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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

Mul8ple sca9ering
Transverse momentum broadening 

Parton energy loss
Jet suppression 

Medium response
Mach-cone excita7on



Jet-induced medium excitaAon
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Jet induced Mach-cone in QGP 
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v = p/E > cs

Diffusion wake

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

Betz, Noronha, Giorgio, Gyulassy, 
Mishud6n, Rischke (2009) Li Yan, S. Jeon, C. Gale (2018)

Hydrodynamic approach
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@µT
µ⌫ = J⌫
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J⌫ : energy-momentum
deposited by jet



Mach cone from linear hydro response
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Qin, Majumder,  Song & Heinz (2008) ( 0903.2255)
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Tµ⌫ ! Tµ⌫
0 + �Tµ⌫
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Casalderrey-Solana, Shuryak & Teaney (2004) (hep-ph/0411315)
R. B. Neufeld and B. Mu l̈ler (2009) (0902.2950)
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�s =
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3(✏0 + p0)
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2 à EOS à Mach-cone angle

h à 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 realis7c simula7ons of jet propaga7on in 

heavy-ion collisions 
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Microscopic picture of Mach wave

p1 · @f1 = �
Z

dp2dp3dp4(f1f2 � f3f4)|M12!34|2(2⇡)4�4(
X

i

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

jet parto
n recoil p

arto
n

Back-reacZon
(parZcle hole)

LBT: Linear Boltzmann Transport

• pQCD elas)c and radia)ve
processes (high-twist)

• Transport of medium recoil 
partons ( and back-reac)on)

• CLVisc 3+1D  hydro bulk evolu)on

Induced radia8on

dNg

dzd2k?dt
⇡ 2CA↵s

⇡k4?
P (z)q̂(p̂ · u) sin2 k2?(t� t0)

4z(1� z)E
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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
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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)

j⌫(x) =
X

i

p⌫i �
(4)(x� xi)✓(p

0
cut � p · u)

• LBT for energe8c partons (jet shower and recoil)
• Hydrodynamic model for bulk and soR partons: CLVisc
• Parton coalescence (thermal-shower)+ jet fragmenta8on
• Hadron cascade using UrQMD

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

Concurrent and coupled evolu8on 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: iniZal jet spectra and 
pT dependence of energy loss DE

• Week energy dependence:  increase of jet 
energy loss and the slope of iniZal 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 modificaAon 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 soR hadrons 
in large angles 

r



Medium response & soQ gluon radiaAon
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Medium response: 

Medium-induced gluon radia8on:
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⌧f =
2!

k2T
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k2T ⇡ ⌧f q̂
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⌧f ⇡
p

2!/q̂Forma8on 8me:

Mean-free-path
limits the forma8on 8me
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⌧f  � ⇠ 1/T
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q̂ ⇠ T 3
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! ⇡ �2q̂/2 ⇠ T
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�f(p) ⇠ e�p·u/T

Jet is not a classical projec7le: It radiates during propaga7on 



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

Deple.on of the background
In the g direc.on 



Z-hadron correlaAon: 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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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
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Diffusion wake and EoS
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hcsieosq > hcsis95p

pT=1-2 GeV/c

Hardening of spectra à reduc.on of soD hadron yield & DFW valley
Larger Mach cone angle à shallower DFW valley

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



Diffusion wake and viscosity

21

h/s hardens hadron spectraà reduc.on of soD hadron yield
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⇡⌘⌘ ⇡ �(⇡xx + ⇡yy)/⌧2
NegaZve longitudinal shear correcZon à slows down longitudinal expansion à deepen DFW valley

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



IniAal posiAon & azimuthal correlaAon
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DF

g-hadron correla8on

W Chen & XNW (2018)
Li, Liu, Ma, XNW and Zhu, Phys. Rev. Leh. 
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. Leh. 103, 032302 (2009)
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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 à more energy loss
à long propaga8on length à larger diffusion wake



Transverse gradient tomography

26

4− 2− 0 2 4
y (fm)

0.5−

0

0.5

Ey A
A~n

E?
=

R
d3rd3pfa(~p,~r)~pT · ~nR

d3rd3pfa(~p,~r)

<latexit sha1_base64="JxG6JogOvCBpggz//42pWRr5BoQ="></latexit>

(pT>3 GeV/c)

He, Pang & XNW, Phys Rev Lett 125 (2020) 12, 122301

y

x

drin due
to transverse 
gradient along y

g jet



Deep learning assisted jet tomography
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Yang, He, Chen, Ke, Pang 
and XNW, 2206.02393

DL network selecZon

Actual distribuZon  

g-son hadron correlaZon

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

28

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 so4 hadrons in jet direc7on
– deple7on of so4 hadron on the away side

• Unique 3D structure of diffusion wake
• Use 2D jet tomography to reveal the angular 

structure of Mach-cone excita7on
• Future studies: ML improved 2D tomography 

and constraint on EoS, transport coefficients

29
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Parton propagaAon in QCD medium
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q

l

medium TMD gluon distr.

