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Heavy-Ion Collisions
• Heavy-ion collision:


• 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?

2



L. Apolinário DIS 2022

Heavy-Ion Collisions
• Different QGP probes will access different wavelengths:

3



L. Apolinário DIS 2022

Heavy-Ion Collisions
• Different QGP probes will access different wavelengths:

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

3



L. Apolinário DIS 2022

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

4

Focus of this talk
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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!
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Jets in heavy-ions
• Also a multi-scale problem:
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<latexit sha1_base64="KhqaHsfeBm0Mb/lqKLYJv+OlDwE="></latexit>

Q2
⌘ O(1002GeV2

⇠ 1TeV2)
<latexit sha1_base64="A8+vZnsrf4ohoqZcEQR4xkVAGjI="></latexit>

Q2
⌘ O(1GeV2)

pQCD non pQCD



L. Apolinário DIS 2022

Jets in heavy-ions
• Also a multi-scale problem:

!"#$"%&'()edium

6

Medium-induced energy loss?

Collisional energy loss?

Medium recoils?
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Improving theoretical 
control
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Dominant for light (high-energy) partons

Relevant for heavy (low-energy) partons
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Medium-induced radiation
• Accumulation of momenta enhances gluon radiation:


• Single-gluon emission spectrum:
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C.2 Four-point correlation function

The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write
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12Usually, the colour factor CA is included in the definition of the dipole cross section, �.
13This and related calculations can be found in [37, 57–59].
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Density of scattering centres:

Dipole cross-section (collision rate):
Momentum Broadening:
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where we have introduced the longitudinal density of scattering centres

n(x+) =

Z
dxi+�(x+ � xi+). (C.6)

Thus,

1

N
Tr

D
W (x)W †(y)

E
= 1 + (ig)2CF

Z
dx+

dq

(2⇡)2
|a�(q)|2

⇣
1 � eiq·(x�y)

⌘
n(x+)

+ · · · .

(C.7)

The dipole cross section is identified as

�(x� y) = 2g
2
Z

dq

(2⇡)2
|a�(q)|2

⇣
1 � eiq·(x�y)

⌘
. (C.8)

The result can be re-exponented - with account of the ordering in the x+ coordinate - due

to the fact that there is only one possibility for colour state in this average. We finally find

1

N
Tr

D
W (x)W †(y)

E
= exp

⇢
�

CF

2

Z
dx+�(x� y)n(x+)

�
, (C.9)

and analogously for the adjoint colour representation12,

1

N2 � 1
Tr

D
W

A(x)W †A(y)
E

= exp

⇢
�

CA

2

Z
dx+�(x� y)n(x+)

�
. (C.10)

C.2 Four-point correlation function

The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write

D
Wij(x1)W

†

kl(x2)Wmn(x3)W
†

op(x4)
E

(L+,x+)

=
D
Vi↵(x1)V

†

�l(x2)Vmµ(x3)V
†

⌫p(x4)
E
T

↵�µ⌫
jkno .

(C.11)

12Usually, the colour factor CA is included in the definition of the dipole cross section, �.
13This and related calculations can be found in [37, 57–59].
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Density of scattering centres:

Dipole cross-section (collision rate):

Solution to the path integral (for an arbitrary potential) poses significant technical challenges…
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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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Current landscape
• Medium-induced energy loss and momentum broadening closely connected


• From single-particle or jet suppression, recover 
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Improving medium-induced radiation
• Accuracy of radiation spectrum:

• Improved analytic opacity expansion (expand multiple soft interaction)
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Yukawa potential:

HTL potential:

[Andrés, LA, Dominguez, (2002.01517)]
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Improving medium-induced radiation
• Effects of medium expansion on energy loss (HO):


• Static equivalent of an expanding medium obtained by scaling laws:
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Also: [Barata, Sadofyev, Salgado (2202.08847)]
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Improving medium-induced radiation
• Effects of medium expansion on energy loss (HO):


• Static equivalent of an expanding medium obtained by scaling laws:

16
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q̂ = q̂(t)

[Adhya, Salgado, Spousta, Tywoniuk, (1911.12193)]

Also: [Barata, Sadofyev, Salgado (2202.08847)]
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Improving medium-induced radiation
• Effects of medium expansion on energy loss (full solution):


• Static equivalent of an expanding medium obtained by 
scaling laws:


• For a hydrodynamic medium, use instead a power-law 
equivalent to improve accuracy

17

[Andrés, LA, Dominguez, Gonzalez, Salgado (on-going)]
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!̄c =
µ2L

2

Also: [Barata, Sadofyev, Salgado (2202.08847)]
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Improving "medium” parton showers
• Multiple emitters:

• Interference effects suppressed (+ anti-angular ordering)

18

Analytic: [Casalderrey-Solana, Iancu, Mehtar-Tani, Salgado, 
Tywoniuk (1105.1760, 1210.7765)]
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Improving "medium” parton showers
• Multiple emitters:

• Interference effects suppressed (+ anti-angular ordering)

• Non-instantaneous emissions will induce modifications to the vacuum parton shower structure:

18

Analytic: [Casalderrey-Solana, Iancu, Mehtar-Tani, Salgado, 
Tywoniuk (1105.1760, 1210.7765)]

Monte Carlo: [Q-PYTHIA, JEWEL]

[Armesto, Cunqueiro, Salgado (0907.1014), 


Zapp (1311.0048)]
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From particles to jets
• How can we access QGP-related information?

20

[Adapted from Yi Chen (QM2019)



L. Apolinário DIS 2022

From particles to jets
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However:

- Susceptible to hadronization effects…

However:

- Sensitive to average quantities…

[Adapted from Yi Chen (QM2019)
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From jets to jet substructure
• How can we access QGP-related information?

