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Jet quenching
•Jet quenching: high-energy partons interact with the QGP losing energy

Jet quenching

Colorless probes:  
no suppression

zE
•The principal mechanism of energy loss is medium-induced radiation

RAA =
dNAA/d2pT dy

⟨Ncoll⟩ dNpp/d2pT dy

E
zE

(1 − z)E
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Jets in A-A

•How sensitive are jet observables to the initial stages?

•Hard probes/jets are produced in 
the initial hard scattering

Jets witness the space-time system 
evolution (including the initial stages)

•The quenching set to start at the initialization time of the hydro
(usually ~0.6 -1 fm)

No energy loss before thermalization?

•Mainly used to study jet quenching

Crucial to understand the apparent lack of energy loss in small systems
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Jet quenching parameter
•Jet quenching: extract properties of the QGP

• : average transverse momentum transfer per unit lengtĥq

Apolinario, Lee, Winn, arXiv: 2203.16352Austin Baty, QM2018

https://arxiv.org/pdf/2203.16352.pdf
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ENERGY LOSS: Quenching Weights (QWs)
FFs

• Single-inclusive cross section:

• Fragmentation functions:

Formalism

Probability distribution of a fractional energy loss                     of the hard parton in the 
medium

✏ = �E/E
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(med)

̂q(ξ) = K ⋅ 2ϵ3/4(ξ)

Local medium 
energy density



at 2.76 TeVRAA
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• Before  ?τhydro

̂q(τ) = 0 for τ < τhydro Energy loss delayed 1 fm

Formalism
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• Energy density taken from the hydro

τhydro = 1 fm

̂q(τ) = ̂q(τhydro)/τ3/4 for τ < τhydro

̂q(τ) = ̂q(τhydro) for τ < τhydro

Viscous 2+1 hydrodynamics 

η/s = 0.16
arXiv:0901.4588

Luzum and Romatsche
arXiv:0804.4015

fKLN model for the initial condition

•  

•  

•  

https://arxiv.org/abs/0901.4588v2
https://arxiv.org/abs/0804.4015
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Factor 4!

Jet quenching parameter
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b (fm)
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K
=

q̂/
2≤

3/
4

q̂(ø ) = q̂(ø = 1 fm)/ø 3/4 ø < 1 fm

q̂(ø ) = q̂(ø = 1 fm) for ø < 1 fm

q̂(ø ) = 0 for ø < 1 fm

PbPb 2.76 TeV
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 and high-RAA pT v2



T. Renk et al. arXiv:1010.1635
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Out of plane

In plane

QWs + smooth averaged hydros

τhydro = 0.6 fm

τhydro = 0.17 fm

τhydro = 0.4 fm
τhydro = 0.4 fm

 High-pT v2

NO energy loss before τhydro

AuAu 200 GeV

https://arxiv.org/abs/1010.1635
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arXiv:1402.2956
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Xu, Buzzati, Gyulassy

DGLV + running coupling 
+ viscous hydro τhydro = 0.6 fm

NO energy loss before τhydro

Imposible to describe 
simultaneously  and 

high-
RAA

pT v2

  and high-RAA pT v2 PbPb 2.76 TeV

https://arxiv.org/abs/1402.2956
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The scalar product
vexp

n (pT) =
⟨vsoft

n vhard
n (pT) cos [n ( ψ soft

n − ψ hard
n (pT))]⟩

⟨(vsoft
n )

2⟩
RAA(pT, ϕ)

RAA(pT)
= 1 + 2

∞

∑
n=1

vhard
n (pT) cos [nϕ − nψ hard

n (pT)]

Average over all the events
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Matthew Luzum and Jean-Yves Ollitrault, arXiv:1209.2323  

