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van der Waals gas QCD matter
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where does the spin 
of proton come from?

where does the mass 
of proton come from? Do we understand 

how nuclei are formed?



Some motivation

12

• Learning about QCD in Early Universe (”Big Bang” matter)

• Probing QCD phase diagram (extreme conditions)

• Probing  nuclear structure (probing partons)

• Understanding matter formation (and its evolution)



13



14



Some motivation

15

• Learning about QCD in Early Universe (”Big Bang” matter)

• Probing QCD phase diagram (extreme conditions)

• Probing  nuclear structure (probing partons)

• Understanding matter formation (and its evolution)

K. Rajagopal et al., review, 2018



Some motivation

16

• Learning about QCD in Early Universe (”Big Bang” matter)

• Probing QCD phase diagram (extreme conditions)

• Probing  nuclear structure (probing partons)

• Understanding matter formation (and its evolution)
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• Learning about QCD in Early Universe (”Big Bang” matter)

• Probing QCD phase diagram (extreme conditions)

• Probing  nuclear structure (probing partons)

• Understanding matter formation (and its evolution)

• …

• Add your favorite option here

K. Rajagopal et al., review, 2018
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Color glass condensate

F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, review, 2010 
E.C. Aschenauer et al., Rept.Prog.Phys. 82, 2019
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Color glass condensate

by ALICE collaboration
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Glasma

T. Lappi , L. McLerran, NPA, 2006

from a paper by Andreas Ipp et al.



Stages of QCD matter in HIC
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Quark-Gluon Plasma
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relativistic fluid



Stages of QCD matter in HIC
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Hadron gas
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from K.-J. Sun, R. Wang, C.M. Ko, Y.-G. Ma, C. Shen, Nature Commun., 2024
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• Nuclear matter produced in HIC undergoes a 
multiphase evolution

• We have some ideas about how it behaves during 
these stages, but they are mostly qualitative

• Disentangling detailed information from the 
experimental picture is challenging

• So, one of the central questions in the field is: 
How do we probe this matter? (What should we 
measure? What should we calculate?)

Stages of QCD matter in HIC
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Hot QCD White Paper, arxiv: 2023.17254
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d�
/ 1 + 2v1 cos [�� RP ] + 2v2 cos [2(�� RP )] + ...

Probes of the matter
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Probes of the matter



Hard probes
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Hard probes



jet quenching

jets lose energy as they propagate through nuclear matter

calorimeter tower
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Hard probes
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• We only observe the final-state particles that reach the detectors 
— and even that, in a limited way.

• We try to infer the system’s dynamics from their distributions 
and correlations, looking for specific signatures.

• Soft particles offer better statistics, but are harder to use for 
reconstructing the system's evolution in detail.

• Hard probes provide tomographic access, but they’re rare and, 
in some ways, even harder to interpret.

Probes of the matter
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Jet quenching formalisms

R. Baier et al, NPB, 1997
B. G. Zakharov, JETP, 1997

R. Baier et al, NPB, 1998
M. Gyulassy et al, NPB, 2000

X.-F.  Guo, X.-N. Wang, PRL, 2000
 U. Wiedemann, NPB, 2000

M. Gyulassy et al, NPB, 2001
 P. Arnold, G. Moore, L. Yaffe, JHEP, 2002

C. Salgado, U. Wiedemann, PRD, 2003
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the idea goes back to Landau and Pomeranchuk (1953) and Migdal (1956)
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some model for 
stochastic sources

DµF
µ⌫ = J⌫ + J⌫

ind

� ⇠ 1

r
� ⇠ e�µr

r

the Debye mass

Jet quenching formalisms
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Jet quenching formalisms
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Jet quenching formalisms
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can be simplified in EFT,
e.g. Hard Thermal Loops

large energy, 
weak coupling, etc.

ps,ips,i−q

q

xiai(q)

⇧µ⌫ = m2
D

⇢
��0µ�

0
⌫ + !

Z
d⌦

4⇡

vµv⌫
! � v · q+ i✏

�

J.-P. Blaizot, E. Iancu, review, 2002

Jet quenching formalisms
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can be simplified in EFT,
e.g. Hard Thermal Loops

large energy, 
weak coupling, etc.

ps,ips,i−q

q

xiai(q)

M. Gyulassy,  X.-N. Wang, NPB, 1994

v =
g2

q2 �m2
D

Jet quenching formalisms
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iq·xi (2ps i � q)⌫
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Jet quenching formalisms
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Jet quenching formalisms
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• Most theoretical jet quenching formalisms on the market are based 
on a variation of this picture or can be related with it.

• They differ by further approximations simplifying the algebra, 
     e.g. finite number of interactions, more restricted kinematics, etc.

• In what follows, we will look at the simplest examples of jet quenching 
processes and try to see how the different formalisms are related.

Jet quenching formalisms
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Simple example
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pp− q

q

J

the initial source

Simple example

(1,0,0,0)

Gyulassy, Levai, Vitev or opacity expansion
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h|MSB |2i ⇠
Z

d2q d2q̄

Z
d3x ⇢(z)e�i(q�q̄)?·x? vqvq̄ J(p� q)J†(p� q̄)

Simple example
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Jet quenching parameter

• We see jets only in the final state, but they carry imprints 
of the medium they traversed during the system’s 
evolution.

• Describing their interaction with the medium requires 
an effective framework — typically QCD scatterings off 
background stochastic fields.

• !𝑞 is the first quantity to appear in jet quenching 
calculations, playing a central role in phenomenology.

• However, !𝑞 is notoriously difficult to measure or reliably 
estimate in simulations. 0.2 0.4 0.6 0.8
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extracted in different works

L. Apolinário, Y.-J. Lee, M. Winn, review, 2022



Resummation (Baier, Dokshitzer, Mueller, Peigne, Schiff, Zakharov)
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iM(p) =

Z
d2pin

(2⇡)2
ei

p2
f

2EL G(pf , L;pin, 0) J (E,pin)

J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007

a single particle propagator



Resummation (BDMPS-Z)
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007
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emergent Schrödinger equation



Resummation (BDMPS-Z)
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007
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Resummation (BDMPS-Z)
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007

very similar to the worldline formalism by Schwinger
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Resummation (BDMPS-Z)



Resummation (BDMPS-Z)
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Resummation (BDMPS-Z)
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• There are several highly nontrivial analogies here:
§ an emergent Schrödinger equation for G
§ an emergent Boltzmann equation for W

• Another widely used approximation:

• The emergent KT precisely matches with the AMY 
construction (at least in this simple example).

• In this simplest case, one can easily verify that the 
resummed answer agrees with the perturbative 
expansion order by order.

Resummation (BDMPS-Z)

V ' q̂0
4
x2 log
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@2
p

◆
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• Where is the energy loss?

• What about the other phases of matter in HIC? For which phases 
that description works at all? 

• Do we really need all these approximations? Do we learn 
anything in such an oversimplified setup?

Some questions



Gluon emission
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M. D. Sievert, I. Vitev, PRD, 2018
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Gluon emission
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007



Gluon emission
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007



Gluon emission
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Gluon emission
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Gluon emission
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Gluon emission
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