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Suppression of jet spectra or jet quenching in high-energy heavy-ion collisions is caused by jet en-
ergy loss in the dense medium. The azimuthal anisotropy of jet energy loss in non-central heavy-ion
collisions can lead to jet anisotropy which in turn can provide insight into the path-length depen-
dence of jet quenching. This is investigated within the Linear Boltzmann Transport (LBT) model
which simulates both elastic scattering and medium-induced gluon radiation based on perturbative
QCD for jet shower and medium recoil partons as well as radiated gluons as they propagate through
the quark-gluon plasma (QGP). The dynamical evolution of the QGP in each event of heavy-ion
collisions is provided by the (3+1)D CLVisc hydrodynamic model with fully fluctuating initial condi-
tions. This framework has been shown to describe the suppression of single inclusive jet spectra well.
We calculate in this study the elliptic (vjet2 ) and triangular (vjet3 ) anisotropy coe�cients of the single
inclusive jet spectra in Pb+Pb collisions at the LHC energies. We investigate the colliding energy,
centrality, jet transverse momentum dependence of the jet anisotropy, as well as their event-by-event
correlation with the flow coe�cients of the soft bulk hadrons. An approximate linear correlation
between jet and bulk v2 is found. E↵ect of the bulk vn fluctuation on vjetn is found negligible. The
jet-induced medium excitation, which is influenced by radial flow, is shown to enhance vjet2 and the
enhancement increases with the jet cone size. The jet elliptic anisotropy vjet2 is also found to be
slightly enhanced by the shear viscosity of the bulk medium in comparison to the LBT results when
jets propagate through an ideal hydrodynamic QGP medium.

I. INTRODUCTION

Jet quenching or the suppression of energetic particles
from hard processes has been very successful in probing
properties of the hot and dense matter called quark-gluon
plasma (QGP) created in heavy-ion collisions. This phe-
nomenon is caused by energy loss and transverse mo-
mentum broadening of a propagating parton due to mul-
tiple scattering and induced gluon bremsstrahlung when
it traverses the dense medium [1–7]. Within perturba-
tive QCD (pQCD), one can calculate the parton energy
loss and transverse momentum broadening [8–14]. They
are found to be directly proportional to the jet transport
coe�cient q̂ which is defined as the transverse momen-
tum broadening squared per unit length of propagation
and can be related to the local gluon density distribution
of the medium [15–17]. Experimental measurements of
jet quenching and phenomenological extraction of the jet
transport coe�cient can provide some of the important
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properties of QGP [18–22].

Given the jet transport coe�cient, the total trans-
verse momentum broadening squared of a parton will
be proportional to the total length of the propaga-
tion. The total radiative energy loss is, however, pro-
portional to the length squared due to the non-Abelian
Landau-Pomeranchuck-Migdal interference in the gluon
bremsstrahlung induced by multiple scattering inside the
medium [8, 9]. This unique length dependence of the
radiative parton energy loss in pQCD will give rise to
a unique system size dependence of the jet quenching
phenomenon in high-energy heavy-ion collisions. In non-
central heavy-ion collisions, the averaged path-length and
total parton energy loss will depend on the azimuthal an-
gle of the jet propagation relative to the reaction plane.
Such an azimuthal angle dependence of the total energy
loss was predicted [23] to give rise to the azimtuhal angle
dependence or azimtuhal anisotropy of high transverse
momentum jet and hadron spectra in non-central heavy-
ion collisions which is very similar to the anisotropy of
soft hadrons generated by the collective expansion and
flow of the dense medium [24]. The study of jet azimuthal
anisotropy therefore will provide us additional informa-
tion about jet propagation, the geometrical and dynamic
properties of the dense medium in heavy-ion collisions.
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Because of the rapid decrease of gluon number den-
sity or the local jet transport coe�cient with time due
to longitudinal and transverse expansion, the azimuthal
anisotropy of the averaged total parton energy loss and
the final hadron spectra are reduced [25, 26] from that of
a simple 1-dimensional Bjorken system [23, 27]. The ob-
served v2 of charged hadrons at large transverse momen-
tum pT is larger than simple jet quenching model calcu-
lations that take into account of the geometry and hydro-
dynamic expansion of the dense medium in non-central
heavy-ion collisions, especially at intermediate pT ⇠ 4-
10 GeV/c. The hadron anisotropy below pT < 2 GeV/c
is shown to come mostly from collective flow of the dense
medium and can be described well by viscous hydrody-
namic models [28–31]. Simultaneous description of sin-
gle inclusive hadron suppression and anisotropies have
been shown to provide stronger constraint on jet trans-
port dynamics, initial state of the QGP and the event-
by-event fluctuation of the bulk medium [32–36]. Some
exotic mechanisms such as interaction through magnetic
monopoles in QCD [37–39] and a singular behavior of the
temperature dependence of the jet transport coe�cient
near the QCD phase transition have also been proposed
to resolve the v2 puzzle. However, it is quite likely that
a mundane physics mechanism could be the culprit. It is
known that recombination of jet shower and medium par-
tons can lead to enhancement of protons and kaons and
their anisotropic flow in intermediate pT in heavy-ion col-
lisions [40–46] as well as in p+A collisions [47, 48]. Such
a mechanism can also provide a consistent description
of the suppression and v2 of the single inclusive hadron
spectra in the intermediate pT. Indeed, parton energy
loss and recombination in the hadronization can describe
well both the suppression factor and v2 of charmedD and
beauty B mesons [49–51] as well as the light hadrons in
heavy-ion collisions [52].

