
Jets with preequilibrium quenching

Adam Takacs
with: Daniel Pablos, Konrad Tywoniuk

and Yacine Mehtar-Tani

High Energy Probes of the Initial Stages, CERN 2025



1. Introduction to jets

2. Jet quenching theory

3. Phenomenological framework 

4. Application to 𝑃𝑏, and 𝑂 with and without preequilibrium

Outline:

2Adam Takacs (Heidelberg) High energy probes of the initial stages



Introduction:
Precision with jets

3Adam Takacs (Heidelberg) High energy probes of the initial stages



Precision with jets
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o Jet observables = scattering amplitudes

o Separation of scales (IRC safety):

• fixed order: LO ⇾ NLO ⇾ N2LO ~10% accurate

• resummation: LL ⇾ NLL ⇾ N2LL ~10% accurate
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o Jet observables = scattering amplitudes

o Separation of scales:

• In-medium fixed order & resummation

• Medium evolution

(~ TeV     ~ 10-103 GeV   ~ 1-10 GeV   ~ 0.1-1 GeV)

𝑄()*+ 	> 𝒪 > 𝑄/0+ 	> 	Λ,-.
?
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Jet modification in the QGP
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• Separate hard and background fields (𝑞 = 𝑞! + 𝑞", 𝐴 = 𝐴! + 𝐴")

ℒ#$% 𝑞, 𝐴 = ℒ 𝑞! , 𝐴! + ℒ 𝑞", 𝐴" + ℒ&'( 𝑞! , 𝐴! , 𝑞", 𝐴"
	 → ℒ 𝑞! , 𝐴! + 𝑔+𝑞! 𝐽 𝑞! + 𝑔𝐴! 𝐽 𝐴!

• Dressed propagators (and vertices):

• Models for the background 𝐽 𝑥2 :
o Equilibrium plasma (𝑇 ≳ Λ#$%)

o Color-charge distribution

o Non-perturbative “kernel” 
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+
⊗ ⊗

+ …
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⊗

+
⊗ ⊗

+ …

Introduction

[HTL, EQCD ⇾ AMY]

[MV-model ⇾ BDMPS-Z, CGC, Glasma]

[Bayesian fits, EFT]

Adam Takacs (Heidelberg) High energy probes of the initial stages

Medium 
Feynman rules



11

• Separate hard and background fields (𝑞 = 𝑞! + 𝑞", 𝐴 = 𝐴! + 𝐴")

ℒ#$% 𝑞, 𝐴 = ℒ 𝑞! , 𝐴! + ℒ 𝑞", 𝐴" + ℒ&'( 𝑞! , 𝐴! , 𝑞", 𝐴"
	 ≈ ℒ 𝑞! , 𝐴! + 𝑔+𝑞! 𝐽 𝑞! + 𝑔𝐴! 𝐽 𝐴!

• Dressed propagators:

• Models	for	the	background 𝐽 𝑥2 :
o High-temperature plasma (𝑇 ≫ Λ#$%)

o Random color-fields

o Non-perturbative “kernel” 

+=
⊗

+
⊗ ⊗

+ …

+=
⊗

+
⊗ ⊗

+ …

Introduction

Goal: 1…𝑛|𝐴𝐴

…

1

nA

A

Adam Takacs (Heidelberg) High energy probes of the initial stages



12

• Separate hard and background fields (𝑞 = 𝑞! + 𝑞", 𝐴 = 𝐴! + 𝐴")

ℒ#$% 𝑞, 𝐴 = ℒ 𝑞! , 𝐴! + ℒ 𝑞", 𝐴" + ℒ&'( 𝑞! , 𝐴! , 𝑞", 𝐴"
	 → ℒ 𝑞! , 𝐴! + 𝑔+𝑞! 𝐽 𝑞! + 𝑔𝐴! 𝐽 𝐴!

• Dressed propagators (and vertices):

• Models for the background 𝐽 𝑥2 :
o Equilibrium plasma (𝑇 ≳ Λ#$%)

o Color-charge distribution

o Non-perturbative “kernel” 

+=
⊗

+
⊗ ⊗

+ …

+=
⊗

+
⊗ ⊗

+ …

Introduction

[HTL, EQCD ⇾ AMY, EKT]

[MV-model ⇾ CGC, BDMPS-Z (also Glama and hydro)]

[Bayesian fits, EFT]
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Medium-induced emissions
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Jet energy loss framework
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• 1 parton, 1 emission:

Many emissions:

• Spectrum:
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[AT, K. Tywoniuk, 2103.14676]
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• Jets contain many partons.