21

What more information can they provide?

78

79 7:

Angular ordered tree
pT,1 pT,2 [ALICE PLB 802 (2020) 135227]
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<latexit sha1_base64="Bg3dFlhdmbbCJoh/YDYjqMPtDOE="></latexit>

Jet splitting function

[Larkoski, Marzani, Soyez, Thaler (1402.2657)]

[Dasgupta, Fregoso, Marzani, Salam (1307.0007)]

[Adapted from Yi Chen (QM2019)
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From jets to jet substructure
• How can we access QGP-related information?

22

Sensitive to 
decoherence angle?

7'

Angular ordered tree

[Caucal, Soto-Ontoso, Takacs (2111.14768)]
[Mehtar-Tani, Soto-Ontoso, K. Tywoniuk


 (1911.00375)]

What more information can they provide?

Groomed jet radius

<latexit sha1_base64="PSCLa4xpMwkNNT04yBZHZ97ZJ2c=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdCLx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6wGnC/YiOlAgFo2ilbh/HHOmADcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1vcOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NbPhEpS5IotF4WpJBiT+fNkKDRnKKeWUKaFvZWwMdWUoY2oZEPwVl9eJ+2rqnddrd3XKvVGHkcRzuAcLsGDG6jDHTShBQwkPMMrvDmPzovz7nwsWwtOPnMKf+B8/gAceZAI</latexit>

✓c

[Adapted from Yi Chen (QM2019)
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From jets to jet substructure
• How can we access QGP-related information?


• Jets in PbPb ≠ Jets in pp + Background

23

;8

;9

[Zapp QM (17)]

Fully reclustered anti-kt subjets

- Background-resilient to distinguish quenching models

<+=)).,/%-(+5>?.,+

@=)).,/%-(+5>?.,+

[LA, Milhano, Ploskon, Zhang (1710.07607)]
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From jets to jet substructure
• How can we access QGP-related information?


• Jets in PbPb ≠ Jets in pp + Background

23

;8

;9

Fully reclustered anti-kt subjets

- Background-resilient to distinguish quenching models
- Leading jet: quantifies quark vs gluon in-medium energy loss

<+=)).,/%-(+5>?.,+

@=)).,/%-(+5>?.,+

[LA, Milhano, Ploskon, Zhang (1710.07607)]
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�S12 = z1 � z2

[Neill, Ringer, Sato (2103.16573)]
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From jets to jet substructure
• How can we access QGP-related information?


• Jets in PbPb ≠ Jets in pp + Background

23

;8

;9
A7@B

Fully reclustered anti-kt subjets

- Background-resilient to distinguish quenching models
- Leading jet: quantifies quark vs gluon in-medium energy loss
- Allows to create samples that are the same in pp and in PbPb

[STAR (QM2019)]
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Parton Shower

From jets to jet substructure
• Jets propagate on a fast evolving medium:

24

Jet

78

79

7:

See also:

Barrera, Basyak, Szczurek, Singh, 

Mondal, + CMS/ATLAS (Tue)
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Parton Shower

From jets to jet substructure
• Jets propagate on a fast evolving medium:

24

Jet

C8D(𝜏8 C9D(𝜏9 C:D(𝜏:
θ1 >> θ2 >> θ3 …    ↦  𝜏1 >> 𝜏2 >> 𝜏3 …


(Vacuum)  ↦  (QGP)

In-medium radiation

78

79

7:
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p = 0.5

See also:

Barrera, Basyak, Szczurek, Singh, 

Mondal, + CMS/ATLAS (Tue)
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[LA, Cordeiro, Rodriguez, Zapp (2012.02199, on-going)]
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How can it be related to the QGP expansion?

[LA, Cordeiro, Rodriguez, Zapp (2012.02199, on-going)]
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Novel heavy-flavour observables
• Hard probes: result of the full integrated medium evolution


• Time-differential measurements might be possible with tops

26

[LA, Milhano, Salgado, Salam 

(1711.03105)]
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Tops as time-delayed probes of the 
QGP (QGP tomography)

First tops measured in PbPb (CMS - 2006.11110)

See also: Ye, Tork, Kalteyer, Antonioli, Seidel 
(Wed)



From dense to light
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QGP onset
• No energy loss in pA…

28

See also P. Steinberg (today)
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QGP onset
• No energy loss in pA…

28

[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

See also P. Steinberg (today)
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From dense to light systems
• Extrapolation from dense to light needs further understanding…

29

Hydrodynamic 
expansion

QGP 
Thermalisation

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


[Schlichting, Soudi (2008.04928)]
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Hydrodynamic 
expansion

QGP 
Thermalisation

Energy loss

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

29

Hydrodynamic 
expansion

QGP 
Thermalisation

Energy loss?

[Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney 
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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
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[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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[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 ?

See also Mikuni, Klest (Tue), Lim, Radhakrishnan, 
Morales, Vitev (Th)



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 will provide crucial input to many of our current unsolved questions


• HL-LHC, sPHENIX, LHeC, EIC…
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Thank you!
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Heavy-Quark transport coefficients
• Heavy-quark transport coefficients

34

[LA, Y-J Lee, M. Winn (2203.16352)]
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Soft vs Hard
• Compilation of the specific shear viscosity as 

a function of temperature of the medium.
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[LA, Y-J Lee, M. Winn (2203.16352)]
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Zg 1st SD
• Ratio of zg JEWEL (PbPb/pp):

36
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1st and 2nd Emissions
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1st and 2nd Emissions
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