Since jets are reconstructed from clusters of hadrons
within a given jet-cone, their energies are directly related
to the parton energies before hadronization. They are
less likely influenced by the non-perturbative hadroniza-
tion processes which only contribute to the jet energy
about 1 GeV within a cone-size of R = 1 [53]. The
jet suppression and jet anisotropy can therefore be di-
rectly related to parton transport, geometry and dynam-
ical evolution of the QGP in heavy-ion collisions. This
will be the focus of our study in this paper. We will em-
ploy the Linear Boltzmann Transport (LBT) model [54–
56] together with the (3+1)-dimensional CCNU (Central
China Normal University) - LBNL (Lawrence Berkeley
National Laboratory) viscous (CLVisc) hydrodynamic
model [57–59] for bulk medium evolution to investigate
event-by-event jet anisotropy in Pb+Pb collisions at the
Large Hadron Collider (LHC) energies. In particular,
we will study the correlation between anisotropies of
hard jets and soft bulk hadrons, e↵ects of the event-by-
event fluctuation of the bulk hadron spectra, jet-induced
medium response and viscosity of the bulk medium. The
same framework has been shown to describe the suppres-

sion of single inclusive jet spectra [60] as well as �/Z-jet
correlation [61, 62] in Pb+Pb collisions at the LHC en-
ergies.
The remainder of this paper will be organized as fol-

lows. We will start with a brief review of the LBT model
for jet transport in Sec. II and the CLVisc hydrodynamic
model for the bulk evolution in Sec. III. After that, we
will present and discuss our results on the elliptic flow
coe�cient (v2) of single inclusive jets in Sec. IV and tri-
angular flow coe�cient (v3) in Sec. V. In Sec. VI, e↵ects
of jet-induced medium response on jet anisotropic coe�-
cients and their dependence on the jet-cone size will be
explored in detail. The e↵ect of the viscosity of the bulk
medium on the final jet elliptic anisotropy v2 will be dis-
cussed in Sec. VII. A summary will be given in Sec. VIII.

II. THE LINEAR BOLTZMANN TRANSPORT
MODEL

The LBT model is based on the Boltzmann transport
equation that includes both elastic and inelastic scatter-
ings of jet shower partons as well as recoil medium par-
tons inside the QGP medium [54–56]:

pa · @fa =

Z X

bcd

Y

i=b,c,d

d3pi
2Ei(2⇡)3

(fcfd � fafb)|Mab!cd|2

⇥�b
2
S2(ŝ, t̂, û)(2⇡)

4�4(pa+pb�pc�pd) + inelastic, (1)

where pi (i = a, b, c, d) is the four momentum of par-
ton i whose phase-space distribution function is fi =
(2⇡)3�3(~p � ~pi)�3(~x � ~xi � ~vit) for jet shower and recoil
partons (i = a, c), and fi = 1/(epi·u/T ± 1) for thermal
medium partons (i = b, d) that are assumed in local equi-
librium with temperature T and flow velocity u and “+
(�)” for quarks (gluons). Note that this equation in-
cludes both a gain term (fcfd) and a loss term (�fafb).
Here, the quantum e↵ects of Pauli exclusion and Bose en-
hancement in the transport equation are assumed small
and neglected. The summation over b, c and d takes into
account all possible elastic processes a + b ! c + d in
which the scattering amplitude |Mab!cd| is calculated in
the leading-order pQCD. The factor �b represents the
color and spin degeneracy of parton b. To regularize
the collinear divergence in the scattering amplitude, a
Lorentz-invariant double-step function is adopted as fol-
lows,

S2(ŝ, t̂, û) = ✓(ŝ � 2µ2
D)✓(�ŝ+ µ2

D  t̂  �µ2
D), (2)

where ŝ, t̂, and û are the Mandelstam variables, and
µ2
D = 3

2g
2T 2 is the Debye screening mass taking into ac-

count both quark (three light flavors) and gluon degrees
of freedom. A fixed strong coupling constant ↵s = g2/4⇡
is used in the present work, which is tuned to describe
experimental data on single inclusive jet spectra.
The inelastic part in Eq. (1) includes gluon radia-

tion induced by the elastic scattering processes discussed
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above. The induced gluon emission rate �inela is taken
from the higher-twist calculation [13, 63–65],

d�inela

dzdk2?
=

6↵sPa(z)k4?
⇡(k2? + z2m2)4

p · u
p0

q̂a(x) sin
2 ⌧ � ⌧i

2⌧f
, (3)

where Pa(z) is the splitting function for parton a (with
mass m) to radiate a gluon with energy fraction z and
transverse momentum k?. The infrared divergence of the
splitting function is also regularized by the Debye screen-
ing mass µD as the lower cut-o↵ energy of the radiated
gluon. In the sine term, ⌧f = 2p0z(1 � z)/(k2? + z2m2)
is the formation time of the emitted gluon, and ⌧i is the
production time of the present parton, i.e., the time of
the previous gluon emission. The jet transport coe�-
cient q̂a(x) represents the transverse momentum transfer
squared per unit length/time due to elastic scatterings
and is evaluated in the local comoving frame of the QGP
medium as

q̂a(x) =
X

bcd

⇢b(x)

Z
dt̂q2?

d�ab!cd

dt̂
, (4)

where ⇢b(x) is the parton density with the color and spin
degeneracy included.

Given the elastic and inelastic scattering rates

�ela =
p · u
p0

X

bcd

⇢b(x)�ab!cd, (5)

�inela =
1

1 + �ag

Z
dzdk2?

d�inela

dzdk2?
, (6)

from Eqs. (1) and (3), the elastic and inelastic scattering
probabilities of parton a within a time step �⌧ in the
LBT simulations are calculated as

P a
el = 1� exp[��⌧�ela (x)] (7)

and

P a
inel = 1� exp[��⌧�inela (x)] (8)

respectively, where we assume the numbers of both elas-
tic and inelastic scatterings during �⌧ obey Poisson dis-
tributions, whose average values are �⌧�ela and �⌧�inela ,
respectively. The latter may also be interpreted as the
average number of emitted gluons hNa

g i during this time
interval. Therefore, Eq. (7) / (8) gives the probability for
at least one elastic/inelastic scattering during this time
interval �⌧ .

