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Outline

• Jets and QGP

• Quenching and energy loss


• Jet substructure

• Observables and techniques
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A spacetime picture of heavy ion collision with jets
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A spacetime picture of heavy ion collision with jets
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A spacetime picture of heavy ion collision with jets
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Path-length dependence
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Quantum Chromodynamics (QCD)
Color confinement

The coupling is large at low energy and small at high energy

Particle Data Group

Gross, Wilczek, Politzer
asymptotic freedom (1973)
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Nonperturbative

Lattice simulation
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Jets are manifestation of underlying partons

3-jet event confirming the existence of gluon

Quark？

Quark？

Gluon？

DESY (1979)
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Soft and collinear emissions in jets
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Color coherence
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Jet-medium interactions

Jet

Medium

Momentum 
transfer

• Color charge distribution

• Quasi-particles/recoil

• Background field

• QCD at finite temperature

• Hydrodynamic fluid

• Strongly-coupled liquid

• Color strings/tubes
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In-medium parton evolution
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Color decoherence
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Medium response and diffusion wake
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Monte Carlo implementations 
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Jets are defined by jet algorithms



26

Jets are defined by jet algorithms
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Outcome of jet algorithms
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Hadron and jet cross section
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Energy loss and quenching
ΔE
Δx

RAA=
Cross section in AA

Cross section in pp
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Dijet and boson+jet
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Jet radius dependence of jet quenching
jet

jet

Constrain models with detailed jet 
(substructure) measurements
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Why jet substructure? The devil is in the detail

ππ
π

π
K

K

π

Out-of-jet radiation

Non-global correlation

Jet algorithm

Background

Jet substructure is everything beyond 

jet kinematics, to quantify 


particle distributions around 

dominant energy flows

Recoil

Subjet

Neighboring jets
ATLAS, PLB 751 (2015) 376-395

Small-R jet cross section, Out-of-jet energy profile 

Salam et al, JHEP 04 (2015) 039

Kang et al, JHEP 10 (2016) 125

Salam et al, PLB 512 (2001) 323-330

Jet

Details of RAA, XJ, XJγ, AJ 

depend on jet substructure 



Jet substructure are multi-scale probes 
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Jet substructure: jet shape
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Jet grooming
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Soft-drop
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Jet radial energy profile

jet

photon

r

ρ = energy fraction 

within the ring

Energy transported away and 

gluon jet fraction decreases

CMS, Phys. Lett. B 730 (2014) 243

PRL 122, 152001 (2019)

jet

jet
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Subjet longitudinal energy profile

jet

jet

zg = momentum 

fraction of soft subjet gz
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Subjet angular distribution
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Energy-energy correlator
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Thank you and enjoy new 
results at HP2024

• Jet substructure in heavy ion is a fast developing field

• Sensitivity and precision in theory and experiment are both 

challenge and opportunity

• Average jet energy distributions (jet shape and fragmentation 

function) more established

• Explored jet-by-jet substructure fluctuations (zg, rg, mass, etc)

• Energy-energy correlator brings new excitement of probing 

medium scales

• See the necessity of the synergy between soft and hard probes: 

“omni-probe”?
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Tsung-Dao Lee
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James Bjorken
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In memory of two great physicists