FormaZon Zme of the gluon emission y�1 /⌧f

<latexit sha1_base64="1D1Xcyd71hYMI6JFMs3Pces4WCM=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwY0ykaLorunFZwT6giWEynbRDJ5MwDyGU/oYbF4q49Wfc+TdOX6DVAxcO59zLvfdEGaNSOc6XVVhZXVvfKG6WtrZ3dvfK+wctmWqBSROnLBWdCEnCKCdNRRUjnUwQlESMtKPhzcRvPxIhacrvVZ6RIEF9TmOKkTKSnz+che65r5AO47BccezaZc3zPOjazhTQWZCFUgFzNMLyp99LsU4IV5ghKbuuk6lghISimJFxydeSZAgPUZ90DeUoITIYTW8ewxOj9GCcClNcwan6c2KEEinzJDKdCVIDuexNxP+8rlaxF4woz7QiHM8WxZpBlcJJALBHBcGK5YYgLKi5FeIBEggrE1PJhOAuv/yXtC5st2rX7qqV+vU8jiI4AsfgFLjgCtTBLWiAJsAgA0/gBbxa2nq23qz3WWvBms8cgl+wPr4BfyeRXQ==</latexit>

⌧f

<latexit sha1_base64="9m8nlUpRd/VZldHl+iwnYRdjavE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgadmVoJtb0IvHCOYByRJmJ7PJmNmZZWZWCCH/4MWDIl79H2/+jZMXaLSgoajqprsrSjnTxvO+nNza+sbmVn67sLO7t39QPDxqaJkpQutEcqlaEdaUM0HrhhlOW6miOIk4bUbDm6nffKRKMynuzSilYYL7gsWMYGOlRsfgrBt3iyXPrVxWgiBAvuvNgLwlWSolWKDWLX52epJkCRWGcKx12/dSE46xMoxwOil0Mk1TTIa4T9uWCpxQHY5n107QmVV6KJbKljBopv6cGONE61ES2c4Em4Fe9abif147M3EQjplIM0MFmS+KM46MRNPXUY8pSgwfWYKJYvZWRAZYYWJsQAUbgr/68l/SuHD9slu5K5eq14s48nACp3AOPlxBFW6hBnUg8ABP8AKvjnSenTfnfd6acxYzx/ALzsc35dCPXg==</latexit>

Zhang & XNW (2021)
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Parton energy loss and jet transport
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(High-twist approach)

Jet transport coefficient:

q̂(y) =
4⇡2↵sCR

N2
c � 1

⇢(y)xG(x)|x⇡0

pQCD (BDMPS’96)

AdS/CFT (Liu,Rajagopal &Wideman’06) 

la^ce QCD (Majumder’12) 

ElasZc energy loss
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Jet Quenching phenomena at RHIC & LHC

Pedestal&flow 
subtracted

STAR Preliminary
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Jet Quenching at RHIC & LHC
JET Collabora.on: 
e-Print: 1312.5003

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

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

e-Print: 2203.16352

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

e-Print: 2206.01340

Uncertain.es reduced by IF Bayesian 



Jet energy, medium response and background

36

Jet energy as defined in the jet reconstruc8on 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: MulAple parton interacAon
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Mul8ple jet produc8on in pp:
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gj(b, pT ) =
[��(pT )T (b)]j

j!
e���(pT )T (b)

Probability of multiple jets (pT>p0) with at least one jet with pT> pT
trig
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⇡ j
�(ptrigT )

�(p0)
gj(b)

Enhanced mul8ple minijet 
Produc8on in triggered jet events
à Azimuthal uncorrelated  background from MPI

XNW & Gyulassy (1991)

Trigger jet

MPI mini-jets



MPI subtracAon in Z-hadron correlaAon
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Jet Quenching phenomena at RHIC

Pedestal&flow 
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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 equa8on under approxima8on 
of small angle elas8c sca9ering, no drag: 
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Enhancing the diffusion wake
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1 < phT < 2 GeV/c

Chen, Yang, He, Ke, Pang and XNW,  Phys. Rev. Le2. 127 (2021) 8, 082301