The total scattering probability is given by

P a
tot = P a

el(1� P a
inel) + P a

inel, (9)

where the first term on the right-hand side is for pure
elastic processes without induced gluon emission, and the
second term is for inelastic processes with at least one
gluon emission. Based on the total probability, we first

decide whether a given parton scatters with the QGP
during this �⌧ . If it scatters, the ratio between these two
terms is used to determine whether the scattering is pure
elastic or inelastic. In either case, an elastic scattering
will be sampled first, whose specific channel is determined
using the branching ratio �ela+b!c+d/�

el
a . With a selected

channel, the energies and momenta of partons b, c and d
are then sampled with the di↵erential rate given by the
first part of Eq. (1). In case of inelastic scattering, the
number of emitted gluons n will be first decided according
to a Poission distribution with the mean value hNa

g i. The
energy-momentum of each gluon is then sampled with
the spectra given by Eq. (3). In the end, the energies
and momenta of these n gluons will be adjusted together
with those of c and d such that the 2 ! 2 + n process
respects the energy-momentum conservation.
In the LBT model, we track all partons involved in

the scatterings. We define c or d with a larger energy
as the jet shower parton, while the other as the re-
coil parton. Medium induced gluons are also tracked as
jet shower partons. Parton b which is scattered out of
the thermal medium background is denoted as a “neg-
ative” parton from the back-reaction and is allowed to
go through further scattering in LBT. It is essentially a
particle hole left in the medium when the original ther-
mal parton is scattered out. Thus, its four-momentum
will be subtracted from the reconstructed jets in our
analysis of simulated events from LBT. Both recoil and
“negative” (back-reaction) partons are considered as jet-
induced medium excitation, or medium response to jet
propagation, whose importance has been verified in many
jet observables within the LBT model [60, 61].
The term “linear” in LBT denotes a linear approx-

imation adopted in this model, where we only con-
sider jet/recoil/“negative” parton interaction with the
medium, but not among themselves, assuming their num-
ber density negligible compared to the thermal partons
inside the QGP. A full calculation that includes such
non-linear interactions can be realized within a coupled
LBT-hydrodynamic (CoLBT-hydro) model that has been
developed in Refs. [66–68]. Such a coupled approach
is important to describing properties of the jet-induced
medium response in detail. But the e↵ect of interac-
tion among recoil and soft radiated gluons beyond the
linear approximation is negligible on the energy of recon-
structed jets and the final jet spectra.

III. CLVISC HYDRODYNAMICS FOR BULK
MEDIUM EVOLUTION

To take into account the evolution of the QGP in
heavy-ion collisions in the LBT model, we use the space-
time profile of the bulk medium from the CLVisc (3+1)D
viscous hydrodynamic model [57–59]. CLVisc parallelizes
Kurganov-Tadmor algorithm [69] to solve the hydrody-
namic equation for the bulk medium and Cooper-Frye
particlization on GPU, using Open Computing Language
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(OpenCL). Parallelized with massive amount of process-
ing elements on GPUs and Single Instruction Multi-
ple Data (SIMD) vector operations on modern CPUs,
CLVisc brings about the best performance increase so
far to (3+1)D hydrodynamics on heterogeneous comput-
ing devices and provides the event-by-event space-time
hydrodynamic profiles for simulations of jet transport
within LBT model in this study.

The dynamical evolution of the locally thermalized sys-
tem in heavy-ion collisions is described by relativistic hy-
drodynamic equations,

rµT
µ⌫ = 0, (10)

where rµ is the covariant derivative operator, Tµ⌫ =
(✏+P )uµu⌫�Pgµ⌫+⇡µ⌫ is the energy-momentum stress
tensor, in which ✏ and P are the energy density and pres-
sure in the co-moving frame of the fluid, uµ is the rela-
tivistic fluid four-velocity, gµ⌫ = diag(1,�1,�1,�⌧2) is
the metric tensor in the Milne (⌧, x, y, ⌘s) coordinates and
⇡µ⌫ is the shear-stress tensor which will depend on the
bulk transport coe�cients. In the case of an ideal hydro-
dynamics, this term is set to zero. To solve this group of
time-dependent partial di↵erential equations, one needs
the energy-momentum tensor Tµ⌫ at the initial time ⌧0
and the equation of state (EoS) P = P (").

The initial condition for the energy-momentum density
distributions for event-by-event CLVisc hydrodynamic
simulations in this study are obtained from A Multi-
Phase Transport (AMPT) model [58, 70] with a Gaussian
smearing,

Tµ⌫(⌧0, x, y, ⌘s) = K
X

i

pµi p
⌫
i

p⌧i

1

⌧0
q
2⇡�2

⌘s

1

2⇡�2
r

⇥ exp


� (x� xi)2 + (y � yi)2

2�2
r

� (⌘s � ⌘is)2

2�2
⌘s

�
,

(11)

where p⌧i = miT cosh(Yi � ⌘is) and p⌘i = miT sinh(Yi �
⌘is)/⌧0 with miT =

q
p2ix + p2iy +m2. The summation

runs over all partons (i) produced in the AMPT model
simulations. We have chosen �r = 0.6 fm and �⌘s = 0.6
in our calculations which provide a reasonable description
of soft hadron observables [59]. The transverse mass mT,
rapidity Y and spatial rapidity ⌘s are calculated from
parton’s 4-momenta and spatial coordinates. Note that
there is no Bjorken scaling in the above initial condition
because of early parton cascade in AMPT model. The
scale factor K and the initial time ⌧0 are two parameters
that can be adjusted to fit the experimental data on the
central rapidity density of produced hadrons.

For most calculations in this study, we use the ideal
version of CLVisc with a parametrized equation of state
(EoS) s95p-v1 [71] to obtain the hydrodynamic evolu-
tion of the bulk medium. We will discuss the e↵ect of
shear viscosity on jet quenching and anisotropy at the
end of this paper. In each centrality bin, we simulate 200
events of hydrodynamic evolution of the dense medium in

hvsoft2 i± �vsoft2

2.76 TeV 5.02 TeV

5� 10% 0.047± 0.007 0.054± 0.008
10� 20% 0.060± 0.008 0.076± 0.007
20� 30% 0.076± 0.008 0.086± 0.008
30� 40% 0.089± 0.008 0.095± 0.009
40� 50% 0.079± 0.008 0.086± 0.009
50� 60% 0.078± 0.009 0.078± 0.009

TABLE I. The mean values and standard deviations of soft
hadron vsoft2 in Pb+Pb collisions at

p
s = 2.76 TeV and

5.02 TeV in centrality bins 5� 10%, 10� 20%, 20� 30%, 30�
40%, 40� 50% and 50� 60% from the CLVisc model.

hvsoft3 i± �vsoft3

2.76 TeV 5.02 TeV

5� 10% 0.031± 0.007 0.027± 0.007
10� 20% 0.031± 0.007 0.029± 0.007
20� 30% 0.032± 0.007 0.035± 0.008
30� 40% 0.034± 0.007 0.035± 0.008
40� 50% 0.038± 0.007 0.034± 0.008
50� 60% 0.035± 0.007 0.032± 0.008

