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Parton	energy-loss	in	heavy-ion	collisions

• Partons interact	with	Quark	Gluon	
Plasma	(QGP) and lose energy.
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Jing Wang’s LHC seminar

https://indico.cern.ch/event/900973/


Jet-induced	recoil	effects	in	heavy-ion	collisions

• When energetic partons pass through
the QGP, recoil effects can be generated.
• the energy deposited could give rise to
a Mach cone accompanied by a
diffusion wake.
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Enhances soft hadrons
in the jet direction.

Depletes soft hadrons in
the opposite direction.

Jing Wang’s LHC seminar

https://indico.cern.ch/event/900973/
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• When energetic partons pass through
the QGP, recoil effects can be generated.
• the energy deposited could give rise to
a Mach cone accompanied by a
diffusion wake.
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Characterizing the medium response can provide information of QGP properties.
e.g. transport coefficients and equation of state

Jing Wang’s LHC seminar

Enhances soft hadrons
in the jet direction.

Depletes soft hadrons in
the opposite direction.

https://indico.cern.ch/event/900973/


γ-jet to	probe	parton	interactions
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Study parton-medium interactions	using	isolated	γ to	
constrain	the	initial	“unquenched”	parton	kinematics



Photon-Tagged	Jets	to	probe	parton	interactions	
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Kaya Tatar              QM '22 2

Parton-medium interactions - I
                   Constrain initial parton kinematics and flavor
                   Direct measure of parton-medium interactions

    via jet fragmentation functions (FF)

Parton shower modified :
More low-energy and less high-energy particles

PRL 121 242301 (2018)

PRL 123 042001 (2019)
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depletion enhancement
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Data favor models that include 
medium back reaction

Jing Wang’s LHC seminar

https://indico.cern.ch/event/900973/


Z-jet	measurements	for	stronger	constraints	on	recoil	effects	
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Z is not sensitive to strong interaction, and
“cleaner” than photons
No	Z	from	fragmentation/radiation/decay.	

Additional phenomena (e.g. multiple parton interaction)
might give rise to a uniform enhancement azimuthally.



Observables

• Angular correlation:

• Z-tagged FF:
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Parton-medium using Z+hadron - I

Z

1) Angular correlation :

Z+jet �+jet

Measure

This talk : Expand parton-medium interaction studies via correlations between 

Z bosons and charged particles

PLB 777 (2018) 86

Diffusion 

wake

�

jet

              vs

Pro  : No background process, i.e. no Z from fragmentation/radiation/decay

Con : Lower cross-section

                     But, large PbPb sample (1700 μb
-1
) collected in 2018

Δφ
trk,Z



Reconstruction and Selection

• Zà µ+µ-

• pTµ> 20 GeV
• |ηµ| < 2.4
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Z boson reconstruction - PbPb

Electron pairs Muon pairs
PRL 128 (2022) 122301

~ 5000 Z candidate events

PRL 128 (2022) 122301
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Z boson reconstruction - PbPb

Electron pairs Muon pairs
PRL 128 (2022) 122301

~ 5000 Z candidate events

Muon pair Electron pair

Very clean
channels !

• Zà e+e-
• pTe> 20 GeV
• |ηe | < 2.1

• 60 <MZ < 120 GeV	, pTZ> 30 GeV
• pTtrk> 1 GeV, |ηtrk | < 2.4



Background subtraction

Tracks from PbPb underlying events (UE)
• Subtract via event mixing.
• Estimate using Minimum-Biased (MB) events
matched with forward energy
EHF,MB= EHF – EHF,Z

• EHF,Z estimated from Z events in pp data.
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Background subtraction for tracks

