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arXiv: 2308.05743

Why jets? Jet quenching is one of the key signatures of QGP
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Jets “lose” (redistribute) energy  
when going through the QGP

pjet
T

dσ jet
pp

dσ jet
AA

ΔpT

✤ Jets are produced early in the collision ( )  

✤ Jets are extended in time and evolve simultaneously 
with the QGP.  

✤ Jets carry imprints of medium interactions (energy loss, 
substructure modifications, medium response, etc).

τ ∼
1
pT

https://arxiv.org/pdf/2308.05743
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Why jet substructure?
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How jets redistribute energy  
when going through the QGP?

Jets “lose” (redistribute) energy  
when going through the QGP

Probe the inner-
working of QGP

Treating jets as complex many-particle 
object with internal structure

‣ Interactions with QGP are imprinted in the jet 

structure via 
✤Medium-induced splittings 

✤Multiple collisions with the medium 

✤Medium response 

✤Hadronization in the medium 

‣ Jet substructure: provides a controlled to 

access modifications from perturbative 

splittings to non-perturbative effects.
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Jet substructure: Angular scale  of the first hard splittingrg
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Energy loss bias (Selection bias): Wider jets are more 
suppressed  ➜ Enriched narrower jets in a fixed pT range 
in AA compared to pp

broad angular structures are more suppressed in PbPb collisions

ATLAS:2111.11470

https://arxiv.org/abs/2211.11470
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Energy-Energy Correlators

5Lin Li (CCNU)

Figure from Arjun Kudinoor (quark matter 2025)

Energy-energy correlators (EEC) have recently emerged 

as excellent jet substructure observables for studying 

the jet shower.

Figure from Preeti Dhankher(QNP 2024)

EEC(RL) =
1

Njet ∑
i1,i2∈jet

∫ dRL
pi1

T pi2
T

p2
T,jet

(RL − ΔR̂L)

Energy weight

https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.icc.ub.edu/event/180/contributions/2581/attachments/1345/2685/Elucidating%20QCD%20using%20energy-energy%20correlator%20measurement%20at%20RHIC%20and%20LHC.pdf
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Why do we study energy-energy correlator?
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➢Large angle scaling:      , perturbative, hard scattering 

➢Transition angle region:  , non-perturbative, transition 

➢Small angle:                  , uncorrelated Paris, but sensitive to hadronization

d∑EEC

dθ
∼

1
θ

d∑EEC

dθ

d∑EEC

dθ
∼ θ

Wenqing Fan (Quark Matter 2025)
Hadron physics 

Perturbative

ALICE:2409.12687v2

https://indico.cern.ch/event/1334113/contributions/6209730/attachments/3049653/5389738/QM_2025_wenqing_04102025.pdf
https://arxiv.org/pdf/2409.12687
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Universal transition behavior
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EECs distribution in different jet pT aligns around 2.4 GeV/c  
→ Universal scaling behavior !

Scaling angle  by jet   and 
normalizing the y-scale.

RL pT

ΛQCD ∼ pT,jetRL
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Carlota Andres.el PRL 130, 262301 

zhong.Y PRL 132 (2024) 1, 011901

EEC of single jet in Pb+Pb collisions at CMS
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➢ Large angle: 
       Medium response 
       Medium-induced radiation

CMS,arXiv:2503.19993

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.262301
https://arxiv.org/abs/2503.19993
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CMS,arXiv:2503.19993

EEC of single jet in Pb+Pb collisions at CMS
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➢  Small angle: 
๏ Jet pT selection bias 

๏  Flavor dependence of jet

Initial Final

pAA
T,jetpAA

T,jet

ppp
T,jet ppp

T,jet

Energy loss

No interaction

> =

https://arxiv.org/abs/2503.19993
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Vacuum shower Medium-induced shower

What else can EEC tell about parton shower in the medium?
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Use EEC to probe the impact of the transition scale  
between vacuum and medium-induced showers.

Q0

A major uncertainty in our understanding of 
shower development in heavy-ion collisions.
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Our tool to study jet in medium: the LIDO Model
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● PYTHIA8: Initial jet production and Vacuum 
shower evolution 

● LIDO: In-medium transport (Partons 
decouple below  ) 

● PYTHIA8: Vacuum shower + 
fragmentation. 

● 2+1D Hydrodynamics:  QGP background 
evolution 

𝑇 <  𝑇𝑓

Framework Components

PRC 100(2019)064911

PYTHIA8 
Vacuum shower 

𝑄h𝑎𝑟𝑑 → 𝑄0

LIDO Transport 
Parton-Medium 

Interactions 
∼  𝑄0

PYTHIA8 
Final Shower + 
Hadronization 
    GeV𝑄0 → 𝑄𝐻 ∼ 0.5

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064911
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The semiclassical transport equation for hard partons ( ) in the incoherent limit is: 

➢Diffusion term:  

➢Large-momenta-transfer elastic collisions:  

➢Diffusion-induced parton splitting/merging:  

➢Large-momenta-transfer inelastic collisions:  

➢ ,  is a parameter

     