TABLE II. The mean value and standard deviation of soft
hadron vsoft3 in Pb+Pb collisions at

p
s = 2.76 TeV and

5.02 TeV in centrality bins 5� 10%, 10� 20%, 20� 30%, 30�
40%, 40� 50% and 50� 60% from the CLVisc model.

heavy-ion collisions in order to include the e↵ect of event-
by-event fluctuations on jet transport. To improve the
statistics of high-pT jets, we divide the initial transverse
momentum transfer pTi in PYTHIA 8 simulations into
multiple bins and generate 10000 sets of initial jet show-
ers from PYTHIA 8 in each pTi bin for each of the above-
mentioned hydrodynamic profile. The total number of jet
events for each pTi bin is therefore Nevent = 200⇥ 10000
for each centrality bin under investigation. This is also
the total number of events we use for simulating p + p
collisions in each pTi bin for the calculation of the single
inclusive jet suppression factor [60]. The jet cross sec-
tions in di↵erent pTi bins of initial hard scatterings will
be used as weights in calculating the final jet spectra in
both p+ p and A+A collisions.
For the spatial distribution of the initial jet production

vertices, we also use the AMPT model that employs the
HIJING model [72, 73] to generate minijets according to
the Glauber model of nuclear collisions with the Woods-
Saxon nuclear distribution. The geometrical distribution
of the initial jets in the transverse plane in each pTi bin
is sampled according to this initial minijet distribution in
each AMPT event, as shown in Fig. 1. The same AMPT
event also provides the initial condition for the energy-
momentum density distribution for the CLVisc hydrody-
namic simulation of the space-time evolution of the bulk
medium. The centrality classes of heavy-ion collisions are
defined according to the initial parton multiplicity distri-
bution, and the averaged number of participant nucleons
hNparti in each centrality class is computed accordingly.
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FIG. 1. (Color online) Distributions of initial jet produc-
tion positions in the transverse plane of Pb+Pb collisions atp
s = 5.02 TeV in the centrality bins 5� 10%, 10� 20%, 20�

30%, 30� 40%, 40� 50% and 50� 60% (from left to right and
top to bottom) for one hydrodynamic event (upper panel) and
averaged over 200 hydrodynamic events (lower panel).

To demonstrate the event-by-event fluctuation of the
bulk medium, we present the distributions of the elliptic
and triangular flow coe�cients of the final bulk hadrons
from our event-by-event hydrodynamic calculations in
Figs. 2 and 3. Results for Pb+Pb collisions at bothp
s = 2.76 TeV and 5.02 TeV are shown, and compared

to available data in di↵erent centrality bins from ATLAS
[74] and CMS experiments [75]. A reasonable agreement
between our hydrodynamic simulations and the exper-
imental data is achieved except at very large values of
vsoft2 and vsoft3 where statistics of the hydrodynamic simu-

FIG. 2. (Color online) Distributions of soft hadron vsoft2

from 200 hydro events calculated with CLVisc model in
Pb+Pb collisions at

p
s = 2.76 TeV (closed blue circle)

and 5.02 TeV (closed red square) in each centrality bin
5�10%, 10�20%, 20�30%, 30�40%, 40�50% and 50�60%
as compared to data from the ATLAS experiments in Pb+Pb
collisions at

p
s = 2.76 TeV (open blue circle) in centrality

bins 5�10%, 20�25%, 30�35%, 40�45%, 55�60% [74] and
the CMS experiment at

p
s = 5.02 TeV (open red square) in

centrality bins 15� 20%, 30� 35%, 55� 60% [75].

FIG. 3. (Color online) Distributions of soft hadron vsoft3 from
200 hydro events calculated with CLVisc model in Pb+Pb
collisions at

p
s = 2.76 TeV (closed blue circle) and 5.02 TeV

(closed red square) in centrality bin 5� 10%, 10� 20%, 20�
30%, 30 � 40%, 40 � 50% and 50 � 60% as compared to the
ATLAS experimental data at Pb+Pb

p
s = 2.76 TeV (open

blue circle) in centrality bins 5�10%, 20�25%, 30�35%, 40�
45%, 55� 60% [74].

lations becomes very limited. To quantify these vsoftn dis-
tributions, we summarize the average values of vsoft2 and
vsoft3 in Tabs. I and II, respectively, together with their
corresponding fluctuations �vsoft2 and �vsoft3 for di↵erent
centrality bins and colliding energies. One may observe
from Tab. I that hvsoft2 i first increases and then decreases
as centrality increases. Within a given centrality bin,
hvsoft2 i in Pb+Pb collisions at

p
s = 5.02 TeV is larger
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than that at 2.76 TeV, except in very peripheral colli-
sions. The event-by-event fluctuation of the elliptic flow
�vsoft2 /vsoft2 is around 10%⇠15%. In contrast, as shown in
Tab. II, the bulk hvsoft3 i has a quite weak dependence on
centrality and colliding system under discussion, because
it is mainly driven by event-by-event fluctuation instead
of the average geometry of the bulk medium. The value
of �vsoft3 /vsoft3 is around 20%⇠25%.

IV. SINGLE INCLUSIVE JET ANISOTROPY vjet2

A. LBT simulations and analyses

To calculate jet spectra in realistic heavy-ion collisions,
we first use PYTHIA 8 to generate initial jet shower par-
tons in p+ p collisions at the corresponding colliding en-
ergy. In order to obtain su�cient statistics for our final
results, we divide the (0, 350) GeV/c range of the trans-
verse momentum transfer for the initial hard scatterings
into seven equal bins, each with the width of 50 GeV/c.
In each of these triggering pT bins, 2 million events are
simulated in total, with 10000 events in which jet shower
partons propagate through each of the 200 hydrodynamic
profiles that we obtain via the CLVisc model as discussed
in the previous section. Using 200 hydrodynamic pro-
files per centrality bin allows one to take into account of
the e↵ects of the event-by-event fluctuations in the bulk
medium on the final jet observables. The initial position
of each jet production is sampled according to the distri-
bution of hard scattering locations in the AMPT model
for each of the hydro event, which we consistently use
to determine the initial condition of the bulk evolution.
In this work, we only consider the distribution of the
transverse locations of these jet production points, while
neglect their spread in the longitudinal direction around
the highly Lorentz contracted disc of two overlapping nu-
clei at high colliding energies.

