles (mesons, baryons,…)
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Standard Model: Recap
• Higgs: mass to elementary particles 

• QCD: contributes largely to the mass of 
composite particles (mesons, baryons,…)

3

Proton Neutron

valence 
structure

(more realistic) proton structure
valence + sea 
(quarks and 

gluons)
100% mass

∋ {u, d, …, g}
≠ {u, d, …, g}

0.2% mass
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• Quantum Electrodynamics • Quantum Chromodynamics

QED vs QCD

5

Larger attraction

Smaller attraction

Smaller attraction

Larger attraction

= Strong Force

Gluons are colourfulPhotons do not have electric charge
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Confinement:
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Coupling Constant
• Interaction strength given by αQED and αQCD

8

Large distances Small distances

QCD Lagrangian within perturbation theory! 

➜ perturbative QCD (pQCD)

Asymptotic freedom

Example: Taylor Series of

Higher order terms can be 
neglected for x << 1
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QCD Parton Shower
• Process with a large momentum transfer:

9

beam remnant 
(continue in the beam direction)

High momentum quarks 
(in the transverse direction)

Particles @ detector

$QCD

parton shower/
branching (pQCD)

Hadronization 
(non pQCD)

ΛQCD

Jets
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QCD Parton Shower to Jets
• What is a jet?  

• Spray of collimated particles that were originated by a high momentum parton (quark 
or gluon)

10

Same object 
independently of the 
“language” one uses 

(Th/Ph/Ex)
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Jet algorithms

11

• Need a recipe to define it: 

• Jet clustering algorithm: define criteria to 
decide which particles are going to be 
clustered in the same jet 

• Jet size (radius): maximum “distance” that 
two particles can be to be considered as part 
of the same jet R2

ij = (yi yj)
2 + (�i � �j)

2
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An example of QCD success

12

• Jets in pp collisions: excellent phenomenological tool! 

• Theoretical understanding from first principles 

• Accurate theoretical description of jet production 
in 10 orders of magnitude in cross-section! 

• Well controlled experimentally 

• Used in a multitude of phenomenological studies 
(top quark physics, Higgs, Electroweak, BSM 
searches, …)



Is QCD limited to a collection of 
small particles?
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From dilute QCD to dense QCD
• QCD matter has a rich and vast phase diagram:

14

Quark-Gluon Plasma

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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QGP @ Early Universe
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RHIC (~2000): 

AuAu @ 200 GeV

LHC (~2010): 

PbPb @ 2.75/5.5 TeV

FCC?: 

PbPb @ 39 TeV
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“Big-Bang” vs “Mini-Bang”
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“Big-Bang” vs “Mini-Bang”

17 ??? (fm/c = 10-24 s)
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How to probe the QGP @ lab?
• Look to the result of the collision (Soft probes)

18

Try different centrality collisions
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• Local or large scale collective behaviour?
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Response of the system to initial 
spatial anisotropy

“Gas-like” behaviour?

Superposition of multiple 
pp collisions

Uniform distribution of 
final particles

Collective bulk

“Liquid-like” behaviour?

Initial anisotropies also present in the 
distribution of final particles
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Soft probes
• Sensitive to macroscopic properties of the QGP: 

• Local or large scale collective behaviour?

20

“Gas-like” behaviour 

Superposition of multiple 
pp collisions

Collective bulk

“Liquid-like” behaviour 

Response of the system to initial 
spatial anisotropy

❌

✅
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QGP: an almost perfect liquid
• Fourier decomposition in ɸ w.r.t. reaction plane ΨR: 

• Elliptic flow: Second Fourier coefficient (v2) of 
the observed particle distribution

21
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N
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vn cos [n(�� R)]

!

(defines azimuthal angle ΨR)
v2 = hcos [2(�� R)]i

Pressure driven expansion: 

Final anisotropy:
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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

Peripheral Central

STAR (RHIC) 2008 

Range of expected 
values from ideal 
Hydrodynamics
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QGP: an almost perfect liquid
• Measuring the imperfection factor (viscosity)….

