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● QCD is more than protons and neutrons 

● Understanding the strong force means exploring new forms of matter. 

● Heavy-ion collisions as a QCD laboratory 

● We use energetic ion collisions to create and study extreme QCD environments. 

● How do we study a plasma of quarks and gluons? 

● From collective behavior to jets: different tools reveal different properties.

What is this talk about?
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QCD & The Standard Model
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● Particle Physics: Matter can be explained via: 

● 6 Quarks  + 6 Leptons 

● Interactions mediated by 4(+1) bosons

Standard Model
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Electron

Proton
Neutron

See J. Varela, June 4th

https://indico.lip.pt/event/2021/contributions/6697/attachments/5252/8598/IntroFisicaParticulas%20short.pdf
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● Quantum Electrodynamics

Standard Model Sectors

5

Increasing “force”

Decreasing “force”
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● Quantum Electrodynamics

Standard Model Sectors
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Increasing “force”

Decreasing “force”

● Quantum Chromodynamics

Decreasing “force”

Increasing “force”
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● What does it happen when I try to “pull” a quark from inside a proton?

Confinement
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From: Fermilab
Decreasing “force”

Increasing “force”

See E. Biernat, June 11th
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● Our matter is just one of the possible phase-space states:

QCD Phase Space
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How to reach other states of matter? 

Heavy-Ion Collisions
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● Heavy-Ion Collisions allow to probe, in a controlled way, the QCD Phase Space

Heavy-Ion Collisions

9
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● Heavy-Ion Collisions allow to probe, in a controlled way, the QCD Phase Space

LHC PbPb (TeV)

RHIC AuAu (hundred GeV)
Fair (few GeV)

Heavy-Ion Collisions
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Current Colliders
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Brookhaven National Lab (USA) 
Relativistic Heavy-Ion Collider (RHIC)

CERN 
Large Hadron Collider (LHC) 
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Current Colliders
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Brookhaven National Lab (USA) 
Relativistic Heavy-Ion Collider (RHIC)

CERN 
Large Hadron Collider (LHC) 

Perimeter: 27 km Perimeter: 3.8 km 



The Quark-Gluon Plasma 

What “is” it?
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● Look to the result of the collision (Soft probes)

How to probe the QGP @ lab?

13

Proton-proton collisions

Low multiplicity event (few particles…)
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● Look to the result of the collision (Soft probes)

How to probe the QGP @ lab?
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Lead-Lead collisions

High multiplicity event (many particles!) 
 Result of QGP formation

Proton-proton collisions

Low multiplicity event (few particles…)
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● Try to control overlap region between incoming nuclei (centrality)

Centrality of the collision
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Lead ion

Lead ion

Lead ion

Lead ion
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● Try to control overlap region between incoming nuclei (centrality) 

● Local or large scale collective behaviour?

Centrality of the collision

15

Superposition of multiple pp 
collisions

“Gas-like” behaviour?

Uniform distribution of final particles
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● Try to control overlap region between incoming nuclei (centrality) 

● Local or large scale collective behaviour?

Centrality of the collision

16

Superposition of multiple pp 
collisions

“Gas-like” behaviour?

Uniform distribution of final particles
??? Not quite…
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● Try to control overlap region between incoming nuclei (centrality) 
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Centrality of the collision
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“Fluid-like” behaviour?

Collective bulk
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● Try to control overlap region between incoming nuclei (centrality) 

● Local or large scale collective behaviour?

Centrality of the collision

17

“Fluid-like” behaviour?

Initial anisotropies propagate 
to the final state!Collective bulk
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What do we know so far?

18

(Almost) perfect fluid! Fluid with strange 
particles…

Temperatures higher than 
the Sun.

Higher vorticity then 
Jupiter?



The Quark-Gluon Plasma 

What we still don’t know?
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● We know how to characterise QGP properties and how it behaves. 

● How to describe collectivity using QCD building blocks?

From Collectivity to Fundamental

20

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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● Use something we know to probe the unknown:

Hard Probes of the QGP
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● Use something we know to probe the unknown:

Hard Probes of the QGP

21

Unknown 
material 
block
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● How quarks and gluons behave in “vacuum”?

Jets in Proton-Proton

22

QuarkJet in proton-proton 

Small distance (“High-energy”)  
= 

Can be described analytically  
(From first principles)
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QuarkJet in proton-proton 

Small distance (“High-energy”)  
= 

Can be described analytically  
(From first principles)

Large distance (“Low-energy”)  
= 

Poorly understood

Jets

QCD jets defined based on 
a set of rules: a jet 

clustering algorithm
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● How quarks and gluons behave in “vacuum”?

Jets in Proton-Proton

23

QuarkJet in proton-proton 

Small distance (“High-energy”)  
= 

Can be described analytically  
(From first principles)

Jets

QCD jets defined based on 
a set of rules: a jet 

clustering algorithm

They are the closest 
proxy to the original 

quark/gluon
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● How quarks and gluons behave in the presence of a QCD medium?

Jets in Heavy-Ions

24

QuarkJet in heavy-
ions

Small distance (“High-energy”)  
will be modified w.r.t to “vacuum” 

Jet Quenching

QGP effects on hadronization?