The formation time of each jet shower parton is set as
p2T/2E with pT and E being its initial transverse momen-
tum and energy, respectively. The parton is assumed to
stream freely before its formation time is reached. After
this formation time, as well as the starting time of the
hydrodynamic evolution (⌧0 = 0.6 fm), whichever comes
later, we simulate the interaction between jet shower
partons and the hydrodynamic medium using the LBT
model. After jet partons exit the QGP medium, we ne-
glect their interactions with the hadron gas in this work,
considering that the gluon density in the hadronic gas is
much lower and the e↵ective jet transport coe�cient q̂ in
a confined medium is much smaller [18] than that in the
QGP medium

In simulations of both p + p and A+A collisions, we
pass all final state partons to the FASTJET package [76]
to reconstruct jets using the anti-kT algorithm with a
given jet-cone size R. The FASTJET package used in this
study has been modified such that the energy-momentum
of the “negative” partons from the LBT model is sub-

FIG. 4. (Color online) Distributions of the di↵erence of the
jet azimuthal angle �jet and the event plane angle  2 (��2 =
�jet �  2) in di↵erent centrality bins of Pb+Pb collisions atp
s = 2.76 TeV. Results calculated from the LBT model (blue

solid lines) are compared to the ATLAS data [78] (black open
circle) and fitted with a cosine function (blue dash lines).

tracted from jets in the reconstruction. When recon-
structing jets via FASTJET, we also subtract the under-
lying event (UE) background using the scheme applied in
experimental studies [77]. One may first define the seed
jet as a jet with at least one particle whose transverse
energy is higher than 3 GeV, and with a leading parti-
cle whose transverse energy is more than four times of
the average value per particle within the jet. Then the
transverse energy density of the UE background is calcu-
lated over the whole area under investigation excluding
these seed jets. In the end, this UE transverse energy
within the transverse area of each jet is subtracted from
the jet energy in both p+ p and A+A collisions. In LBT
simulations, we only consider evolution of jet shower par-
tons, recoil partons and “negative” (back-reaction) par-
tons, i.e., partons that directly participate in jet-medium
interaction. Medium constituents that do not partici-
pate in this interaction are excluded for jet reconstruc-
tion. Therefore, the UE background in our analysis is
very small compared to that in experimental analyses
which also include soft hadrons from the QGP that are
not directly correlated with the jet. Within this frame-
work, we have verified in Ref. [60] that the jet spectra
we obtain for p+ p collisions are consistent with the ex-
perimental data. With a fixed e↵ective strong coupling
constant ↵s = 0.15, LBT model provides a good descrip-
tion of the jet suppression factor RAA in A+A collisions
[60]. It provides a reliable baseline for our further inves-
tigation of the azimuthal anisotropy of jets in the present
work.
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B. Centrality dependence

To extract the anisotropic flow coe�cient of the single
inclusive jet spectra in A+A collisions, we express their
normalized azimuthal distribution as,

1

N jet

dN jet

d��n
/ 1 + 2vjet,EP

n cos(n��n), (12)

where ��n = �jet �  n is the di↵erence between the
azimuthal angle of jets �jet and the nth-order event
plane angle  n, with  n being defined via hein�softi =
vsoftn ein n for each hydrodynamic event. The superscript
“EP” in Eq. (12) denotes that this jet vjetn is defined via
the event plane method. Shown in Fig. 4 are the angular
distributions for n = 2 in ��2 for di↵erent centrality bins
of Pb+Pb collisions at

p
s = 2.76 TeV, as compared to

the corresponding ATLAS data [78]. Here, the jet radius
is R = 0.2 and the jet transverse momentum is in the
interval 60 < pT < 80 GeV/c.

We further fit these ��2 distributions with the func-
tion 2/(⇡�pT)(1 + 2vjet,EP

2 cos(2��2)), as shown by the
solid blue lines in Fig. 4, from which we extract the el-
liptic flow coe�cient vjet,EP

2 . Here, the 2/⇡ factor is in-
troduced to normalize the jet spectrum within ��2 2
[0,⇡/2]. The corresponding values of vjet,EP

2 are indi-
cated in the figure for di↵erent centralities. We observe
that for central collisions (5-10%), the jet elliptic coe�-
cient is small due to the small geometric anisotropy of the
average QGP profile. However, it is also non-zero due to
the initial event-by-event geometrical fluctuation of the
QGP. This vjet,EP

2 increases with the centrality as the ge-
ometry of the QGP fireballs becomes more anisotropic to-
wards semi-peripheral collisions. However, for very large
centralities, vjet,EP

2 decreases again, because the amount
of jet energy loss is becoming smaller in these smaller
systems, leading to a smaller vjet,EP

2 .
Similar results for Pb+Pb collisions at

p
s = 5.02 TeV

are presented in Fig. 5. Both the azimuthal angular dis-
tributions of the jet yields (cross symbols) from LBT and
their cosine function fits (solid lines) are shown for di↵er-
ent centrality bins for jets with cone size R = 0.2 within
60 < pT < 80 GeV/c. The extracted vjet,EP

2 from these
cosine fits again first increases and then decreases with
the centrality.

In Fig. 6, we summarize vjet,EP
2 for jets with 100 <

pT < 200 GeV/c from analyses of LBT results similar to
what are presented in Figs. 4 and 5 in di↵erent centrality
bins as a function of the average number of nucleon par-
ticipants hNparti in nuclear collisions at both

p
s = 2.76

and 5.02 GeV as compared to ATLAS data [78, 79]. As
we have observed before, the jet elliptic anisotropy coef-
ficient vjet,EP

2 in these collisions first increases and then
decreases with the participant number (as the central-
ity decreases), due to the competing e↵ects between the
geometric anisotropy and the initial size/temperature of
the QGP medium. This centrality dependence from LBT

FIG. 5. (Color online) Distribution of the di↵erence of the
jet azimuthal angle �jet and the event plane angle  2 (��2 =
�jet �  2) in di↵erent centrality bins of Pb+Pb collisions atp
s = 5.02 TeV. Results calculated from the LBT model (blue

solid lines) are compared to the ATLAS data [79] (black closed
circle) and fitted with a cosine function (blue dash lines).