Z+jet event

Z

Z

MB event

Raw tracks 

Background 
tracks

Background
subtracted

Background subtraction verified 
via Pythia+Hydjet simulation

PRL 128 (2022) 122301

S/B ≈ 1% S/B ≈ 5%

PRL 128 (2022) 122301



ξtrk,Z in	PbPb collisions	at	5.02	TeV

2023/9/5Pin-Chun Chou 10

PRL 128 (2022) 122301

Consistent with pp
in peripheral PbPb

Excess of low pT
particles in PbPb

Depletion of high pT particles in PbPb

Jing Wang’s LHC seminar

https://indico.cern.ch/event/900973/


Δφtrk,Z correlations	in	PbPb collisions	at	5.02	TeV
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Excess of particles 
with pT > 1 in central 
PbPb across Δφtrk,Z

PRL 128 (2022) 122301

Consistent with pp
in peripheral PbPb



Theory comparison: ξtrk,Z
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PRL 128 (2022) 122301

Models with wake (CoLBT and
Hybrid with wake) better
describe the data.



Theory comparison: Δφtrk,Z
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Models with wake (CoLBT and Hybrid with
wake) better describe the data.

PRL 128 (2022) 122301



Constraining MPI modeling in pp collisions

• Mediummodification of partons from the
initial multiple parton interaction (MPI)
might give rise to a uniform soft hadron
enhancement in Δφ.
• We need to constrain these effects to
observe the diffusion wake.
• Z eventsàmore central pp collisionsà
more MPI.
• MPI has been studied with underlying
events using Z events in pp data.

2023/9/5Pin-Chun Chou 14

JHEP 07 (2018) 032



Prospects	for	new	measurement: Δη
• A valley structure due to the diffusion-wake effect is predicted in
the Δηjet,trkwith low track pT region.

• Δηjet,trk or ΔηZ,trk may help us extract the diffusion wake effect and
the MPI ridge.

• Looking forward to Run3 data for more statistics.
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and azimuthal angle (ϕ). The summation is over all jets
within the kinematic cuts and over an annulus of width δr
with respect to the jet axis in the numerator and over the jet
cone R ¼ 0.3 in the denominator. Both CoLBT-hydro and
experimental data [59] show a significant broadening of the
jet shape toward the edge of the jet cone due to the jet-
induced medium response and medium-induced gluon
radiation. The same mechanisms also lead to the enhance-
ment of soft hadrons in the jet fragmentation function
[22,35]. However, it is difficult to separate the two mech-
anisms in both the experimental data and CoLBT-hydro
simulations.
3D structure of the diffusion wake.—To find out the 3D

structure of the jet-induced medium response in the
momentum space, we plot in Fig. 3 the jet-hadron corre-
lations in Δη ¼ ηh − ηjet and Δϕ ¼ ϕh − ϕjet for soft
hadrons in pT ∈ ð0; 2Þ GeV=c in (a) pþ p and (b) 0%–
10% central Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The
correlation in pþ p collisions has a peak around the jet
axis for hadrons from the jet on top of a ridge along the
azimuthal angle from MPI (a small fraction ∼20% of this
ridge comes from initial state radiation). In Pbþ Pb
collisions, the jet peak is clearly enhanced by both the
recoil and radiated partons as a result of the jet

modification. This is consistent with soft hadron enhance-
ment in the modified jet fragmentation functions
[22,23,35]. In the azimuthal angle region jΔϕj > π=2
opposite to the jet axis around jΔϕj ¼ π, however, a valley
is formed on top of the MPI ridge due to the depletion of
soft hadrons by jet-induced diffusion wake. We refer to this
as the diffusion wake (DF-wake) valley. We will focus on
the structure of this valley in rapidity Δη as a unique signal
of the diffusion wake in the remainder of this Letter.
To examine the structure of the DF-wake valley in detail,