2 sources up to medium resolution [Mehtar-Tani, Salgado, Tywoniuk, 1102.4317]:

• all sources: collimator resummation [Mehtar-Tani, Tywoniuk, 1707.07361]

Energy loss

𝜕+ P𝒫& 𝜈, 𝜗 = 4𝑑𝑧
𝑑𝐼789

𝑑𝑧𝑑𝜗
Θ;4< P𝒫1 𝑧𝜈, 𝜗 P𝒫= 1 − 𝑧 𝜈, 𝜗 − P𝒫&(𝜈, 𝜗)	

Adam Takacs (Heidelberg) High energy probes of the initial stages

𝜗! =	 a𝜗5 < 𝜗#,
𝜗# < 𝜗5 ,

two sources (more Eloss)
one source 

𝜗"

?𝒫# 𝜈, 𝜗 = D
!

$
𝑑𝜀 𝒫# 𝜀 𝑒%&'Laplace tf:

https://arxiv.org/abs/1102.4317
https://arxiv.org/abs/1707.07361
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𝜗! =	 a𝜗5 < 𝜗#,
𝜗# < 𝜗5 ,

two sources (more Eloss)
one source 

𝜗"

?𝒫# 𝜈, 𝜗 = D
!

$
𝑑𝜀 𝒫# 𝜀 𝑒%&'Laplace tf:

https://arxiv.org/abs/1102.4317
https://arxiv.org/abs/1707.07361
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• Jets contain many partons.

2 sources:

• all sources: collimator resummation [Mehtar-Tani, Tywoniuk, 1707.07361]

Energy loss

𝜕+ P𝒫& 𝜈, 𝜗 = 4𝑑𝑧
𝑑𝐼789

𝑑𝑧𝑑𝜗
Θ;4< P𝒫1 𝑧𝜈, 𝜗 P𝒫= 1 − 𝑧 𝜈, 𝜗 − P𝒫&(𝜈, 𝜗)	
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𝜗! =	 a𝜗5 < 𝜗#,
𝜗# < 𝜗5 ,

two sources
one source 

𝜗"

?𝒫# 𝜈, 𝜗 = D
!

$
𝑑𝜀 𝒫# 𝜀 𝑒%&'Laplace tf:

[AT, K. Tywoniuk, 2103.14676]
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https://arxiv.org/abs/1707.07361
https://arxiv.org/abs/2103.14676


Quenching framework

• Vacuum jets: LO + LL + nPDF 

• Induced radiations: LO HTL (brick w 𝑇) + HO + 1st opacity

• Thermalized energy can be recaptured (med. resp) 
[Mehtar-Tani, Soudi, Schlichting, 2209.10569] 

• Elastic scatterings

• IP-Glasma + MUSIC + UrQMD 
[Schenke, Shen, Tribedy, 2005.14682]

• Fluctuating hydro and path lengths

• Preequilibrium (later in talk)

Adam Takacs (Heidelberg) High energy probes of the initial stages

[Mehtar-Tani, Pablos, Tywoniuk, 2101.01742, 2402.07869]
[AT, K. Tywoniuk, 2103.14676]
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new

https://arxiv.org/abs/2209.10569
https://arxiv.org/abs/2005.14682
https://arxiv.org/abs/2101.01742
https://arxiv.org/abs/2402.07869
https://arxiv.org/abs/2103.14676


Phenomenology with 𝑃𝑏
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RAA of PbPb

Adam Takacs (Heidelberg) High energy probes of the initial stages

Only data we fit!
• 𝑔 = 1.5

Ø )𝑞 ≈ 0.8 !"#
(

$%
Ø )𝑞/𝑇& ≈ 9

Good agreement!