22
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How to probe the QGP @ lab (v2)

23

Soft 
probes

Hard 
probes

Caveat: need to rely on self-
generated probes

non-pQCD pQCD
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Hard Probes
• “Shoot” a calibrated probe and see the final modifications with respect to a reference 

(usually pp)

24

Example: jets in pp 

(well known and theoretically 
understood)

Example: jets in PbPb 

(modifications related to the 
QGP microscopic properties)

Caveat: need to rely on self-generated probes
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Hard Probes
• “Shoot” a calibrated probe and see the final modifications with respect to a reference 

(usually pp)

24

Example: jets in pp 

(well known and theoretically 
understood)

Example: jets in PbPb 

(modifications related to the 
QGP microscopic properties)

Caveat: need to rely on self-generated probes

Striking signature of QGP 
presence!
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Hard Probes
• Rare processes of high energy that are produced within the collision (hard scattering) 

and propagate through the QGP:
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• High momentum coloured objects: 

• Single particle measurements (B-meson, 
quarkonia,…) 

• Jets (Inclusive jets, b-initiated jets, …)
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Hard Probes
• Rare processes of high energy that are produced within the collision (hard scattering) 

and propagate through the QGP:

25

• High momentum coloured objects: 

• Single particle measurements (B-meson, 
quarkonia,…) 

• Jets (Inclusive jets, b-initiated jets, …)

Probing the microscopic properties of 
the QGP

Theoretical description of 
interaction with QGP Experimental Data
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Hard Probes
• Expected effects from interaction with the QGP:

26

RAA < 1

RAA = 
# Particles in PbPb

(#Particles in pp) x (#pp collisions)

Fast evolving medium

Medium-induced 
energy loss

Collisional energy loss?

Re-scattering?

…
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Color Neutral Probes
• Colourless objects (Photon, W-boson,…) do not interact with the QGP 

• Reference (without the need to compare to pp collisions)
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Color Neutral Probes
• Colourless objects (Photon, W-boson,…) do not interact with the QGP 

• Reference (without the need to compare to pp collisions)

27

RAA = 1

Color neutral objects
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• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics
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And more on Hard Probes
• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics

28

How fast is the energy deposited by the jet thermalized?

Looking inside of (large radius) jets to check 
energy/momentum deposition
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And more on Hard Probes
• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics

28

How fast is the energy deposited by the jet thermalized? How fast is QGP evolution? How is the 
temperature/density evolving?

Measuring rate of quarkonia state can give map of 
the QGP temperature evolution

bb-
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And more on Hard Probes
• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics

28

How fast is the energy deposited by the jet thermalized? How fast is QGP evolution? How is the 
temperature/density evolving?

Are heavy-quarks modified by the QGP?

Flavour dependency (QGP does not alter flavour, but 
can affect phase space for medium-induced 

processes)
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And more on Hard Probes
• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics

28

How fast is the energy deposited by the jet thermalized? How fast is QGP evolution? How is the 
temperature/density evolving?

Are heavy-quarks modified by the QGP?
What is the intrinsic constitution of the QGP?

$QCD

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
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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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And more on Hard Probes
• Huge area! Not enough time to cover everything… 

• Lots of new opportunities to test frontiers of QCD and unveil QGP characteristics
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How fast is the energy deposited by the jet thermalized? How fast is QGP evolution? How is the 
temperature/density evolving?

Are heavy-quarks modified by the QGP?
What is the intrinsic constitution of the QGP?

….
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Summary
• Quantum Chromodynamics (QCD):

• Wide, rich and active field!
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L. Apolinário LIP Internship Program

Summary
• Quantum Chromodynamics (QCD):

• Wide, rich and active field!

• Heavy-Ions:

• Unique opportunity to study the Quark-Gluon Plasma

• Test theoretical description of the interaction from 
QCD first principles; 

• Development of simulation codes and analysis;

• Identification of the ‘right’ observable…
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