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Diffusion wake that accompanies the jet-induced Mach cone provides a unique probe of the
properties of quark-gluon plasma in high-energy heavy-ion collisions. It can lead to a depletion
of soft hadrons in the opposite direction of the propagating jet. We explore the 3D structure
of the diffusion wake induced by 𝛾 triggered jets in Pb+Pb collisions at the LHC energy within
the coupled linear Boltzmann transport and hydro model. We find a valley structure caused by
the diffusion wake on top of the initial multiple parton interaction (MPI) ridge in rapidity and
azimuthal angle. This results in a double-peak structure in the rapidity distribution of soft hadrons
in the opposite direction of the jets as an unambiguous signal of the diffusion wake. We use a
two-Gaussian fitting method to extract the diffusion wake and MPI contributions to the double
peak. The diffusion wake valley is found to deepen with the jet energy loss as characterized by
the 𝛾-jet asymmetry. Its sensitivity to medium properties such as the equation of state and shear
viscosity is also studied.

HardProbes2023
26-31 March 2023
Aschaffenburg, Germany

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:yangzhong1994@mails.ccnu.edu.cn
mailto:xnwang@lbl.gov
https://pos.sissa.it/


P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
2
3
)
1
2
4

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

1. Introduction: The strongly coupled quark gluon plasma(QGP) can be formed in high-energy
heavy-ion collisions[1, 2]. Jets generated in the initial hard scattering will go through the QGP
medium and interact with it. Such interaction will lead to jet-induced medium response in the
form of Mach-cone-like excitation. Studying of jet-induced medium response can help us glean
properties of QGP such as the bulk transport properties and the equation of state(EoS).

The diffusion wake, an integral component of jet-induced Mach cone, can lead to the depletion
of soft hadrons in the final hadron spectra in the opposite direction of the propagating jet[3, 8–10].
It is an unambiguous signal of jet-induced medium response. However, this signal is challenging
to observe in both theoretical and experimental results due to the overwhelming contribution from
initial multiple parton interactions (MPI). To get this signal, we must perform a mixed-event MPI
subtraction to isolate its contribution, or alternatively, use 2D jet tomography to select events with
specific jet starting positions to amplify the signal of jet-induced diffusion wake[3].

Since the jet-induced Mach cone is a 3D object, the diffusion wake should also have an inter-
esting 3D structure in an expanding QGP in heavy-ion collisions. To study its 3D structure, We
will carry out the jet-hadron correlation in rapidity and azimuthal angle in 𝛾-jet events in Pb+Pb
collisions at LHC. We will show that a unique valley structure is formed in the opposite direction
of the 𝛾-triggered jet on top of a ridge from MPI due to the diffusion wake. Using a two-Gaussian
fit,we can extract the MPI ridge and the diffusion wake valley. Then We will study the sensitivity
of the diffusion wake valley to jet energy loss, EoS and shear viscosity.

2. The model setup: We use the CoLBT-hydro model to simulate 𝛾-jet propagation and jet-induced
medium response in Pb+Pb collisions at the LHC. CoLBT-hydro combines the linear Boltzmann
transport (LBT) model[4, 5] with the event-by-event (3+1)D CCNU-LBNL viscous (CLVisc) hy-
drodynamic model[6]. The initial configurations of 𝛾-jet are generated by the PYTHIA8. The
initial transverse position of 𝛾-jet and the initial energy density of CLVisc model are provided by
the Trento model. The propagation of jet parton and recoil parton in QGP is simulated by the
LBT model which is based on the Boltzmann equation. The CLVisc model is responsible for the
evolution of the bulk medium and soft partons in the CoLBT-hydro model. A combination of a
freeze-out temperature 𝑇 𝑓 =137 MeV and specific shear viscosity 𝜂/𝑠=0.15, along with the s95p
parameterization of lattice QCD EoS with a rapid crossover and the initial condition with a longitu-
dinal envelope at an initial time 𝜏0=0.6fm/c, is employed in the CLVisc to reproduce experimental
data on bulk hadron spectra and anisotropic flows at the LHC.

During each time step of the CoLBT-hydro simulation, we need to sort jet and recoil partons
according to a cut-off parameter 𝑝0

𝑐𝑢𝑡 , which is set to 2 GeV in this work. If parton’s energy in the
local rest frame is greater than 𝑝0

𝑐𝑢𝑡 , it will be classified as a hard parton and can still be described
by the LBT model. Conversely, if the energy is less than the cut-off parameter, it is considered to
be a soft parton. The soft partons and negative partons from the backreaction in the LBT model
will serve as source terms for the CLVisc model through Gaussian smearing.

