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3D structure of jet-induced diffusion 
wake in high-energy heavy-ion collisions



Jets, bullets, bow waves & Mach cones
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Jets  and Mach cones in heavy-ion collisions
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Jet 1

Jet 2

Multiple scattering
Transverse momentum broadening 

Parton energy loss
Jet suppression 

Medium response
Mach-cone excitation



Jet-induced medium excitation
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Jet induced Mach-cone in QGP 

Diffusion wake

Casalderrey-Solana, Shuryak & Teaney (2005), Stoecker (2005) 

Betz, Noronha, Giorgio, Gyulassy, 
Mishudtin, Rischke (2009) 

Li Yan, S. Jeon, C. Gale (2018)

Hydrodynamic approach

energy-momentum
deposited by jet



Mach cone from linear hydro response

5

Qin, Majumder,  Song & Heinz (2008) ( 0903.2255)

Casalderrey-Solana, Shuryak & Teaney (2004) (hep-ph/0411315)

R. B. Neufeld and B. Mu ̈ller (2009) (0902.2950)

cs
2
→ EOS →Mach-cone angle

h → shock-wave width



Status of searching for Mach-cone

• No sign of the signature of Mach-cone

• False signature: v3 – anisotropic flow

• Lack of more realistic simulations of jet propagation in 
heavy-ion collisions 
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Microscopic picture of Mach wave

He, Luo, Zhu & XNW, PRC 91 (2015) 054908

LBT: Linear Boltzmann Transport

• pQCD elastic and radiative
processes (high-twist)

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

• CLVisc 3+1D  hydro bulk evolution

Induced radiation



LBT: Jet-induced medium response

He, Luo, XNW & Zhu, PRC91 (2015) 054908 

Energy distr. of medium response to an energetic parton in a static medium



CoLBT-hydro
(Coupled Linear Boltzmann Transport hydro)
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• LBT for energetic partons (jet shower and recoil)
• Hydrodynamic model for bulk and soft partons: CLVisc
• Parton coalescence (thermal-shower)+ jet fragmentation
• Hadron cascade using UrQMD

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

Concurrent and coupled evolution of bulk medium and jet showers



Z/g-jet: probing QGP
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Jet suppression, energy loss & medium response
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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

• Medium response reduce jet net energy 
loss

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



Energy loss in g/Z-jet at LHC 
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Luo, Cao, He & XNW, arXiv:1803.06785Zhang, Luo, XNW, Zhang, arXiv:1804.11041

Suppression of leading and multiple jets



Medium modification of g-jets
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Luo, Cao, He & XNW, arXiv:1803.06785

With recoil

w/o recoil

Chen, Cao, Luo, Pang & XNW, 2005.09678

Enhancement of soft hadrons 
in large angles 



Medium response & soft gluon radiation
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Medium response: 

Medium-induced gluon radiation:

Formation time:

Mean-free-path
limits the formation time

Jet is not a classical projectile: It radiates during propagation 



Signal of diffusion wake (DFW)
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Chen, Cao, Luo, Pang, XNW,
PLB777(2018)86

Depletion of the background
In the g direction 



Z-hadron correlation: MPI & medium response
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enhancement
and broadening
of the jet peak

enhancement
of the away-side
MPI background

Chen, Yang, He, Ke, Pang and XNW, 2101.05422



3D structure of diffusion wake
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y

h



3D structure of diffusion wake
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Jet-hadron correlation in g/jet events



Double peak structure in h
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|Df|>p/2

DF-wakeMPIJet-distr



Diffusion wake and EoS
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pT=1-2 GeV/c

Hardening of spectra → reduction of soft hadron yield & DFW valley
Larger Mach cone angle → shallower DFW valley

（hydro models with different EoS are adjusted to give the same dNch/dh)



Diffusion wake and viscosity
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h/s hardens hadron spectra→ reduction of soft hadron yield

Negative longitudinal shear correction → slows down longitudinal expansion → deepen DFW valley

Diffusion wake and viscosity
（hydro models with different h/s are adjusted to give the same dNch/dh)