we plot in Fig. 4 the jet-hadron correlation (a) as a function
of rapidity Δη in the region jΔϕj > π=2 and (b) as a
function of Δϕ in the region jΔηj < 2.2 for soft hadrons in
pþ p (dashed) and 0%–10% central Pbþ Pb (solid)
collisions [60]. The Gaussian-like MPI ridge of the
correlation in pþ p collisions comes from independent
minijets in MPI. In Pbþ Pb collisions, these minijets are
also quenched, leading to enhancement of soft hadrons and
suppression of high pT hadrons. Their rapidity-azimuthal
distributions, however, remain a Gaussian-like ridge plus a
valley due to the diffusion wake. The DF-wake valley on
top of the MPI ridge gives rise to a double peak feature in
the rapidity distribution of the jet-hadron correlation in
Fig. 4(a). The DF-wake valley is the deepest in the direction
opposite to the jet axis (jΔϕj ¼ π). As one moves toward
the jet axis in azimuthal angle, the valley gradually gives
away to the jet peak starting at around jΔϕj ≤ π=2 as seen
in Figs. 3(b) and 4(b).
In order to disentangle the DF-wake valley and MPI

ridge in the jet-hadron correlation, we use a 2-Gaussian,

FðΔηÞ ¼
Z

ηj2

ηj1

dηjF3ðηjÞ½F2ðΔη; ηjÞ þ F1ðΔηÞ&; ð2Þ

to fit the rapidity distribution of the correlation, where
F1ðΔηÞ ¼ A1e−Δη

2=σ21 is the DF-wake valley, F2ðΔη; ηjÞ ¼
A2e−ðΔηþηjÞ2=σ22 is the MPI ridge, F3ðηjÞ is the self-
normalized Gaussian-like rapidity distribution of
γ-triggered jets from CoLBT-hydro simulations, and

FIG. 2. Ratio of γ-jet shape in Pbþ Pb over that in pþ p
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV from CoLBT-hydro as compared
to the CMS data [59], for the same kinematics as in Fig. 1.

FIG. 3. CoLBT-hydro results on γ-triggered jet-hadron corre-
lation for soft hadrons (pT ¼ 0–2 GeV=c) in Δη ¼ ηh − ηjet and
Δϕ ¼ ϕh − ϕjet in (a) pþ p and (b) 0%–10% Pbþ Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, with the same kinematics as in Fig. 1.

FIG. 4. CoLBT-hydro results on γ-triggered jet-hadron corre-
lation (a) in Δη within jΔϕj > π=2 and (b) in Δϕ within jΔηj <
2.2 for soft hadrons within pT ¼ 0–2 GeV=c (red) and pT ¼
1–2 GeV=c range (blue) in pþ p (dashed) and 0%–10% central
Pbþ Pb (solid) collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The γ-jet kine-
matics is the same as in Fig. 1. The black dot-dashed line is the
2-Gaussian fit using Eq. (2).
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FIG. 3. CoLBT-hydro results on �-triggered jet-hadron cor-
relation for soft hadrons (pT = 0-2 GeV/c) in �⌘ = ⌘h � ⌘jet
and �� = �h � �jet in (a) p+p and (b) 0-10% Pb+Pb col-
lisions at

p
sNN = 5.02 TeV, with the same kinematics as in

Fig. 1.

the distance between the track and the jet axis in rapid-
ity (⌘) and azimuthal angle (�). The summation is over
all jets within the kinematic cuts and over an annulus
of width �r with respect to the jet axis in the numera-
tor and over the jet cone R = 0.3 in the denominator.
Both CoLBT-hydro and experimental data [59] show a
significant broadening of the jet shape toward the edge
of the jet cone due to the jet-induced medium response
and medium-induced gluon radiation. The same mech-
anisms also lead to the enhancement of soft hadrons in
the jet fragmentation function [22, 34]. However, it is
di�cult to separate the two mechanisms in both the ex-
perimental data and CoLBT-hydro simulations.

