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Quark-Gluon Plasma

Where to study it?
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■ Our matter is just one of all possible states of matter:
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QCD Phase Space
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■ Heavy-Ion Collisions allow to probe the QCD phase space in a controlled laboratory

LHC PbPb (TeV)

RHIC AuAu (hundred GeV)

Fair (few GeV)
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Heavy-Ion Collisions
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■ Quark-Gluon Plasma: Slow vs Rapid expansion
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QGP: Universe vs Laboratory



Quark-Gluon Plasma

How to study it?
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■ Try different centralities and check response of the system to initial spatial anisotropy:
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Fluidity

Superposition of multiple pp collisions

Uniform distribution of particles?
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■ Try different centralities and check response of the system to initial spatial anisotropy:
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Fluidity
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Initial anisotropies propagate to the 
final state
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Plasma?… or Fluid?

(Almost) perfect fluid! Fluid with strange 
particlesTemperatures larger than sun Vorticity above Jupyter Great 

Red Spot?
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■ QGP elementary constitution? How to build collectivity from collection of elementary particles?
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What “is” the QGP?
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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Wave-particle duality

High-energy ⇒ High-resolution

Need a high-energy quark/gluon!
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■ How QGP phase affects propagation 
of high-energy quarks and gluons?

11

QCD Jets in the QGP
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■ How QGP phase affects propagation 
of high-energy quarks and gluons?
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QCD Jets in the QGP

Jets will propagate and interact 
with the produced QGP resulting 

into jet energy loss and 
changes on jet substructure
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■ Aiming for a higher sensitivity of QGP elementary processes to uncover QGP nature:

12

Jet Quenching

High-energy process
Hard emissions 
(“vacuum-like”)

QGP
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■ Aiming for a higher sensitivity of QGP elementary processes to uncover QGP nature:
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Jet Quenching

High-energy process
Hard emissions 
(“vacuum-like”)

…
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Medium-induced emissions

QGP
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■ Aiming for a higher sensitivity of QGP elementary processes to uncover QGP nature:
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Jet Quenching

High-energy process
Hard emissions 
(“vacuum-like”)

…

… …

Medium-induced emissions
QGP recoiling particles

QGP
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Hard emissions

Medium-induced emissions

QGP recoiling particles

Q2

Current challenges: 

- Theoretical description: Where does perturbative 
QCD break down? 
- Phenomenological limitations: How do recoiling 
medium particles affect jet observables? 
- Experimental observations: What are the conditions 
to form a QGP?



Unveiling the Time 
Dynamics of Quantum 

Chromodynamics in the 
Quark-Gluon Plasma

CHRONOQCD
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How to probe the time structure of QCD radiation? 

14

A new question

time, t?

Proton-proton Collision Particle Detector
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How to probe the time structure of QCD radiation?  

Use the Quark-Gluon Plasma as a reference frame!
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A new question

Heavy-Ion Collision Particle DetectorTime

Quark-Gluon Plasma (QGP) evolution

Break from conventional approaches and develop a space-time based formulation for QCD jets
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■ First proof that parton showers cannot be regarded as virtual objects in a heavy-ion environment: 

■ Number of jets that survive the medium lifetime depends on its space-time evolution
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Research Opportunities

Heavy-ion collisions offer a unique laboratory to test the 
fundamental laws of nature!

If you’re interested or want more details contact me through: liliana@lip.pt
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Laboratories
Brookhaven National Lab (USA) CERN 
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Colliders
Brookhaven National Lab (USA) 

Relativistic Heavy-Ion Collider (RHIC)
CERN 

Large Hadron Collider (LHC) 

Perimeter: 27 km Perimeter: 3.8 km 
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QCD Jets

12

■ What happens to a high-energy quark/gluon? 

■ It forms a shower of additional quarks and gluons

???

“Experiment” perspective

“Theory” perspective

Final-state 
particles

Final-state particles

Quark
Gluon
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QCD Jets

12

■ What happens to a high-energy quark/gluon? 

■ It forms a shower of additional quarks and gluons 

■ QCD Jets: cluster of final-state particles that originated 
from a quark/gluon fragmentation 

■ Proxies for the quarks and gluons (partons)

Jet

Jet

“Experiment” perspective
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Final-state 
particles

Quark
Gluon
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QCD Jets

12

■ What happens to a high-energy quark/gluon? 

■ It forms a shower of additional quarks and gluons 

■ QCD Jets: cluster of final-state particles that originated 
from a quark/gluon fragmentation 

■ Proxies for the quarks and gluons (partons)

Quark/gluon fragmentation: 
Well described in vacuum and accessible 

experimentally via jet substructure “Quark” sub-jet“Gluon" sub-jet
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■ Particle Physics: Visible matter can be explained by 

■ 6 Quarks  + 6 Leptons 

■ Interaction through 4(+1) bosons

30

Standard Model

Electron

Proton
Neutron
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■ Quantum Electrodynamics

31

Sectors of the SM

Increasing force

Decreasing force

■ Quantum Chromodynamics

Decreasing force

Increasing force
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■ Quantum Electrodynamics

32

Sectors of the SM
■ Quantum Chromodynamics
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■ What happens when I try to pull a quark from inside of a proton?
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Confinement

From: Fermilab
Decreasing force

Increasing force
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Heavy-Ion Collisions

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.

