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Energy loss in AA

QCD challenges
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Energy loss
• How does a parton lose energy in a QCD medium? 

• Collisions - Important for heavy particles 

• Radiation - Extra gluon radiation induced by multiple scatterings with the medium 
Dominant for light quarks and gluons

Carlota Andres

ω, k

from Yacine Mehtar-Tani’s talk at the HTE seminar series

BDMPS-Z

QCD challenges
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• The in-medium spectrum is given by :(ω ≪ E)

Recent developments
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BDMPS-Z

• Several new approaches that evaluate the master formula beyond the usual 
approximations

Caron-Huot and Gale, 1006.2379 Finite length rates:

IOE (expansion around the HO):

Fully resummed spectrum: CA,  Apolinario, Dominguez, Martinez 2002.01517, 2011.06522

Mehtar-Tani, Barata, Soto-Ontoso, 
Tywoniuk, 1903.00506, 2106.07402

Finite length rates + non-perturbative potential:  Schlichting, Soudi, 2111.13731

IOE & Resummed opacity expansion (ROE) Isaksen,Takacs and Tywoniuk arXiv:2206.0281

med

QCD challenges

https://arxiv.org/abs/2002.01517
https://arxiv.org/abs/2011.06522
https://arxiv.org/abs/1006.2379
https://arxiv.org/pdf/2206.02811.pdf
https://arxiv.org/abs/2111.13731
https://arxiv.org/abs/1903.00506
https://arxiv.org/abs/2106.07402
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ωc = ( ̂q0L2)/2
ωBH = μ4/(2 ̂q0)

Bethe-Heitler regime

Multiple soft scattering regime

Single hard  
scattering  

regime

Not just a single  
hard scattering!

The spectrum

(IOE)

CA, M. G. Martinez, F. Dominguez, 2011.06522

Static

See also ROE by Isaksen, Takacs and Tywoniuk  
arXiv:2206.0281

QCD challenges

https://arxiv.org/abs/2011.06522
https://arxiv.org/pdf/2206.02811.pdf
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ENERGY LOSS: Quenching Weights (QWs)
FFs

• Single-inclusive cross section:

• Fragmentation functions:

RAA

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

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

 and RAA ̂q

QCD challenges

https://arxiv.org/pdf/2203.16352.pdf
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Small systems

QCD challenges



Small systems
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Jet quenching is the only QGP signature not observed in small systems

arXiv:1812.06772No signal of jet quenching!

QCD challenges

https://arxiv.org/abs/1812.06772
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Energy loss in small systems
• Expected to be small

• Why don’t we go for peripheral PbPb instead?

• Event selection and geometry biases
Morsch and Loizides, arxiv: 1705.08856

⟨Npart⟩

• Oxygen-Oxygen?
Huss, Kurkela, Mazeliauskas, Paatelainen, Van der Schee, 

Wiedemann arxiv:2007.13754, arxiv:2007.13754

Gluons poorly constrained for light nuclei 

Significant parametrization biases

From Petja Paakkinen’s talk at the 
 Opportunities of OO and pO collisions at the LHC 

workshop

• Difficult to select pPb collisions with small b

https://arxiv.org/abs/1705.08856
https://arxiv.org/pdf/2007.13754.pdf
https://arxiv.org/abs/2007.13754
https://indico.cern.ch/event/975877/contributions/4172198/attachments/2186023/3693616/nPDF_OppOrtunities_Paakkinen.pdf
https://indico.cern.ch/event/975877/
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Jets pheno

•How sensitive are jet observables in AA to the initial stages?

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?

Crucial to understand the apparent lack of energy loss in small systems

τfreeze−out ∼ 1 − 3 fmτcoll ≪ 1 fm

QGP?
Initial stages Free streaming

pA & pp

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

•The initial stages represent a larger fraction of the system’s evolution in small 
systems

QCD challenges
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Energy loss & initial stages in AA

QCD challenges



at 2.76 TeVRAA
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QWs in the Harmonic oscillator 
2+1 viscous hydro 

QCD challenges

̂q(ξ) = K ⋅ 2ϵ3/4(ξ)
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• Before  ?τhydro

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

Formalism

Carlota Andres

• 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 Romatschke
arXiv:0804.4015

fKLN model for the initial condition

•  

•  

•  

QCD challenges

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

Jet quenching parameter

2 4 6 8 10
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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

QCD challenges
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Very sensitive to the initial stages!

