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QCD: Theory for strong interaction

• SU(3) gauge symmetry (non-Abelian)
• Asymptotic freedom at short distance
• Confinement at long distance

• Chiral symmetry and its spontaneous 
breaking

• Goldstone boson and chiral condensate

• Scale and UA(1) anomaly
• …. 
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Phase structure of QCD Matter



EOS from lattice QCD
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QGP in heavy-ion collisions

nucleus quark-gluon plasma (QGP)

High T, µ

De-confinementconfinement
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LHCRHIC



Properties of QGP in A+A Collisions 

Dynamic System:

§Hard probes: Medium response to strong interaction

Jet quenching

§ EM emission: Medium response 
to EM interaction

g production, J/Y suppression

§Soft probes:  Bulk properties of medium
collective flow



Jets in high-energy collisions
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S Bethke J. Phys. G26 (2000) R27

--tools for studying QCD and new discoveries 

• Uncorrelated jet model for hadron production: De Groot and Ruijgrok (1971)
• Asymptotic freedom of QCD: Gross & Wilczek, Politzer (1973)
• Partons in QCD: Ellis, Gaillard & Ross (1976), Georgi & Machacek (1977)
• Jets in QCD: Sterman & Weinberg (1977)



Jets  in heavy-ion collisions
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Jet 1

Jet 2

Multiple scattering
Transverse momentum broadening 

Parton energy loss
Jet suppression 



Hard and soft probes
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Pb-Pb

pp reference

soft probes hard probes



EM Radiation: Single scattering
EM field carried by a fast charge particle before and after scattering

v

Initial rad.

Final rad.

EM Radiation by scattering:
Interference between initial
and final state radiation
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EM Radiation: multiple scattering

EM current of a charged through a scattering

Lorentz Invariant form:

Classical radiation of a 
point charge (Jackson, p671)
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Two Limits: (In)coherent radiation

single coherent scatteringCoherent Limit:

Incoherent Bethe Heitler Limit:

Photon formation time:

exp[ik · (xi � xj)] = exp[i�xij/⌧f ]
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LPM Interference

# of scattering for a 
coherent radiationNcoh

Effective spectra

NcohNcoh Ncoh
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Radiation in QCD: Colors Makes the Difference

QCD: gluons carry color: interference incomplete
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Gluon multiple scattering (BDMP’96)
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Parton propagation in nuclear medium
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Parton energy loss and jet transport
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Extract jet transport coefficient from parton energy loss

(High-twist approach)

Jet transport coefficient:
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Jet tomography via leading hadrons
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Parton energy loss leads to suppression of leading hadrons  

jet parton

Energy loss distribution or medium induced splitting function

Modified frag function & hadron spectra:
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Jet Quenching phenomena at RHIC

Pedestal&flow 
subtracted

STAR Preliminary



Jet quenching phenomenology
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Jet transport coefficient
JET Collaboration: arXiv:1312.5003

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

RHIC
LHC



Dijet asymmetry at LHC

21

AJ =
ET1 � ET2

ET1 + ET2



Jet energy and background subtraction

22

Jet energy as defined in the jet reconstruction algorithm
Uncorrelated background should be subtracted 
Jet-induced medium response is correlated with jet: not background
Some of the energy lost by leading partons remain inside jet-cone



Mach-cone of medium excitation
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Chesler and Yaffe (0712.0050) Nuefeld, Muller and Ruppert
0802.2254)

Casalderrey-Solana, Shuryak; Stoecker, 2005



LBT: Linear Boltzmann Transport

Li, Liu, Ma, XNW and Zhu, PRL 106 （2010） 012301
XNW and Zhu, PRL 111 (2013) 062301; He, Luo, XNW & Zhu, PRC91 (2015) 054908; 

Induced radiation

• pQCD elastic and radiative
processes (high-twist)

• Transport of medium recoil 
partons ( and back-reaction)

• CLVisc 3+1D  hydro bulk evolution

jet parton

recoil partonBack-reaction
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CoLBT-hydro
(Coupled Linear Boltzmann Transport hydro)
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@µT
µ⌫(x) = j⌫(x)

p · @f(p) = �C(p) (p · u > p0cut)
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X

i

p⌫i �
(4)(x� xi)✓(p

0
cut � p · u)

• LBT for energetic partons (jet shower and recoil)
• Hydrodynamic model for bulk and soft partons: CLVisc

CLVisc: (3+1)D viscous hydro parallelized on GPU using OpenCL

Chen, Cao, Luo, Pang & XNW, PLB777(2018)86



g-jet propagation within CoLBT-hydro
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Jet energy loss and g(Z0)-jet asymmetry

27

Luo, Cao, He & XNW, PLB782(18)707
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Medium response reduces jet energy loss
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Recoil partons within the jet
cone reduce the net jet energy 
loss –change pt dependence

Diffusion wake (backreaction)
reduces the thermal
background, if taken into
account, increase the net jet
Energy loss with given cone-
size

Depend on jet cone-size R
Sensitive to radial flow

He, Cao, Chen, Luo, Pang & XNW 1809.02525 



Energy and pT dependence
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Weak  pT dependence: initial jet spectra and pT dependence of energy loss DE
Week energy dependence:  increase of jet energy loss and the slope of initial spectra

preliminary

He, Cao, Chen, Luo, Pang & XNW 1809.02525 



Single jet anisotropy
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Df2=fjet-Y2
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Correlation btw jet and bulk anisotropy 
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Medium response in gamma-jet profile
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Luo, Cao, He & XNW, arXiv:1803.06785

Enhancement of jet shape at larger r

With recoil

w/o recoil

r

⇢(r) =
1

ET

dET

dr
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Medium response in jet frag func
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Jet tomography of nuclei at EIC
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nuclear modification of dijet at EIC
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Summary
• Jet quenching has been used successfully to 

study properties of QGP
• Extraction of jet transport coefficient
• Jet suppression is influenced by many 

competing efforts
– Parton energy loss & medium response
– Medium response leads to modification of jet 

shape, jet frag function
• Jet quenching and modification of dijet can 

provide information about nuclear TMD parton
distributions
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