[ALICE, 2303.00592]
[ATLAS, 1805.05635]

[CMS, 2102.13080]

𝑅:: =
𝑑𝜎345/𝑑𝑝6
𝑑𝜎789/𝑑𝑝6

https://arxiv.org/abs/2303.00592
https://arxiv.org/abs/1805.05635
https://arxiv.org/abs/2102.13080
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RAA vs cone size
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Good agreement! (no refitting)
• 𝑝'-dependence ✓
• 𝑅-dependence ✓

What we learned:
• 𝑅(( 𝑅  ~ radiation vs resolution

“coherence”

PbPb:

[ALICE, 2303.00592]
[ATLAS, 1805.05635]

[CMS, 2102.13080]

Fit

https://arxiv.org/abs/2303.00592
https://arxiv.org/abs/1805.05635
https://arxiv.org/abs/2102.13080
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RAA vs centrality
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Good agreement! (no refitting)
• centrality ✓

What we learned:
• 𝑅(( %  ~ average path lengths

[ATLAS, 1805.05635]

Fit

https://arxiv.org/abs/1805.05635


• Jet flow:

• 𝑣& is a path length derivative: 

Adam Takacs (Heidelberg) High energy probes of the initial stages

𝑣! =
∫𝑑𝜑 cos 𝑛 𝜑 − 𝜙7

𝑑𝜎80911

𝑑𝑝:𝑑𝜑
𝑑𝜎80911/𝑑𝑝:
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v2 is RAA with azimuth

𝑣) ≈
1
2
𝑅(( 𝐿*) − 𝑅(( 𝐿+,-
𝑅(( 𝐿*) + 𝑅(( 𝐿+,-

≈ −
∆𝐿
4

1
𝑅((

∆𝑅((
∆𝐿
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v2 = RAA with azimuth

Adam Takacs (Heidelberg) High energy probes of the initial stages
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Good agreement! (no refitting)
• 𝑝'-dependence
• %-dependence

What we learned:
• jet flow 𝑣. ⇿ energy loss 𝑅(( 
• Path length differences 𝑣.	~

/
/0𝑅((

[ATLAS 2111.06606]

https://arxiv.org/abs/2111.06606


Preequilibrium quenching
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Jets with preequilibrium quenching

Adam Takacs (Heidelberg) High energy probes of the initial stages

• So far: no quenching before 𝜏(;+ = 0.4 fm.

• Extrapolate with hydro. attractors to 0.1 fm:

𝑒 𝜏 < 𝜏(;+ = 𝑓)99 𝜏, 𝑒(;+ 𝜏(;+

𝑣⃗: 𝜏 < 𝜏(;+ =
𝜏

𝜏(;+
𝑣⃗(;+ 𝜏(;+

[Keegan,Kurkela,Mazeliauskas,Teaney, 1605.04287]
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[Almaalol,Kurkela,Strickland, 2004.05195]

[Giacalone,Mazeliauskas, Schlichting, 1908.02866]

https://arxiv.org/abs/1605.04287
https://arxiv.org/abs/2004.05195
https://arxiv.org/abs/1908.02866
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Preequilibrium in PbPb

Adam Takacs (Heidelberg) High energy probes of the initial stages

We refit the same data:
• 𝑔 = 1.5	⇾	𝑔1/34" = 1.4

Ø )𝑞1/34" ≈ 0.8 !"#
(

$%  
Ø )𝑞1/34"/𝑇& ≈ 9

Not much change!

What we learned:
• Peripheral is more sensitive
• The effect is small.
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v2 = RAA with azimuth
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Some changes!
(one should fit 𝜏5)

What we learned:
• jet flow 𝑣. ⇿ energy loss 𝑅(( 
• Preequilibrium can matter
• Small effects

[ATLAS 2111.06606]

no quenching 
before 𝜏!"# 

preeq. 
quenching

, PbPb

https://arxiv.org/abs/2111.06606


Phenomenology with 𝑂
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Preequilibrium in OO

Adam Takacs (Heidelberg) High energy probes of the initial stages

Some changes!
(one should fit 𝜏5)

What we learned:
• Still a small effect for 𝑅((
• In smaller systems preeq is 

more important 
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Preequilibrium in OO

Adam Takacs (Heidelberg) High energy probes of the initial stages

Some changes!
(one should fit 𝜏5)

What we learned:
• 𝑣. is slightly change
• In smaller systems preeq is 

more important ✓



1. Powerful semi-analytical framework

• Exceptional agreement with data: 𝑅@@	&	𝑣A	𝑣𝑠	𝑝B, 𝑅, %, 𝑠, (𝑃𝑏, 𝐴𝑢, 𝑂)

• All ingredients improvable. 

2. Extending hydro fields with attractor scaling

 Preeq. resilient: large ions (𝑃𝑏, 𝐴𝑢): 𝑅@@, 𝑣A	even for peripheral

 Preeq. sensitive: small ions (𝑂): 𝑅@@, 𝑣A, 𝑣C	even for central

Future: Glasma parametrization? 

Summary: jets with preeq. quenching
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𝑅(( at RHIC
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