3. 3D structure of the di↵usion wake.—To find out the
3D structure of the jet-induced medium response in the
momentum space, we plot in Fig. 3 the jet-hadron cor-
relations in �⌘ = ⌘h � ⌘jet and �� = �h � �jet for soft
hadrons in pT 2 (0, 2) GeV/c in (a) p+p and (b) 0-10%
central Pb+Pb collisions at

p
sNN = 5.02 TeV. The cor-

relation in p+p collisions has a peak around the jet axis
for hadrons from the jet on top of a ridge along the az-
imuthal angle from MPI (a small fraction ⇠ 20% of this
ridge comes from initial state radiation). In Pb+Pb col-
lisions, the jet peak is clearly enhanced by both the recoil
and radiated partons as a result of the jet modification.
This is consistent with soft hadron enhancement in the
modified jet fragmentation functions [22, 23, 34]. In the
azimuthal angle region |��| > ⇡/2 opposite to the jet
axis around |��| = ⇡, however, a valley is formed on top
of the MPI ridge due to the depletion of soft hadrons by
jet-induced di↵usion wake. We refer this as the di↵usion
wake (DF-wake) valley. We will focus on the structure
of this valley in rapidity �⌘ as a unique signal of the
di↵usion wake in the remainder of this Letter.

To examine the structure of the DF-wake valley in de-
tail, we plot in Fig. 4 the jet-hadron correlation (a) as
a function of rapidity �⌘ in the region |��| > ⇡/2 and

FIG. 4. CoLBT-hydro results on �-triggered jet-hadron cor-
relation (a) in �⌘ within |��| > ⇡/2 and (b) in �� within
|�⌘| < 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% cen-
tral Pb+Pb (solid) collisions at

p
sNN = 5.02 TeV. The �-jet

kinematics is the same as in Fig. 1. The black dot-dashed line
is the 2-Gaussian fit using Eq. (2).

(b) as a function of �� in the region |�⌘| < 2.2 for
soft hadrons in p+p (dashed) and 0-10% central Pb+Pb
(solid) collisions [60]. The Gaussian-like MPI ridge of
the correlation in p+p collisions comes from independent
mini-jets in MPI. In Pb+Pb collisions, these mini-jets are
also quenched, leading to enhancement of soft hadrons
and suppression of high pT hadrons. Their rapidity-
azimuthal distributions, however, remain a Gaussian-like
ridge plus a valley due to the di↵usion wake. The DF-
wake valley on top of the MPI ridge gives rise to a double
peak feature in the rapidity distribution of the jet-hadron
correlation in Fig. 4 (a). The DF-wake valley is the deep-
est in the direction opposite to the jet-axis (|��| = ⇡).
As one moves toward the jet-axis in azimuthal angle, the
valley gradually gives away to the jet peak starting at
around |��|  ⇡/2 as seen in Figs. 3(b) and 4(b).
In order to disentangle the DF-wake valley and MPI

ridge in the jet-hadron correlation, we use a 2-Gaussian,

F (�⌘) =

Z ⌘j2

⌘j1

d⌘jF3(⌘j)(F2(�⌘, ⌘j) + F1(�⌘)), (2)

to fit the rapidity distribution of the correlation,
where F1(�⌘) = A1e��⌘2/�2

1 is the DF-wake valley,

F2(�⌘, ⌘j) = A2e�(�⌘+⌘j)
2/�2

2 is the MPI ridge, F3(⌘j)
is the self-normalized Gaussian-like rapidity distribution
of �-triggered jets from CoLBT-hydro simulations, and
⌘j1,j2 define the jet rapidity range in the analysis. We
assume that the DF-wake valley and MPI ridge are both
Gaussian-like. The dot-dashed line in Fig. 4(a) demon-
strates the robustness of the 2-Gaussian fit to the double
peak structure. We will only focus on soft hadrons in the
pT =1–2 GeV/c range in the following analyses.
Since the �-jet asymmetry distribution in Pb+Pb col-