FIG. 6. (Color online) Jet elliptic anisotropy vjet,EP
2 in 100 <

pT < 200 GeV/c as a function of the number of participant
nucleons Npart in Pb+Pb collisions at

p
s = 2.76 TeV (blue

filled circle) and 5.02 TeV (red filled square) from LBT model
calculations as compared to the ATLAS data [78, 79] (blue
open circle and red open sqaure).

simulations are consistent with the ATLAS data for cen-
tral and semi-central Pb+Pb collisions at the LHC ener-
gies. The experimental data at more peripheral collisions
are, however, somewhat higher than the LBT results.
This might call into question on the validity of com-
plete thermalization assumed in the hydrodynamic model
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FIG. 7. (Color online) The initial second-order eccentricity
✏2 as a function of centrality in Pb+Pb collisions at

p
s =

2.76 TeV (blue circle) and 5.02 TeV (red square).

in small systems of peripheral collisions. The trigger
bias and the neglect of impact-parameter dependence of
nucleon-nucleon collisions in peripheral nuclear collisions
[80] can potentially a↵ect jet quenching and anisotropy
analyses in these peripheral events. This can be clari-
fied in the future by comparisons with experimental data
from central light-ion, for example O+O, collisions [81]
or p+A collisions [82].

Though there is no significant di↵erence between ex-
perimental data on vjet,EP

2 at the two colliding energies
beyond systematic and statistic errors as shown in Fig. 6,
there is a small but visible di↵erence between LBT results
at these two colliding energies. The small di↵erence also
depends on the centrality or the number of participant
nucleons. For large values of hNparti in central and semi-

central collisions, vjet,EP
2 at

p
s = 5.02 TeV is slightly

larger than at 2.76 TeV. This variation can come from a
combination of the colliding energy dependence of the jet
energy loss (parton density at 5.02 TeV is higher than at
2.76 TeV), initial jet spectra (the spectra at 5.02 TeV
is flatter than at 2.76 TeV) and the initial geometric
anisotropy. This ordering is also similar to that of the
elliptic flow coe�cients for soft bulk hadrons in all cen-
trality bins as summarized in Tab. I. However, unlike
vsoft2 , the order for vjet,EP

2 from LBT is reversed for small
values of hNparti in peripheral collisions as seen in Fig. 6.

Since vjet,EP
2 is directly driven by the initial geometric

anisotropy of the QGP medium ✏2 instead of the final
momentum anisotropy of soft hadrons vsoft2 , it is illustra-
tive to exam the colliding energy dependence of the ✏2
coe�cient from the AMPT model in Fig. 7. We indeed
observe that the average values of ✏2 of the QGP medium
in Pb+Pb collisions at

p
s = 5.02 TeV are larger than

that at 2.76 TeV in central and semi-central collisions,
except in the very peripheral collisions where the order
is also reserved. A possible cause of the reversed ordering
of vjet,EP

2 and ✏2 in the colliding energy in peripheral col-

lisions is the amount of the geometric fluctuation of the
corresponding bulk media. The fluctuation is expected
to be larger at lower colliding energy, especially in pe-
ripheral collisions.

C. pT dependence and e↵ect of event fluctuation

Apart from extracting vjetn from the cosine function fit,
we also use the following two methods to evaluate the
jet anisotropy. The first one is equivalent to the cosine
function fit, i.e., the event plane (“EP”) method, with
the definition of the anisotropy as,

vjet,EP
n = hhcos(n[�jet � n])ii, (13)

where the symbol hh. . .ii denotes the average over events.
This event plane method does not take into account the
fluctuation of the bulk vsoftn within a given centrality
bin. In the second approach, the scalar product (“SP”)
method takes into account the correlation with vsoftn fluc-
tuation in the jet anisotropy,

vjet,SPn =
hhvsoftn cos(n[�jet � n])iiq

hvsoftn
2i

, (14)

where vsoftn represents the anisotropy of the soft bulk

hadrons in one event, while
q
hvsoftn

2i denotes the root-

mean-square average of vsoftn within a given centrality bin.
In Fig. 8 we show the pT dependence of vjet2 with the

above two di↵erent methods for Pb+Pb collisions with
di↵erent centralities at both

p
s = 2.76 and 5.02 TeV,

compared to the ATLAS data. The LBT results with the
event plane (scalar product) method are shown as solid
(dashed) lines that takes (does not take) into account of
the fluctuation of soft hadron anisotropies vsoftn . We find
that the e↵ect of the event-by-event fluctuation of the soft
hadron vsoft2 on vjet2 is negligibly small. We observe that
vjet2 in all centrality classes has a weak transverse mo-
mentum dependence, decreasing slightly with pT. This
is consistent with the pT dependence of the single in-
clusive jet suppression factor RAA(pT) which increases
slightly with pT as a result of the interplay between the
pT dependence of the jet energy loss and the shape of
the initial jet spectra [60]. Again, the LBT model can
describe the ATLAS data well except in very peripheral
Pb+Pb collisions.
For a closer look at the e↵ect of soft hadron vsoft2 fluc-

tuation on jet vjet2 , we present in Fig. 9 a comparison be-
tween the LBT results and the recent ATLAS data [79] on
vjet2 in Pb+Pb collisions at 5.02 TeV. Our LBT calcula-
tion provides a reasonable description of the experimental
data. The inclusion of the soft hadron vsoft2 fluctuation
increases the LBT results slightly on vjet2 , though the ef-
fect is extremely small. This small relative di↵erence is
consistent with the estimate (�vsoft2 /vsoft2 )2 ⇠ 0.01� 0.02
according to Tab. I. It is also consistent with the findings
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FIG. 8. (Color online) Jet elliptic anisotropy coe�cient vjet2 as
a function of the jet pT from the LBT model (closed marker)
as compared to the ATLAS data [78, 79] (open marker) in dif-
ferent centrality ranges of Pb+Pb collisions at

p
s = 2.76 TeV

(blue circle) and 5.02 TeV (red square ). vjet,SP2 is labeled as
“with (soft v2) fluctuations” (solid lines), and vjet,EP

2 is la-
beled as “without fluctuations” (dashed lines).

for the elliptic flow of single inclusive hadrons in an ear-
lier study [83]. This is, however, in sharp contrast to the
conclusion in Ref.[36] where the e↵ect of bulk flow fluc-
tuation was found significantly larger for high pT single
inclusive hadrons.