𝐽𝜈 =
∑︁
𝑖

𝜃 (𝑝0
𝑐𝑢𝑡 − 𝑝𝑖 · 𝑢)𝑝𝜈

𝜏(2𝜋)3/2𝜎2
𝑟𝜎𝜂𝑠Δ𝜏

𝑒
− ( ®𝑥⊥− ®𝑥⊥𝑖 )2

2𝜎2
𝑟

− (𝜂𝑠−𝜂𝑠𝑖 )2

2𝜎2
𝜂𝑠 (1)

where 𝜎𝑟 and 𝜎𝜂𝑠 are Gaussian widths in transverse and longitudianl direction, respectively. We
take 𝜎𝑟=𝜎𝜂𝑠=0.3 fm in this work.
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The final hadron spectra of CoLBT-hydro model is contributed by two parts. One is the
hadronization of hard partons within a parton recombination model, the other is the jet-induced
hydro response via Cooper-Frye freeze-out after subtracting the background from the same hydro
event without the 𝛾-jet.

3. Results: We use the 𝛾-jet with the following kinetic cuts to study the 3D structure of diffusion
wake. 𝑝

jet
𝑇

> 30GeV/c,
��𝜂jet

�� < 1.6, 𝑝
𝛾

𝑇
> 60GeV/c, |𝜂𝛾 | < 1.44,

��Δ𝜙𝛾jet
�� > 7/8𝜋 and R=0.3.

Firstly, we plot in Fig. 1 the jet-hadron correlations in Δ𝜂 = 𝜂ℎ − 𝜂jet and Δ𝜙 = 𝜙ℎ − 𝜙jet for soft
hadrons in 𝑝T ∈ (0, 2) GeV/𝑐 in (a) p+p and (b) 0-10% central Pb+Pb collisions at √𝑠NN = 5.02
TeV. In p+p collisions, there is a peak along the jet direction, it is contributed by the hadrons from
the jet and MPI. In Pb+Pb collisions, this peak is clearly enhanced due to jet-induced medium
response and medium-induced gluon radiation. Meanwhile, in the opposite to the jet axis where
|Δ𝜙 | > 𝜋/2, a valley is formed on top of the MPI ridge due to the depletion of soft hadrons by
jet-induced diffusion wake. Therefore, we refer this as the diffusion wake (DF-wake) valley. We
think this valley in rapidity Δ𝜂 as a unique signal of the diffusion wake.
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Figure 1: CoLBT-hydro results on 𝛾-triggered jet-hadron correlation for soft hadrons (𝑝T = 0-2 GeV/𝑐) in
Δ𝜂 = 𝜂ℎ − 𝜂jet and Δ𝜙 = 𝜙ℎ − 𝜙jet in (a) p+p and (b) 0-10% Pb+Pb collisions at √𝑠NN = 5.02 TeV.

To have a detailed understanding of this DF-wake valley, we plot in Fig. 2(a) the jet-hadron
correlation as a function of rapidity Δ𝜂 in the region |Δ𝜙| > 𝜋/2. The purpose of doing this is
to reduce the interference of jet partons on this valley. We also plot jet-hadron correlation as a
function of Δ𝜙 in the region |Δ𝜂 | < 2.2 in Fig. 2(b). In p+p collisions, the Gaussian-like MPI ridge
in the rapidity distribution of the jet-hadron correlation comes from independent mini-jets in MPI.
In Pb+Pb collisions, these mini-jets are also quenched, leading to an enhancement of soft hadrons
and a suppression of high 𝑝𝑇 hadrons. The DF-wake valley on top of the MPI ridge gives rise to
a double peak feature in the rapidity distribution in Fig. 2(a) The deepest DF-wake valley occurs
in the direction opposite to the jet axis (|Δ𝜙| = 𝜋). As one moves toward the jet-axis in azimuthal
angle, the valley gradually gives away to the jet peak starting at around |Δ𝜙 | ≤ 𝜋/2 as seen in
Figs. 1(b) and 2(b).

To further extract the diffusion wake and MPI contributions to the double peak in the rapidity
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Figure 2: CoLBT-hydro results on 𝛾-triggered jet-hadron correlation (a) in Δ𝜂 within |Δ𝜙| > 𝜋/2 and (b)
in Δ𝜙 within |Δ𝜂 | < 2.2 for soft hadrons within 𝑝T = 0-2 GeV/𝑐 (red) and 𝑝T = 1-2 GeV/𝑐 range (blue) in
p+p (dashed) and 0-10% central Pb+Pb (solid) collisions at √𝑠NN = 5.02 TeV. The black dot-dashed line is
the 2-Gaussian fit using Eq. (2).

distribution of jet-hadron correlation in Pb+Pb collisions, we employ the two-Gaussian