Noronha-Hostler et al., arXiv: 1602.03788
PbPb 2.76 TeV

Hydro: v-USPhydro

τhydro = 0.6 fm

Energy loss

dE
dL

∼ LT3

NO energy loss before τhydro

https://arxiv.org/abs/1209.2323
https://arxiv.org/abs/1602.03788


• Take an EbyE hydro

Initial conditions: minijets + saturation model

τf = 0.197 fm
arXiv:1505.02677 
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• EKRT EbyE hydrodynamics

• Take an energy loss model (same as before)

• Quenching Weights (QWs) in the HO approximation

• Fit K to the RAA data 

• Compute v2 in the hard sector (using the scalar product)

Carlota Andrés

̂q(ξ) = K ⋅ 2ϵ3/4(ξ)Salgado and Wiedemann 
 arXiv:hep-ph/0302184

Niemi, Eskola, Paatelainen

Proof of concept
CA, Armesto, Niemi, Paatelainen, Salgado

arXiv: 1902.03231

(smaller than usual)

Tdec = 100 MeV
Tch = 175 MeV

https://arxiv.org/abs/1505.02677
https://arxiv.org/abs/hep-ph/0302184
https://arxiv.org/abs/1902.03231
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̂q(τ) = ̂q(τ = 0.197 fm) for τ < 0.197 fm
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  and high-RAA pT v2
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EKRT + QWs

Failure ??
arXiv:1902.03231

CA, Armesto, Niemi,  
Paatelainen, Salgado

https://arxiv.org/abs/1902.03231
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Very sensitive to the initial stages!
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arXiv:1902.03231

CA, Armesto, Niemi,  
Paatelainen, Salgado

RAA and high-pT v2 as a 
probe of IS 

Confirmed later by: Stojku et al. arXiv:2008.08987

EKRT + QWs

https://arxiv.org/abs/1902.03231
https://arxiv.org/abs/2008.08987
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Very sensitive to the initial stages!
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Very sensitive to the initial stages!
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arXiv:1902.03231

CA, Armesto, Niemi,  
Paatelainen, Salgado

RAA and high-pT v2 as a 
probe of IS 

Confirmed later by: Stojku et al. arXiv:2008.08987

EKRT + QWs

https://arxiv.org/abs/1902.03231
https://arxiv.org/abs/2008.08987
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CA, Apolinário, Dominguez,   
M. G. Martinez, Salgado, 

arXiv: 2112.04593

Radiation in the IS
•Up to here: parton set to be produced inside 

the QGP

•We were ignoring (medium-induced) 
radiation emitted before the formation of the 
QGP

•How to isolate the effects due to this 
initial radiation?

•Emitter produced at τp ∼ 0

•Propagates in vacuum from  to τp τm = τhydro

•In-medium propagation from  to τm L

Extra medium-induced  
radiation
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Radiation in the IS
•HO spectrum 

ω
dIHO

dω
=

2αsCR

π
ln cos [ΩL (1 −

τm

L )] − ΩL
τm − τp

L
sin [ΩL (1 −

τm

L )]
ΩL ≡ (1 − i)

ωc

2ω

Extra medium-induced  
radiation

ωc ≡
1
2

̂qL2
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•Compute the HO spectrum for a power-law expanding medium

Qf (pT) =
dσmed(pT)/dpT

dσvac(pT)/dpT
∼ ∫ dΔE P(ΔE)( pt

pT + ΔE )
n

•Compute the QWs (using the spectrum)

•Compute the hadron suppression factor

•Compute the high-pT v2

T(τ) = T0 ( τ0

τ + τ0 )
c

  and high-RAA pT v2
Out of plane

In plane

P(ΔE) =
∞

∑
n=0

1
n! [

n

∏
i=1

∫ dωi
dI(med)(ωi)

dω ] δ (ΔE −
n

∑
i=1

ωi) exp −
∞

∫
0

dω
dI(med)

dω

v2 =
1
2

Qin
i (pT) − Qout

i (pT)
Qin

i (pT) + Qout
i (pT)