Again, the experimental data in Fig. 8 show no sig-
nificant dependence on the colliding energy. The LBT
results have the same small colliding energy dependence,
consistent with the findings in Fig. 6. The jet elliptic
anisotropy vjet2 is slightly larger or smaller in collisions
at

p
s = 2.76 TeV than at 5.02 TeV depending on the

centrality, due to the centrality dependence of the di↵er-
ent bulk geometric anisotropy ✏2 produced at these two
colliding energies as we have just discussed in the above
subsection.

D. Soft and hard correlation

The geometric anisotropy of the QGP medium is ex-
pected to be the dominant factor that determines the jet
anisotropy vjetn due to the length dependence of trans-
verse momentum broadening and parton energy loss.
This geometric anisotropy fluctuates from event to event
even for a given centrality class as reflected by the fluc-
tuation of the anisotropic flow coe�cients of soft bulk
hadrons shown in Figs. 2 and 3. Since the anisotropic
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FIG. 9. (Color online) Jet elliptic anisotropy coe�cient vjet2

as a function of the jet pT from the LBT model calculation
(lines) as compared to the ATLAS data [79] (markers) in 0-
10% Pb+Pb collisions at

p
s = 5.02 TeV. vjet,SP2 is labeled

as “with (soft v2) fluctuations” (solid lines), and vjet,EP
2 is

labeled as “without fluctuations” (dashed lines).

FIG. 10. (Color online) Correlations between vjet,EP
2 and the

bulk vsoft2 in Pb+Pb collisions at
p
s = 2.76 TeV with jet

transverse momentum 100 < pT < 120 GeV/c. The LBT
results (blue points with error boxes) is fitted with a power law
correlation (red lines) in each centrality bin with the power
index as indicated.
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FIG. 11. (Color online) Correlations between vjet,EP
2 and the

bulk vsoft2 in Pb+Pb collisions at
p
s = 2.76 TeV with jet

transverse momentum 200 < pT < 220 GeV/c. The LBT
results (blue points with error boxes) is fitted with a power law
correlation (red lines) in each centrality bin with the power
index as indicated.

FIG. 12. (Color online) Correlations between vjet,EP
2 and the

bulk vsoft2 in Pb+Pb collisions at
p
s = 5.02 TeV with jet

transverse momentum 100 < pT < 120 GeV/c. The LBT
results (blue points with error boxes) is fitted with a power law
correlation (red lines) in each centrality bin with the power
index as indicated.

FIG. 13. (Color online) Correlations between vjet,EP
2 and the

bulk vsoft2 for di↵erent centralities of
p
s = 5.02 TeV Pb+Pb

collisions with jet transverse momentum within 200 < pT <
220 GeV. The LBT results (blue points with error boxes) is
fitted with a power law (red lines).

flows of soft hadrons are also driven by the initial geomet-
ric anisotropies of the QGP medium, one should expect a
direct event-by-event correlation between the anisotropic
flow of soft hadrons vsoft2 and the jet anisotropy vjet2 .
In Figs. 10, 11, 12 and 13, we show the correla-

tion between the soft hadron vsoft2 and the jet elliptic
anisotropy vjet2 in di↵erent jet pT ranges for di↵erent
centrality classes of Pb+Pb collisions at the LHC ener-
gies as simulated by LBT and CLVisc. Results for bothp
s = 2.76 TeV (Figs. 10 and 11) and 5.02 TeV (Figs. 12

and 13) are presented. In each panel of these figures,
blue crosses represent results from our LBT and CLVisc
calculations, while red curves represent a power law fit
in the following form,

vjet2 = ↵(vsoft2 )
�
, (15)

with ↵ as an overall normalization factor and � as the
power index. Both anisotropies are analyzed with event
plane method. Note that for any given value of vsoft2 in
each hydro event, the jet anisotropy vjet2 from the event
plane method in Eq. (13) and the scalar product method
in Eq. (14) coincide. One observes that the power indices
� from the fitting are all around 1, indicating an approx-
imately linear correlation between the jet vjet,EP

2 and the
bulk vsoft2 due to the fluctuation of the bulk medium.
This linear correlation is quite interesting and not neces-
sarily straightforward since the bulk hadron anisotropy
arises from collective expansion while the jet anisotropy
is caused by the length dependence of parton energy loss.
The initial geometrical anisotropy of the expanding QGP
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FIG. 14. (Color online) Distributions of the di↵erence of the
jet azimuthal angle �jet and the event plane angle  3 (��3 =
�jet �  3) for di↵erent centrality bins of Pb+Pb collisions
at

p
s = 2.76 TeV. Results calculated from the LBT model

(blue solid squares) are fitted with a cosine function (blue
dash lines).

fireball is the link underlying this correlation. We have
tried to include only elastic processes in the LBT simu-
lations with increased e↵ective coupling constant so that
one can still fit the experimental data on single inclu-
sive jet suppression Rjet

AA. This model simulation leads to
only a slightly di↵erent length dependence of jet energy
loss. However the resultant soft and hard correlation be-
tween vjet2 and vsoft2 still remains approximately linear.
One probably needs to have a joint analysis of the cen-
trality dependence of the single inclusive jet suppression
Rjet

AA and jet anisotropy vjet2 and the soft hard correlation

between vjet2 and vsoft2 in order to provide a stringent con-
straint on the jet transport dynamics. This is however
beyond the scope of the study in this paper.

V. SINGLE INCLUSIVE JET ANISOTROPY vjet3

In addition to the elliptic flow coe�cient, we can also
study the triangular flow coe�cient vjet3 of jets, which
helps place more stringent constraints on the jet trans-
port dynamics inside the QGP medium as well as the
e↵ect of bulk medium fluctuation on jet observables.