C. Andrés, L. Apolinário, F. Dominguez, M. Gonzalez, C. Salgado, 
JHEP (2023), J. Soares MsC thesis
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■ New 𝛕-jet clustering algorithm based on QCD Parton Formation time 

■ Order jet sub-structure in formation time:

5

τf,1

θ1, k⊥,1E p

Time it takes for a quark/gluon to radiate 
(Estimated from Heisenberg uncertainty principle)

τform ∼
E

Mvirt

1
Mvirt

Apolinário et al., EPJC (2021), Apolinário et al., EPJC (2024)

Proof of principle
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■ New 𝛕-jet clustering algorithm based on QCD Parton Formation time 
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■ Pioneer application of QCD parton formation time to jets in heavy-ions: 

■ Proven to have a strong correlation with QGP-induced processes
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pT,Z

 ⇐Energy loss

Z-boson + jet:

Jet formation time, τf

Time Propagation through QGP

⇒

Jet energy loss

Proof of principle
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■ Pioneer application of QCD parton formation time to jets in heavy-ions: 

■ Proven to have a strong correlation with QGP-induced processes
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tau<1.678758

tau>1.678758
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive

<latexit sha1_base64="BhqEA5yaHMlvl68GDWquV2mkYBc=">AAACFnicbZDNLwNBGMZnfVtfxdFloiEOUrtKOYlw4Eiireg2zex4247OfmTmXdFs+n/wz3ASJA6u/hvT2gPlPT3z/p5J3ufxYyk0Os6nNTI6Nj4xOTVtz8zOzS/kFpcqOkoUhzKPZKQufaZBihDKKFDCZayABb6Eqt857vPqLSgtovACuzHUA9YKRVNwhmbVyBXjRnqxedNbPyg6HsIdpvQEKlu853n2AF0ZVPqNGrm8U3AGQ/8KNxN5ks1ZI/fuXUc8CSBELpnWNdeJsZ4yhYJL6NleoiFmvMNaUDMyZAHoejoI16NrzUhRbAMdvH96UxZo3Q184wkYtvUw6y//Y7UEm/v1VIRxghByYzGsmUiKEe13RK+FAo6yawTjSpgrKW8zxTiaJm0T3x0O+1dUtgtuqbB7vpM/PMqKmCIrZJVsEJfskUNySs5ImXDyQJ7IK3mz7q1H69l6+baOWNmfZfJrrI8vUXCdhw==</latexit>

pT,j > 30 GeV/c

pT,Z > 60 GeV/c

<latexit sha1_base64="ydFZFNrdnqQhRXsBAXtZ9nrxmqs=">AAAB/3icbVDLSgNBEJz1GeMr6lEPg0GICGFXfB2jEojiYQVjIkkIs2MnGTL7YKZXDEsO+jN6EvXmP/gD/o2TmIOvOlV3VUNXeZEUGm37wxobn5icmk7NpGfn5hcWM0vLlzqMFYcyD2Woqh7TIEUAZRQooRopYL4noeJ1jwd65QaUFmFwgb0IGj5rB6IlOEOzambW6gi3mLie69Gce3VROjmkW/S0WCmebfabmaydt4egf4kzIlkygtvMvNevQx77ECCXTOuaY0fYSJhCwSX00/VYQ8R4l7WhZmjAfNCNZJiiTzdaoaLYATqcv3sT5mvd8z3j8Rl29G9tsPxPq8XYOmgkIohihIAbi9FasaQY0kEZ9Foo4Ch7hjCuhPmS8g5TjKOpLG3iO7/D/iWX23lnL797vpMtHI2KSJFVsk5yxCH7pEBKxCVlwsk9eSQv5NW6sx6sJ+v5yzpmjW5WyA9Yb5/n25QB</latexit>

PbPb (PYTHIA + JEWEL)

<latexit sha1_base64="eKN9XcyHKs4YHfT6bQXeSMIAyzI=">AAAB9XicbZDLTsJAFIZPvSLeKi7dNBITFwRa421JdOOKYCKXCE0znU5hYHrJzFQhDY+iK6PufBFfwLdxwC4U/FffnP+f5JzfjRkV0jS/tKXlldW19dxGfnNre2dX3ys0RZRwTBo4YhFvu0gQRkPSkFQy0o45QYHLSMsdXk/91gPhgkbhnRzHxA5QL6Q+xUiqkaMXrErNGXRLXq3ijZx0ULqfOHrRLJszGYtgZVCETHVH/+x6EU4CEkrMkBAdy4ylnSIuKWZkku8mgsQID1GPdBSGKCDCTme7T4wjP+KG7BNj9v6dTVEgxDhwVSZAsi/mvenwP6+TSP/STmkYJ5KEWEWU5yfMkJExrcDwKCdYsrEChDlVWxq4jzjCUhWVV+db88cuQvOkbJ2Xz25Pi9WrrIgcHMAhHIMFF1CFG6hDAzCM4Bne4F171J60F+31J7qkZX/24Y+0j28+qZEB</latexit> 1/
N

j
dN

/d
x
j,
Z

<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

xj,Z =
pT,jet

pT,Z

“Late” = Less Energy Loss

“Early” = More Energy Loss

Z-boson + “late”-jet:

Less energy loss

⇒
Large Jet formation time, τf

Apolinário et al., EPJC (2024)

⇒

More jet energy loss

Small Jet formation time, τf

Time Propagation through QGP

Z-boson + “early”-jet:

Proof of principle
To be measured @LHC by  

ATLAS, CMS and ALICE
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■ Theorists and Experimentalists that work together in particle Physics
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Pheno Group @ LIP

BSM Searches

QCD Forward Physics

Pheno Core activities

QGP Studies