Carlota Andres

arXiv:1902.03231CA, 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

QCD challenges

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 included

QCD challenges

https://arxiv.org/abs/2211.10161
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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

2ωExtra medium-induced  
radiation ωc ≡

1
2

̂qL2

QCD challenges

Static HO
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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

w2 =
1
2

Qin
i (pT) − Qout

i (pT)
Qin

i (pT) + Qout
i (pT)

Luzum and Romatschke’s hydro

Parameters fixed to 
̂q(τ) = K1T3(τ)

QCD challenges
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  and high-RAA pT v2

CA, Apolinário, Dominguez,  M. G. Martinez, Salgado 
arXiv: 2211.10161

Including the initial radiation makes the 
 high-  decreasepT v2

A)
B)
C)

̂q(t) = K1T3(t)

QCD challenges

https://arxiv.org/pdf/2211.10161
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  and high-RAA pT v2

CA, Apolinário, Dominguez,  M. G. Martinez, Salgado 
arXiv: 2211.10161

Using the Full formalism yields to more robust resultsA)
B)
C)

n(t) = C1T(t) μ2(t) = 6παsT2(t)/e

QCD challenges

https://arxiv.org/pdf/2211.10161


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
QCD challenges

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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•Many recent theoretical developments in the calculation of the in-medium 
spectrum

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

•Simultaneous description of  and high-  in A-A sensitive to the ISRAA pT v2

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

•Energy loss has not been observed in small systems

•In small systems the initial stages are specially important

•Extraction of  in A-A sensitive to the IŜq

QCD challenges
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Thanks

QCD challenges
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• For a soft emitted gluon (ω ≪ E)

Medium-induced gluon spectrum

BDMPS-Z

2-point function 
 𝒦 ∼ Tr ⟨UA𝒢⟩

II

UA

𝒢

𝒢†

Broadening
𝒫 ∼ Tr ⟨𝒢𝒢†⟩

Baier, Dokshitzer, Mueller, Peigné, Schiff (96) 
Zaharov (97)

k

k
x
x

II

p
q

q

Kernel

III

Broadening
t t′ 

E, p0
ω, k

For the spectrum beyond the soft approximation see Dominguez’s talk. Today 11:00
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• For a soft emitted gluon (ω ≪ E)

Medium-induced gluon spectrum

BDMPS-Z

Baier, Dokshitzer, Mueller, Peigné, Schiff (96) 
Zaharov (97)

Difficult to solve numerically for realistic  σ(r)

Medium information

E, p0
ω, k
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Analytic approximations: GLV
Opacity expansion 

σ(r) is taken as the full Yukawa cross-section

(n(s)σ(r))N
The integrand in the Kernel is expanded in powers of

N = 1 : First opacity or GLV approximation (single hard scattering)

Carlota Andrés

σ(r) ≡ ∫q
V(q)(1 − eiqr) V(q) =

8π μ2

(q2 + μ2)2

Wiedemann (2001)

Gyulassy, Levai, Vitev (99)

ω
dI
dω

=
4αsCR

π
n0L∫

∞

0
dp

p2 − sin p2

p3

1
xp2 + 1

The N=1 energy spectrum (no cut-off                        )ω
dI
dω

= ∫
∞

0
ω

dI
dωd2k

Further orders in opacity: Gyulassy, Levai, Vitev, 0006010

x =
ω
ω̄c

ω̄c =
μ2L

2

DGLV: Djordjevic, Gyulassy (2003)GLV



27

Analytic approximations: HO

n(s)σ(r) ≈
1
2

̂q(s)r2 + 𝒪(r2 ln r2)

• Small r approximation of the dipole cross section Perturbative tails neglected

The Kernel can be computed analytically (for a static medium) 

Multiple soft scatterings

Carlota Andrés

Parameters: ̂q , L

ω
dIHO

dω
=

2αsCR

π
ln cos ((1 − i)

ωc

2ω )

• The energy spectrum (no cut-off                        )ω
dI
dω

= ∫
∞

0
ω

dI
dωd2k

Stolen from Peter Arnold slides 

r

ωc =
̂qL2

2 Wiedemann, Salgado (2003)

Baier, Dokshitzer, Mueller, Peigné, Schiff (96) 
Zakharov (97)

Harmonic,  or Gaussian approximation ̂q

iσ(r)
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