lisions is modified by jet energy loss as shown in Fig. 1,
one can use xj� to select events with di↵erent jet energy
loss which is controlled by the jet propagation length
for a given strength of jet-medium interaction. Shown
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(b) as a function of �� in the region |�⌘| < 2.2 for
soft hadrons in p+p (dashed) and 0-10% central Pb+Pb
(solid) collisions [60]. The Gaussian-like MPI ridge of
the correlation in p+p collisions comes from independent
mini-jets in MPI. In Pb+Pb collisions, these mini-jets are
also quenched, leading to enhancement of soft hadrons
and suppression of high pT hadrons. Their rapidity-
azimuthal distributions, however, remain a Gaussian-like
ridge plus a valley due to the di↵usion wake. The DF-
wake valley on top of the MPI ridge gives rise to a double
peak feature in the rapidity distribution of the jet-hadron
correlation in Fig. 4 (a). The DF-wake valley is the deep-
est in the direction opposite to the jet-axis (|��| = ⇡).
As one moves toward the jet-axis in azimuthal angle, the
valley gradually gives away to the jet peak starting at
around |��|  ⇡/2 as seen in Figs. 3(b) and 4(b).
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lisions is modified by jet energy loss as shown in Fig. 1,
one can use xj� to select events with di↵erent jet energy
loss which is controlled by the jet propagation length
for a given strength of jet-medium interaction. Shown



Summary

• Parton-medium	studies	using	photon-hadron	and	
more	recently	with	the	Z-hadron	correlations.

• Evidence for medium-response due to interaction of
high-pT parton based on model comparison.

• Strong constraints to model description.
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PRL 128 (2022) 122301
PRL 130, 052301 (2023)

• Looking forward to other
variables such as Δηjet,trk or
ΔηZ,trk and more data in Run 3.



Backup slides
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Results: Δφtrk,Z
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PRL 128 (2022) 122301
PbPb consistent with pp

in peripheral events
Excess of particles with pT > 1 
in central PbPb across Δφtrk,Z



Results: ξ	trk,Z
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Figure 1: Upper: distributions of Dftrk,Z in pp collisions compared to PbPb collisions (left to
right) in the 70–90 (left), 50–70, 30–50, and 0–30% (right) centrality intervals. Lower: difference
between the PbPb and pp distributions. The vertical bars and shaded boxes represent the
statistical and systematic uncertainties, respectively. Several model calculations are added for
comparison: Hybrid [36] and CoLBT [32, 58].

xtrk,Z
T > 3 interval. These features are consistent with a scenario in which the initial parton

loses energy (i.e., jet quenching) and the medium induces modification of the parton shower.
The enhancement is also consistent with a picture in which additional low-energy particles are
produced from the recoil of the medium caused by the traversing parton.
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Figure 2: Upper: distributions of xtrk,Z
T in pp collisions compared to PbPb collisions (left to

right) in the 70–90 (left), 50–70, 30–50, and 0–30% (right) centrality intervals. Lower: ratios of
the PbPb to pp distributions. The vertical bars and shaded boxes represent the statistical and
systematic uncertainties, respectively. Several model calculations are added for comparison:
Hybrid [36], CoLBT [32, 58], and SCETG [56].
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1< pTtrk < 2 GeV
PbPb/pp～ 1.6

pTtrk > 5 GeV
PbPb/pp～ 0.4-0.6

CoLBT
Consistent	with	data	
both	for	low-pT and	high-pT.

Hybrid	with wake
Captures enhancement	at	low-pT ~	1	GeV.
Undershoots	at intermediate-pT ~	3-5	GeV.	



