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1. Introduction.

2. Observables sensitive to the initial stage of the collision:
➜ RAA-v2  (talks by Adhya and Zigic).
➜ Decaying particles.

3. Theoretical challenges:
➜ Time in parton cascades (talks by Ontoso, Caucal, Majumder, 
Ke, Tachibana, Apolinario, Qin, Mehtar-Tani,…).
➜ How to model the interaction of a jet with the pre-
equilibrium stages (talks by Sadofiev, Barata, Czajka, 
Hauksson,…).

4. Summary.



The standard picture:

3

S. Schlichting

Jet quenching and the first fermi/c: 1. Introduction. N. Armesto, 17.06.2022



The standard picture:

3

S. Schlichting

Jet quenching and the first fermi/c: 1. Introduction. N. Armesto, 17.06.2022

Nuclear 
wave 
function: 
nPDFs, 
CGC,…

Glasma: 
over-
occupied 
system

Parton 
transport: 
EKT

Viscous 
hydro

Hadron 
cascade



The standard picture:

3

S. Schlichting

Jet quenching and the first fermi/c: 1. Introduction. N. Armesto, 17.06.2022

Nuclear 
wave 
function: 
nPDFs, 
CGC,…

Glasma: 
over-
occupied 
system

Parton 
transport: 
EKT

Viscous 
hydro

Hadron 
cascade

Can we apply it to small systems? Is there near-equilibrium QGP from dNch/dη~10 to 5000? How?
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● Observables measured in small systems: pp and pA, that in AA are taken as QGP signals:

1812.06772, talk by Krizek
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● Parton branching is a multiscale process with energies ranging from TeV (hard scattering) to 
GeV (hadronisation) (talk by Ontoso). To be able to use it for time studies, we need:

➜ Observables sensitive to what happens at early stages (many observables e.g. RAA tend 
to be dominated by late times).
➜ Understanding how to formulate (or relate) a vacuum+medium parton cascade with 
the ‘time’ in which the medium evolves (vacuum parton cascades not formulated in ‘time’).

Note: jet quenching may not be the only observable (quarkonium?).
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● Since the beginning (nucl-th/0012092) RAA has been related with high-pT v2 which is taken as a 
consequence of energy loss:

x

y
dN
dϕ

= C(1 + v2 cos 2ϕ)

⟹ v2 =
dN/dϕ(ϕ = 0) − dN/dϕ(ϕ = π/2)
dN/dϕ(ϕ = 0) + dN/dϕ(ϕ = π/2)
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● A standard setup (1606.04837, 1902.03231): NLO matrix elements, (n)PDFs, FFS

Quenching weights, Poissonian approximation

Single gluon spectrum, multiple soft scattering (HO) approximation

P(ΔE/ωeff
c , Reff) See the talk by 

Adhya.
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● Medium modified fragmentation:

N = 2π∫ dx0dy0w(x0, y0)Production probability

MM FFs

● Interface with the medium:
Ideal or viscous 
(EbE) hydro 
starting at τ0● Before hydrodynamisation:

x

y

x0, y0
ξ

̂q(ξ)

τ0 ξ
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● High-pT azimuthal Fourier coefficients 
(1602.03788):

● Strategy: fit  to describe  and then vary  to describe , using EbE viscous hydro 
(1505.02677).

K RAA τq = τ0 v2
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● Result checked for different centralities, and 
against variations in T versus  as variable to use at 
the early stages, FFs, single gluon spectrum (single 
opacity versus multiple soft scattering), temperature 
for stopping hydro (hadronic phase).

● Same result found in very different frameworks 
where quenching is implicitly started at the same 
time as hydrodynamics: quenching seems to be small 
for early times.

● May suggest an explanation for the lack of 
quenching in small systems, to be checked by other 
observables sensitive to times, but it begs a 
theoretical motivation.

τ

x

y
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● Idea (1711.03105): EW decays provide time scales that can be controlled by the boost of the 
top (available for large energies or lighter ions), and energy loss will reflect in the reconstructed 
properties (mass of the W in this case) compared to pp. Determination of properties of the 
medium at different time scales.

⟨τtot⟩ = γt,topτtop + γt,WτW + τd
τd = ( 12

̂qθ2
qq̄ )

1/3
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● Controlling the boost of the top we become sensitive to smaller times: when does medium-
induced energy loss start to be effective?
● Is it possible to do something with other observables? Jets if we understand the space-time 
picture of a parton cascade (that anyway we need for consistently considering vacuum+medium)?
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● Vacuum showers are not usually formulated in formation times, but in DLA 

 give the same accuracyτf =
2z(1 − z)E

k2
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⊥, M2 =

k2
⊥

2z(1 − z)
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pa = (zE, ⃗p a), p2
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with decreasing z and decreasing angles, virtualities or transverse momentum, or increasing 
formation times, in factorised successive emissions that yield a Markovian process.
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● Equivalence between the different evolution variables is broken beyond DLA (as simply as by 
different limits of the evolution or changing from Minkowski to light-cone), as the ordering itself.
● In-medium pictures are based on formation time=medium time (and DLA reasoning):

Talk by Caucal

τf = (ωθ2)−1, τd = ( 1
̂qθ2 )

1/3

τf = L

τf = ⟨τmed
f ⟩ =

ω
̂q

τd(θc) = L

⟨τmed
f ⟩(ωc) = L

τf
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● In order to correctly interface a vacuum shower with the medium, we need the shower 
formulated in (or translated to) times.

● To be sensitive to different times, we need to be able to reconstruct the shower in formation 
times, using some algorithm e.g. JADE

yij =
2EiEj(1 − cos θij)

E2
=

1
EτfTalk by Apolinario

 algorithm: τ p = 0.5, dij ≈ p⊥iθ2 ≃
1
τf
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● We need to understand of quenching effects in the phases described by Glasma (overoccupied 
phase) and by partonic transport (dilute phase).
● These phases may dominate the dynamics for small systems!!!
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● Glasma: lattice solution of YM (2009.14206) in Wong’s equations, getting a larger broadening 
along the longitudinal direction.



The early stages:
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● Glasma: Fokker-Plank 
equation with collision terms 
given by a proper time 
expansion  of the 
solution of  YM (talk by 
Czajka).

𝒪(τ5)

τ4

τ5

Qs = 2 GeV, m = 0.2 GeV

● Non-equilibrium phase: 
quark travelling through a 
medium with quarks and 
gluon quasi particles emitting 
soft gluons (HTL) with 
anisotropic collision kernel 
(talk by Hauksson).
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● Early time dynamics (before hydrodynamisation) is the largest unknown in our standard 
picture of heavy ion collisions and directly links with the small system problem:

➜ It seems to have a substantial impact on some jet 
quenching observables (RAA-v2) → look for further 
observables.
➜ Observables with delay (e.g. tops) or formation times 
(quarkonium?) may provide a handle.
➜ Jets are observables with many scales (momentum 
and time), could we use them? (talk by Apolinario)

● Theoretical efforts are ongoing to understand the effect of the initial dynamics (Glasma, the 
non-equilibrium phase) on energetic partons:  increasing or decreasing with time?
● Time scales underlie all our understanding of the medium-modification of the QCD parton 
shower → extend to vacuum in order to get a consistent picture of both vacuum+medium 
shower. (talks by Caucal and Ontoso)

̂q
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Thank you very much to the organisers for their invitation and you all for your attention!