Luzum and Romatsche’s hydro

Parameters fixed to 
̂q(τ) = K1T3(τ)
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CA, Apolinário, Dominguez,   
M. G. Martinez, Salgado 

in preparation

Including the initial radiation makes the high-  decreasepT v2



Jet broadening in the glasma
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Ipp, Müller, Schuh 
arXiv:2001.10001 
arXiv:2009.14206

Carrington, Czajka, 
 Mrówczynski 

arXiv:2112.06812 
arXiv:2202.00357 

•Hard partons deflected by the chromomagnetic and chromoelectric forces 
in the Glasma phase

Qs = 2 GeV

 relatively large!̂q

https://arxiv.org/abs/2001.10001
https://arxiv.org/abs/2009.14206
https://arxiv.org/abs/2112.06812
https://arxiv.org/abs/2202.00357


Conclusions
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•Jets in heavy-ion collisions witness the full system’s evolution

•Jet quenching studies usually neglect energy loss in the initial stages

•Extracting properties of the QGP as  requires understanding of the IŜq

•Simultaneous description of  and high-  very sensitive to ISRAA pT v2

Understanding jet quenching in the initial stages is crucial to understand 
the apparent lack of energy loss in small systems

Jet quenching for IS?



Thanks!
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Boosted tops

Initial Stages 2019Carlota Andrés

Apolinário, Milhano, Salam, Salgado
PRL 120, 232301 (2018)

FCC

• Controlling the boost of the top            Controlling when jets start to interact  
                                                                                with medium

• Large energies (FCC) make boosted tops available                                                                  

0.5 < t < 3 fm
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Boosted tops

Initial Stages 2019Carlota Andrés

• Access to both small and large times of the medium evolution with jet quenching

 Jet quenching as a chronometer of the yoctosecond structure of the evolution process

Apolinário, Milhano, Salam, Salgado
PRL 120, 232301 (2018)

All partons  
15% energy loss

• Reconstructed W mass as a function of the top pT: useful to probe QGP evolution
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The jet quenching parameter
• The jet quenching parameter  has been subject of numerous studieŝq
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• First extraction of  across centralities at RHIC and at the LHĈq
CA, Armesto, Luzum, Salgado, Zurita,  
  Eur. Phys. J.C 76 (2016) 9, 475 

Jet quenching parameter 
 at RHIC 

 larger than at the LHC?

RHIC

LHC

• Need to improve the energy loss calculations/implementations???

•  extraction still under debatêq

A new puzzle?
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The jet quenching parameter
• The jet quenching parameter  has been subject of numerous studieŝq
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• First extraction of  across centralities at RHIC and at the LHĈq
CA, Armesto, Luzum, Salgado, Zurita,  
  Eur. Phys. J.C 76 (2016) 9, 475 

Jet quenching parameter 
 at RHIC 

 larger than at the LHC?

RHIC

LHC

• Need to improve the energy loss calculations/implementations???

•  extraction still under debatêq

JETSCAPE arXiv: 2102.11337
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∞
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E, p0
ω, k

• BDMPS-Z



Quenching Weights
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• Computed in the Multiple Soft Scattering (HO) approximation

�(r)n(⇠) ' 1

2
q̂(⇠)r2 Perturbative tails neglected

q̂(ξ) = K ⋅ 2ϵ3/4(ξ)

• Relation between     and the hydrodynamic properties of the medium̂q

Fitting parameter  hydro

Carlota Andrés
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Baier arXiv:hep-ph/0209038

https://arxiv.org/abs/hep-ph/0209038


EKRT hydrodynamics
• EKRT event by event hydrodynamics

Initial conditions: minijets + saturation model

τf = 0.197 fm

η/s = param1

Tdec = 100 MeV

29

Tch = 175 MeV

Carlota Andrés

arXiv:1505.02677

https://arxiv.org/abs/1505.02677
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EKRT hydro

arXiv:1505.02677

Carlota Andrés

https://arxiv.org/abs/1505.02677


N=1 opacity DSS07

Tdec= 175 MeV

η/s = param1

31Carlota Andrés
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