Jet	shapes	of	isolated	photon-tagged	jets	in	PbPb

2023/9/5Pin-Chun Chou 21

Kaya Tatar              QM '22 3

Parton-medium interactions - II

jet

�

PRL 122 152001 (2019)

r

                   Constrain initial parton kinematics and flavor
                   Direct measure of parton-medium interactions

    via jet radial density profile, i.e. jet shapes

Parton shower modified : 
Increased energy fraction at large angles

�/Z+jet

Kaya Tatar              QM '22 3

Parton-medium interactions - II

jet

�

PRL 122 152001 (2019)

r

                   Constrain initial parton kinematics and flavor
                   Direct measure of parton-medium interactions

    via jet radial density profile, i.e. jet shapes

Parton shower modified : 
Increased energy fraction at large angles

�/Z+jet

Kaya Tatar              QM '22 3

Parton-medium interactions - II

jet

�

PRL 122 152001 (2019)

r

                   Constrain initial parton kinematics and flavor
                   Direct measure of parton-medium interactions

    via jet radial density profile, i.e. jet shapes

Parton shower modified : 
Increased energy fraction at large angles

�/Z+jet

γ + jet:
Measure parton-medium
interactions directly via jet
radial density profile (i.e.
jet shapes).

Parton shower:
Increases energy fraction
at large angles.

PRL 122 152001 (2019)

How if we continue jet shape to much larger r?

Kaya Tatar              QM '22 3

Parton-medium interactions - II

jet

�

PRL 122 152001 (2019)

r

                   Constrain initial parton kinematics and flavor
                   Direct measure of parton-medium interactions

    via jet radial density profile, i.e. jet shapes

Parton shower modified : 
Increased energy fraction at large angles

�/Z+jet



Theory models

2023/9/5Pin-Chun Chou 22

SCETG

Includes	Glabuer gluons	into	soft-
collinear	effective	theory.	

Based on	
PRD	93	074030	(2016),	PRD	101	076020	(2020)

CoLBT

Feeds	quenched	jet	energy	into	
hydrodynamics	evolution.	

Based on
PLB	810	(2020)	135783

Hybrid	

Combines	weak	(via	pQCD)	and	strong	
(via	gauge/gravity)	coupling	regimes.

With wake:	
include	a	medium	response.
i.e.	recoil	as	the	parton	passes	through	

Without wake:	
do not	include	a	medium	response.

Based on
JHEP	1410	(2014)	019



Prospects	for	Δηtrk,Z measurement	(extra	plots)
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FIG. 3. CoLBT-hydro results on �-triggered jet-hadron cor-
relation for soft hadrons (pT = 0-2 GeV/c) in �⌘ = ⌘h � ⌘jet
and �� = �h � �jet in (a) p+p and (b) 0-10% Pb+Pb col-
lisions at

p
sNN = 5.02 TeV, with the same kinematics as in

Fig. 1.

the distance between the track and the jet axis in rapid-
ity (⌘) and azimuthal angle (�). The summation is over
all jets within the kinematic cuts and over an annulus
of width �r with respect to the jet axis in the numera-
tor and over the jet cone R = 0.3 in the denominator.
Both CoLBT-hydro and experimental data [59] show a
significant broadening of the jet shape toward the edge
of the jet cone due to the jet-induced medium response
and medium-induced gluon radiation. The same mech-
anisms also lead to the enhancement of soft hadrons in
the jet fragmentation function [22, 34]. However, it is
di�cult to separate the two mechanisms in both the ex-
perimental data and CoLBT-hydro simulations.

3. 3D structure of the di↵usion wake.—To find out the
3D structure of the jet-induced medium response in the
momentum space, we plot in Fig. 3 the jet-hadron cor-
relations in �⌘ = ⌘h � ⌘jet and �� = �h � �jet for soft
hadrons in pT 2 (0, 2) GeV/c in (a) p+p and (b) 0-10%
central Pb+Pb collisions at

p
sNN = 5.02 TeV. The cor-

relation in p+p collisions has a peak around the jet axis
for hadrons from the jet on top of a ridge along the az-
imuthal angle from MPI (a small fraction ⇠ 20% of this
ridge comes from initial state radiation). In Pb+Pb col-
lisions, the jet peak is clearly enhanced by both the recoil
and radiated partons as a result of the jet modification.
This is consistent with soft hadron enhancement in the
modified jet fragmentation functions [22, 23, 34]. In the
azimuthal angle region |��| > ⇡/2 opposite to the jet
axis around |��| = ⇡, however, a valley is formed on top
of the MPI ridge due to the depletion of soft hadrons by
jet-induced di↵usion wake. We refer this as the di↵usion
wake (DF-wake) valley. We will focus on the structure
of this valley in rapidity �⌘ as a unique signal of the
di↵usion wake in the remainder of this Letter.