QCD jets defined based on 
a set of rules: a jet 

clustering algorithm

They carry 
information about 

the QGP 
characteristics.

QGP

Pb

Pb

Quenched 
jets
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On-going QGP studies

25

What are the conditions to form a QGP? How does it evolve? 
[E.g: Pheno projects, LHC (CMS) projects]
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On-going QGP studies

25

What are the conditions to form a QGP? How does it evolve? 
[E.g: Pheno projects, LHC (CMS) projects]

Quark and Gluon Propagation

“Vacuum”

Inside QGP

What underlying mechanisms govern the interaction 
of the QGP with the propagating particles? 

[E.g: Pheno projects]



Take-home messages
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● Ordinary matter (hadrons) is just one among the many complex states of QCD 

● Quark-Gluon Plasma is a hot and almost perfect fluid made of quarks and gluons 

● Heavy-Ion Collisions help us study QCD’s most challenging frontier: strongly interacting many-body 
systems

Summary

27



Questions?
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Acknowledgements
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Heavy-Ion Collisions

31

Quark-Gluon Plasma (QGP) has an extremely short lifetime
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Heavy-Ion Collisions

31

Quark-Gluon Plasma (QGP) has an extremely short lifetime

Solution: use jets as probing tool

“Vacuum” 
jets

Hard scattering

QGP

“In-medium” 
jets 
(Jet 

Quenching)
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● We can create it in the lab. But how to study it? 

●
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32
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generated probes

non-pQCD
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● We can create it in the lab. But how to study it? 

●

Probes of the QGP

32

Soft 
probes

Hard 
probes

Caveat: need to rely on self-
generated probes

non-pQCD pQCD (e.g: jets)
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● What is the QGP?

Hard probes

33

𝚲QCD

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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One possible solution:  
use something that we do know!
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● QGP is not a hot gas of quarks and gluons… is a fluid! Measuring the imperfection factor (viscosity)….

Soft probes

34
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● Viscosity

QGP: an almost perfect liquid
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Ideal hydrodynamics Viscous hydrodynamics
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● Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without 
considering the QGP itself

Jet Quenching Monte Carlo

36

Hard scattering

QGP
Hard emissions (“vacuum-like”)

See B. Tomé, June 11th
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● Simulation of a heavy-ion event implies medium-induced modifications to a vacuum reference without 
considering the QGP itself

Jet Quenching Monte Carlo

36

Hard scattering

QGP
Hard emissions (“vacuum-like”)

…

… …

Medium-induced emissions

Medium recoiling particles

Decreasing energy  
(Less calculable via perturbative 

methods)

Several approaches with 
continuous improvements 

Based on Monte Carlo 
simulation

See B. Tomé, June 11th
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● Global event from a heavy-ion collision hints at a fluid-like behaviour: ridge presence

The Ridge

37
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● Global event from a heavy-ion collision hints at a fluid-like behaviour: ridge presence

The Ridge

37

Look to the 2-particle correlation of a heavy-ion event

“Jet"

Away-side “jet”

Understood as a sign 
of QGP presence

“Ridge”



LIP Internships 2025L. Apolinário

● Also visible in small systems, where QGP formation not expected

The Ridge

38

High-multiplicity proton-proton event also display QGP-like 
features??

“Jet"

Away-side “jet”

“Ridge”
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Pre-QGP

39

The dynamics of the pre-equilibrium 
phase of Heavy Ion Collisions can 

have a significant effect in jet 
observables. 

This extremely brief phase of the 
collision, called “GLASMA”, is 

amenable to a description in terms of 
classical fields.
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● QGP Phase was also the primordial state of our Universe

QGP: Universe to the Laboratory
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Cosmo Evolution
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Gravity
Particle Physics

?

Nuclear Physics

Quark-
Gluon 

Plasma
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● Exploring the different QCD phase diagram corner

QCD high density

42

LHC

BES (RHIC)

FAIR/NICA

Early Universe

Critical point searches

Neutron stars
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● Astrophysics distinguish between 3 types of compact stars

Compact stars

43

White Dwarf 
(Collapse of low mass stars) 

e.g: our Sun

Neutron Stars 
(Collapse of massive stars)

Black Holes 
(Catastrophic collapse of massive stars)

Particularly interesting for QCD
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● When fusion of the stars ends (production of iron), 
gravitational collapse pushes electrons to fuse with 
protons 

● Result: super nova explosion 

● Remnant: Neutron star

Neutron Stars

44

M ~1-2 Msun, R ~ 10 Km

Strongest gravitational field 
 (next to black holes)
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● Internal structure and composition

Neutron Stars

45

Electrons driven inside nuclei 
(electron capture)

Densities to produce 
neutron-rich (heavy) 

elements

Neutron “leaking” (neutrons 
are free)???

Protons outnumbered by 
neutrons: nuclear pasta
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● Internal structure and composition 

● Inner core is unknown (hadronic, exotic or deconfined matter?)

Neutron Stars

46

(Kurkela, Fraga, et all, Astrophys.J. 789 (2014) 127)