Initial position & azimuthal correlation
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DF

g-hadron correlation

W Chen & XNW (2018)

Li, Liu, Ma, XNW and Zhu, Phys. Rev. Lett. 
106, 012301 (2011)

Tachibana, Shen & Majumder 2001.08321 (2020)

https://arxiv.org/abs/2001.08321


Jet trajectories & Mach cone shapes
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pT
g=200-250 GeV/c, pT

jet>100 GeV/c in 0-10% Pb+Pb @ 5.02 TeV



Longitudinal jet tomography
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Zhang, Owens, Wang and XNW, Phys. Rev. Lett. 103, 032302 (2009)

length dependence
of parton energy loss

g-jet asymmetry xgjet=pT
jet/pT

g

Can be used to select 
propagation length <L>



g/jet asymmetry and diffusion wake
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pT=1-2 GeV/c

Larger g/jet asymmetry →more energy loss
→ long propagation length → larger diffusion wake



Transverse gradient tomography
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He, Pang & XNW, Phys Rev Lett 125 (2020) 12, 122301
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Deep learning assisted jet tomography
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Yang, He, Chen, Ke, Pang 
and XNW, 2206.02393

DL network selection

Actual distribution  

g-soft hadron correlation

pT
g=200-250 GeV/c, pT

jet>100 GeV/c, pT
h=1-2 GeV/c in 0-10% Pb+Pb @ 5.02 TeV

https://arxiv.org/abs/2206.02393


Enhanced DFW signal with ML jet tomography
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pT
g=200-250 GeV/c, pT

jet>100 GeV/c, pT
h=1-2 GeV/c in 0-10% Pb+Pb @ 5.02 TeV



Summary & future perspective

• Medium response leads to

– enhancement of soft hadrons in jet direction

– depletion of soft hadron on the away side

• Unique 3D structure of diffusion wake

• Use 2D jet tomography to reveal the angular 
structure of Mach-cone excitation

• Future studies: ML improved 2D tomography 
and constraint on EoS, transport coefficients
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Parton propagation in QCD medium

p k

q

l

medium TMD gluon distr.

Formation time of the gluon emission

Zhang & XNW (2021)

GLV

1/lq



Parton energy loss and jet transport
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(High-twist approach)

Jet transport coefficient:

pQCD (BDMPS’96)

AdS/CFT (Liu,Rajagopal &Wideman’06) 

lattice QCD (Majumder’12) 

Elastic energy loss



Jet Quenching phenomena at RHIC & LHC

Pedestal&flow 
subtracted

STAR Preliminary
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Jet Quenching at RHIC & LHC
JET Collaboration: 
e-Print: 1312.5003

e-Print: 2203.16352

Apolinario, Lee & WinnXie, Ke, Zhang & XNW (2022)

e-Print: 2206.01340

Uncertainties reduced by IF Bayesian 



Jet energy, medium response and background

36

Jet energy as defined in the jet reconstruction algorithm with a jet cone R
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



MPI: Multiple parton interaction
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Multiple jet production in pp:

Probability of multiple jets (pT>p0) with at least one jet with pT> pT
trig

Enhanced multiple minijet 
Production in triggered jet events
→ Azimuthal uncorrelated  background from MPI

XNW & Gyulassy (1991)

Trigger jet

MPI mini-jets



MPI subtraction in Z-hadron correlation
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Mixed event subtraction



Jet Quenching phenomena at RHIC

Pedestal&flow 
subtracted

STAR Preliminary



Hadron spectra from low to high pT
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Solving RAA-v2 puzzle
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Asymmetric-diffusion in nonuniform medium
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Boltzmann equation under approximation 
of small angle elastic scattering, no drag: 

px

x

He, Pang & XNW, PRL 125 (2020) 12, 122301

Momentum asymmetry:

y

x

Deflection due
to transverse 
gradient along y

g jet



Enhancing the diffusion wake
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Chen, Yang, He, Ke, Pang and XNW,  Phys. Rev. Lett. 127 (2021) 8, 082301