To examine the structure of the DF-wake valley in de-
tail, we plot in Fig. 4 the jet-hadron correlation (a) as
a function of rapidity �⌘ in the region |��| > ⇡/2 and

FIG. 4. CoLBT-hydro results on �-triggered jet-hadron cor-
relation (a) in �⌘ within |��| > ⇡/2 and (b) in �� within
|�⌘| < 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% cen-
tral Pb+Pb (solid) collisions at

p
sNN = 5.02 TeV. The �-jet

kinematics is the same as in Fig. 1. The black dot-dashed line
is the 2-Gaussian fit using Eq. (2).

(b) as a function of �� in the region |�⌘| < 2.2 for
soft hadrons in p+p (dashed) and 0-10% central Pb+Pb
(solid) collisions [60]. The Gaussian-like MPI ridge of
the correlation in p+p collisions comes from independent
mini-jets in MPI. In Pb+Pb collisions, these mini-jets are
also quenched, leading to enhancement of soft hadrons
and suppression of high pT hadrons. Their rapidity-
azimuthal distributions, however, remain a Gaussian-like
ridge plus a valley due to the di↵usion wake. The DF-
wake valley on top of the MPI ridge gives rise to a double
peak feature in the rapidity distribution of the jet-hadron
correlation in Fig. 4 (a). The DF-wake valley is the deep-
est in the direction opposite to the jet-axis (|��| = ⇡).
As one moves toward the jet-axis in azimuthal angle, the
valley gradually gives away to the jet peak starting at
around |��|  ⇡/2 as seen in Figs. 3(b) and 4(b).
In order to disentangle the DF-wake valley and MPI

ridge in the jet-hadron correlation, we use a 2-Gaussian,

F (�⌘) =

Z ⌘j2

⌘j1

d⌘jF3(⌘j)(F2(�⌘, ⌘j) + F1(�⌘)), (2)

to fit the rapidity distribution of the correlation,
where F1(�⌘) = A1e��⌘2/�2

1 is the DF-wake valley,

F2(�⌘, ⌘j) = A2e�(�⌘+⌘j)
2/�2

2 is the MPI ridge, F3(⌘j)
is the self-normalized Gaussian-like rapidity distribution
of �-triggered jets from CoLBT-hydro simulations, and
⌘j1,j2 define the jet rapidity range in the analysis. We
assume that the DF-wake valley and MPI ridge are both
Gaussian-like. The dot-dashed line in Fig. 4(a) demon-
strates the robustness of the 2-Gaussian fit to the double
peak structure. We will only focus on soft hadrons in the
pT =1–2 GeV/c range in the following analyses.
Since the �-jet asymmetry distribution in Pb+Pb col-

lisions is modified by jet energy loss as shown in Fig. 1,
one can use xj� to select events with di↵erent jet energy
loss which is controlled by the jet propagation length
for a given strength of jet-medium interaction. Shown
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FIG. 5. (a) Di↵usion wake valley and (b) MPI ridge in �-
triggered jet-hadron correlation in |��| > ⇡/2 as a function
of �⌘ with di↵erent ranges of xj� = pjetT /p�T in 0-10% central
Pb+Pb collisions at

p
sNN = 5.02 TeV from CoLBT-hydro.

The �-jet kinematics is the same as in Fig. 1.