𝑝 ⋅ 𝑢 > 𝐸𝑚𝑖𝑛

𝐷[𝑓]
𝐶2→2[𝑓]

𝐶1→2[𝑓]

𝐶2→3[𝑓]

𝐸𝑚𝑖𝑛 =  𝜃𝑇 𝜃 
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LIDO modeling: 1. hard parton transport
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PRC 82 (2010) 064902 
PRC 58 (1998) 1706

LPM coherence is implemented in real-time simulation —>

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.064902
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.58.1706
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LIDO modeling: 2. temperature-dependent running coupling
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☺The strong coupling αₛ(Q, T) ceases to run for 

momentum transfers below the thermal scale:
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LIDO modeling: 3. a simplified medium linear response model
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● Energy-momentum deposition to soft sector: 

● Ideal-hydro response in real space (no transverse flow) 

● Freeze-out to massless particles under a radial 
transverse flow  corrects the momentum density 
in plane.

𝑣⊥ ⇒  
𝜂 − 𝜑 
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Jet definition in LIDO with medium response
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● Uncorrelated medium background are assumed to 
be perfectly subtracted.

● Jets (anti- ) are reconstructed from energy bins 
, defined by

𝐾𝑇
𝐸𝑇,𝑖𝑗
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0. EEC in pp baseline: Theory vs. CMS Data

16



Lin Li (CCNU) EEC as a Probe of the Vacuum–Medium Transition in Jet ShowersLin Li (CCNU)

1. Sensitivity of EEC and Jet  to the Jet-Medium Coupling cutoff 𝑅𝐴𝐴 𝐶𝑀
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 is more sensitive to  than EECRAA αs

increasing ⇒ decreasing jet-medium 
coupling at T ⇒ less suppression

𝐶𝑀
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1. Sensitivity of EEC and Jet  to the Jet-Medium Coupling cutoff 𝑅𝐴𝐴 𝐶𝑀

18Lin Li (CCNU)

pjet
T

dσ jet
pp

dσ jet
AA

ΔpT

Jet nuclear modification factor:  
 

Energy-energy correlator:

RAA(pT) =
1

Ncoll

dNAA/dpT

dNpp/dpT

EEC(RL) =
1

Njet ∑
i1,i2∈jet

∫ dRL
pi1

T pi2
T

p2
T,jet

(RL − ΔR̂L)

➢ : Governed by total energy loss → Strongly 

affected by soft interactions → Stronger sensitivity  

➢EEC: Probes relative angular structure in jets → 
Normalized & energy-weighted → weak sensitivity

𝑹𝑨𝑨
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2. Parameter sensitivity: transition scale Q0
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 modulates jet quenching magnitude with 
a weaker dependence
𝑄0 

Q0

αs
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2. Sensitivity of EEC to the Vacuum–Medium Transition Scale 𝑄0
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 (Scale separating vacuum & medium shower) : fewer partons in the 

shower, interacting earlier with the medium.

𝑄0

➢ Small angles: Larger  → 
stronger enhancement. 

➢ Large angles: Smaller  → 
steeper slope.  

➢ Intermediate angles: Curves for 
different  intersect near a 
common point.  

𝑄0

𝑄0

𝑄0
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2. Sensitivity of EEC to the Vacuum–Medium Transition Scale 𝑄0
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✤ At large angles, a smaller  leads to more shower 
particles, resulting in stronger medium-induced 
radiation. 

✤ At small angles, a smaller  leads to a richer 
vacuum shower reduces the quark-gluon energy-loss 
difference thereby suppressing their selection bias.

𝑄0

𝑄0
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3. Effect of medium response in EEC
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● Medium particles generated from 
transverse momentum density: 

                   

     via energy-tower method 

● EEC include: 
① Hard particle – Hard particle correlations 

② Medium response – Hard particle 
correlations 

③ Medium response – Medium response 
correlations.

𝑑𝑝𝑇

𝑑𝜂𝑑𝜑
Δ𝜂Δ𝜑
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Systematic predictions from large to small systems

23



Lin Li (CCNU) EEC as a Probe of the Vacuum–Medium Transition in Jet ShowersLin Li (CCNU)

EEC from large to small systems: Pb-Pb,  O-O and p-Pb

24

➢ O--O : Similar 
structure but smaller 
magnitude than Pb-
Pb.    

➢ p--Pb : Even smaller 
than O-O 

  The shape of the 
EEC ratio is the similar 
across systems, with 
only an overall change 
in magnitude.

⇒
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Pb-Pb, p-Pb, O-O EEC: vs. Experiment
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Summary

➢The EEC is a sensitive probe of the vacuum–medium transition scale . 

➢ A smaller   suppresses small-angle enhancement and enhances 
large-angle medium-induced correlations. 

➢The EEC modification shows a similar trend across Pb–Pb, p–Pb, and O–
O systems, with only an overall change in magnitude. 

➢Our model describes CMS and ALICE data at high  ​ and provides 
predictions for O–O collisions

𝑄0

𝑄0

𝑝𝑇