𝐹 (Δ𝜂) =
∫ 𝜂 𝑗2

𝜂 𝑗1

𝑑𝜂 𝑗𝐹3(𝜂 𝑗) (𝐹2(Δ𝜂, 𝜂 𝑗) + 𝐹1(Δ𝜂)), (2)

to fit our result, where 𝐹1(Δ𝜂) = 𝐴1𝑒
−Δ𝜂2/𝜎2

1 is the Gaussian-like DF-wake valley, 𝐹2(Δ𝜂, 𝜂 𝑗) =
𝐴2𝑒

−(Δ𝜂+𝜂 𝑗 )2/𝜎2
2 is the Gaussian-like MPI ridge, 𝐹3(𝜂 𝑗) is the self-normalized Gaussian-like rapid-

ity distribution of 𝛾-triggered jets from CoLBT-hydro simulations, and 𝜂 𝑗1, 𝑗2 define the jet rapidity
range in the analysis. The dot-dashed line in Fig. 2(a) demonstrates the robustness of the 2-Gaussian
fit to the double peak structure.

With the two-Gaussian fitting method, we first study the relationship between the DF-wake
valley and jet energy loss. We use 𝛾-jet asymmetry 𝑥 𝑗𝛾 to select events with different jet energy
loss. Shown in Fig. 3 are the rapidity distributions of (a) the DF-wake valley and (b) MPI ridge from
the 2-Gaussian fit to the jet-hadron correlation in 0-10% central Pb+Pb collisions in |Δ𝜙 > |𝜋/2
for 𝑥 𝑗𝛾 < 0.6 (red solid), 𝑥 𝑗𝛾 ∈ (0.6, 1.0) (blue dashed) and 𝑥 𝑗𝛾 > 1 (black dot-dashed). In Fig. 3,
events with small 𝑥 𝑗𝛾 usually have a deeper DF-wake valley, as jet propagation length is longer
and energy loss is larger in these events. On the other hand, the MPI ridge has a very weak and
non-monotonic dependence on 𝑥 𝑗𝛾 due to the non-monotonic dependence of the propagation length
on 𝑥 𝑗𝛾 for minĳets from MPI.

We also check the sensitivity of the diffusion wake to medium properties such as shear viscosity
and EOS in this work. To study the sensitivity to the shear viscosity, we carry out CoLBT-hydro
simulations of the same 𝛾-jet events with two different values of 𝜂/𝑠 = 0.0 and 0.15 in CLVisc.
Fig. 4 are the corresponding rapidity distributions of the DF-wake valley(a) and MPI ridge(b) in the
opposite direction of the jet. We find that the DF-wake valley is slightly deeper and the MPI ridge
is smaller in viscous hydro. Because shear viscosity will increase the transverse flow velocity as
compared to the ideal hydro and thus increase the slope of hadron 𝑝𝑇 spectra. This will suppress
the MPI ridge and reduce the DF-wake valley of soft hadrons. Meanwhile, the negative shear
correction of the longitudinal pressure in the energy-momentum tensor will impede the longitudinal
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Figure 3: (a) Diffusion wake valley and (b) MPI ridge in 𝛾-triggered jet-hadron correlation in |Δ𝜙| > 𝜋/2
as a function of Δ𝜂 with different ranges of 𝑥 𝑗𝛾 = 𝑝

jet
T /𝑝𝛾T in 0-10% central Pb+Pb collisions at √𝑠NN = 5.02

TeV from CoLBT-hydro.
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Figure 4: The same as Fig. 3 except with different values of specific shear viscosity 𝜂/𝑠 in CoLBT-hydro.
Bands are numerical errors.

expansion. This will increase the MPI ridge and deepen the DF-wake valley in rapidity. These two
effects competes and results in the distinction between viscous and ideal hydro in Fig. 4.
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Figure 5: The same as Fig. 3 except with two different EoS: s95p (solid) and eosq (dashed) in CoLBT-hydro.

To check the sensitivity of the DF-wake valley to EoS, we consider an EoS (eosq) with a
first-order phase transition instead of the default EoS (s95p-v1) with a rapid crossover in CLVisc.
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According to the Fig. 5, we find the DF-wake valley is shallower and MPI ridge is smaller in the
case of EoS eosq as compared to s95p. These differences are caused by the effective sound velocity
which is higher in eosq than s95p EoS. Because a higher sound velocity leads to a larger Mach cone
angle and the DF-wake spreads between the Mach cone behind the wave front, therefore a shallower
DF-wake valley is formed. Meanwhile, a higher sound velocity will also result in a stronger radial
flow, which reduces the soft hadron yield from MPI and the DF-wake valley similarly to increasing
the shear viscosity.
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