FIG. 6. The same as Fig. 5 except with di↵erent values of
specific shear viscosity ⌘/s in CoLBT-hydro. Bands are nu-
merical errors.

in Fig. 5 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 colli-
sions at

p
sNN = 5.02 TeV in the azimuthal angle region

|��| > ⇡/2 opposite to the jet direction for xj� < 0.6
(red solid), xj� 2 (0.6, 1.0) (blue dashed) and xj� > 1
(black dot-dashed). One can see, in events with smaller
values of xj� the DF-wake valley is deeper because of
longer propagation length and larger jet energy loss. The
MPI ridge, on the other hand, has a very weak and non-
monotonic dependence on xj� due to the non-monotonic
dependence of the propagation length on xj� for minijets
from MPI. The bulk background which has to be sub-
tracted in experimental analysis should be independent
of the �-jet asymmetry.
4. Sensitivity to shear viscosity and EoS.—The spatial
structure of jet-induced Mach cone is known to be sen-
sitive to medium properties such as the EoS and shear
viscosity. It is therefore important to check how the DF-
wake valley in jet-hadron correlation is sensitive to these
medium properties. When using di↵erent EoS or shear
viscosity in this study, we adjust the overall normaliza-
tion for the entropy density in the initial conditions for
CLVisc such that the final charged hadron rapidity den-
sity remains the same as given by the experimental data.

To study the sensitivity to the shear viscosity, we carry

FIG. 7. The same as Fig. 5 except with two di↵erent EoS:
s95p (solid) and eosq (dashed) in CoLBT-hydro.

out CoLBT-hydro simulations of the same �-jet events
with two di↵erent values of ⌘/s = 0.0 and 0.15 in CLVisc.
The corresponding rapidity distributions of the DF-wake
valley and MPI ridge in |�� > |⇡/2 are shown in Fig. 6.
Shear viscosity is known to increase the transverse flow
velocity of the bulk medium and thus increase the slope of
the hadron pT spectra. This will suppress the MPI ridge
and reduce the DF-wake valley of soft hadrons. In the
meantime, the negative shear correction of the longitudi-
nal pressure in the energy-momentum tensor will impede
the longitudinal expansion [61]. This will increase the
MPI ridge and deepen the DF-wake valley in rapidity.
The competition of these two e↵ects leads to a slightly
smaller MPI ridge and a deeper DF-wake valley in vis-
cous hydro than in an ideal hydro according to CoLBT-
hydro simulations shown in Fig. 6. The statistical errors
of the CoLBT-hydro calculations as indicate in the plot
are negligible. PYTHIA8 (tune 1) is known to underes-
timate the MPI multiplicity in p+p collisions by about
10% [62–66] which should also appear in the MPI ridge
in CoLBT-hydro calculations. In principle, the MPI in �-
jet events can be similarly measured as in p+p collisions
or with the mixed-event method as proposed in Ref. [23].

Finally to check the sensitivity of the medium response
to EoS, we consider an EoS (eosq) with a first-order phase
transition instead of the default EoS (s95p-v1) with a
rapid crossover [45] in CLVisc. As shown in Fig. 7, the
DF-wake valley is shallower and MPI ridge is smaller in
the case of EoS eosq as compared to s95p. This can
be understood as a consequence of the higher e↵ective
sound velocity in eosq than s95p EoS. Since the DF-wake
spreads between the Mach cone behind the wave front, a
higher sound velocity leads to a larger Mach cone angle
and therefore a shallower DF-wake valley. In the mean-
time, a higher sound velocity will also lead to a stronger
radial flow which reduces the soft hadron yield from MPI
and the DF-wake valley similarly as one increases the
shear viscosity. Distributions of energy density and flow
velocity of the medium response with di↵erent EoS and
shear viscosity can be found in the supplemental material
as an illustration.

5. Summary.—We have explored the 3D structure of

CoLBT-hydro	results	on	γ-triggered	jet-hadron	
correlation	in	(a)	∆η	and	in	(b)	∆φ

(a)	Diffusion	wake	valley	and	(b)	MPI	ridge	in	
γ-triggered	jet-hadron	correlation	
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