Similar to the discussion about the elliptic jet
anisotropy in the previous section, we first present the az-
imuthal angle distribution of single inclusive jets within
60 < pT < 80 GeV in Pb+Pb collisions at

p
s = 2.76 TeV

in Fig. 14, and at 5.02 TeV in Fig. 15. The hori-
zontal axis ��3 ⌘ �jet �  3 is defined as the di↵er-

FIG. 15. (Color online) Distributions of the di↵erence of the
jet azimuthal angle �jet and the event plane angle  3 (��3 =
�jet �  3) for di↵erent centrality bins of Pb+Pb collisions
at

p
s = 5.02 TeV. Results calculated from the LBT model

(blue solid squares) are compared with the ATLAS data [79]
(black closed circle) and fitted with a cosine function (blue
dash lines).

ence between the azimuthal angle of the jet �jet and
the 3rd-order event plane angle  3 of the bulk hadrons.
We then fit the jet distribution in ��3 from the LBT
calculations (solid blue squares) with a cosine function
3/(⇡�pT)(1 + 2vjet,EP

3 cos(3��3)) (dashed lines), where
the 3/⇡ factor is introduced to normalize the distribution
function within [0,⇡/3]. Since such a fitting corresponds
to the event plane method, we label the jet triangular
anisotropy coe�cient as vjet,EP

3 . The extracted values of
vjet,EP
3 are presented in di↵erent panels for various classes
of centrality.

To summarize the centrality dependence of vjet3 and
compare the results at two colliding energies, we present
vjet,EP
3 as a function of the number of participant nu-
cleons in Fig. 16 for jets with the cone size R = 0.2 and
transverse momentum 100 < pT < 200 GeV/c in di↵erent
centrality classes of Pb+Pb collisions at

p
s = 2.76 and

5.02 TeV. One observes that vjet,EP
3 in general is larger

in central collisions (large Npart) than in peripheral colli-
sions (small Npart). This is di↵erent from the centrality

dependence of the elliptic jet anisotropy coe�cient vjet2
as previously shown in Fig. 6. The triangular geometric
anisotropy ✏3 of the bulk medium results from the initial
state fluctuation while the elliptic geometric anisotropy
✏2 is mainly caused by the shape of the nuclear overlap
in non-central collisions, though ✏2 in the most central
collisions also comes from initial fluctuations. As illus-
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FIG. 16. (Color online) The jet vjet,EP
3 within 100 < pT <

200 GeV/c as a function of the number of participant nucleons
Npart in Pb+Pb collisions at

p
s = 2.76 TeV (blue circles with

line) and 5.02 TeV (red squares with line).

trated in Tab. II, the bulk vsoft3 has a very weak centrality
dependence. This should be the same for the triangular
geometric anisotropy of the bulk medium. Therefore,
larger energy loss of jets in more central collisions nat-
urally gives rise to larger vjet,EP

3 than that in periph-
eral collisions. On the other hand, the elliptic geometric
anisotropy of the nuclear overlap is strongly correlated
with the centrality, decreasing toward central collisions.
This decrease can overcome the increased jet energy loss
such that the final jet elliptic anisotropy vjet,EP

2 also de-
creases toward central collisions as seen in Fig. 6.

Compared to Fig. 6 for the centrality dependence of
the jet elliptic anisotropy, we observe that the values of
the jet triangular anisotropy vjet3 from LBT in Fig. 16
are almost an order of magnitude smaller than those
of the jet elliptic anisotropy vjet2 . However, these are
still significantly larger than the triangular anisotropy
of large transverse momentum single inclusive hadron
spectra predicted in Ref. [36]. We also observe that the
jet triangular anisotropy vjet,EP

3 in Pb+Pb collisions atp
s = 5.02 TeV from LBT simulations is larger than that

at 2.76 TeV for all the centrality classes. Since the geo-
metrical triangular anisotropies of the systems are sim-
ilar between the two colliding energies as indicated by
the bulk triangular flow coe�cients shown in Tab. II,
this change of jet triangular anisotropy with the collid-
ing energy from 2.76 to 5.02 TeV is mainly caused by the
increase of jet energy loss as the initial parton density
and the jet transport coe�cient increase by about 20%,
indicated by the similar increase in the charged hadron
multiplicity in the central rapidity region [84, 85].

Shown in Fig. 17 is the transverse momentum depen-
dent vjet3 in Pb+Pb collisions at both

p
s = 2.76 and

5.02 TeV, as compared to the ATLAS data. Though the
ATLAS data are consistent with LBT results, the ex-

FIG. 17. (Color online) The jet vjet3 as a function of the
jet pT in di↵erent centralities of Pb+Pb collisions at

p
s =

2.76 TeV (blue circles) and 5.02 TeV (red squares) from the
LBT model calculation (closed marker) as compared to the
ATLAS data [79] (open marker), vjet,SP3 is labeled as “with
(soft v3) fluctuations” (solid lines) while vjet,EP

3 is labeled as
“without fluctuations” (dashed lines).

perimental errors, mainly statistical, have to be signifi-
cantly reduced in order to observe the small jet triangular
anisotropy.
To exam the colliding energy and transverse momen-

tum dependence and the e↵ect of bulk flow fluctuations
in more detail, we present the same LBT results in Fig. 18
with an increased resolution of the vertical axis. We ob-
serve the same colliding energy dependence as discussed
above. It also decreases slightly with the jet transverse
momentum, similar to the pT dependence of vjet2 . By
comparing the results with bulk flow fluctuations (solid
lines) using the scalar product method in Eq. (14) and
that without flow fluctuations (dashed lines) using the
event plane method Eq. (13), it is, however, di�cult to
see the e↵ect of the bulk flow fluctuations because of the
limited statistics of the LBT simulations in these central-
ity classes.
To better illustrate the e↵ect of the bulk flow fluctua-

tions, we present vjet3 from LBT simulations with much
higher statistics in Fig. 19 as a function of the jet pT in
0-10% Pb-Pb collisions at

p
s = 5.02 TeV. Similar to the

conclusion drawn for vjet2 , the event plane method and
the scalar product method lead to very similar values
of the jet vjet3 , indicating negligible e↵ect of the event-
by-event bulk flow fluctuations. The results from LBT
calculations are consistent with the more recent ATLAS
data [79] with smaller statistic errors. The small vjet3
from LBT is clearly seen to decrease with jet pT, similar
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FIG. 18. (Color online) The jet vjet3 as a function of the jet pT
in di↵erent centralities of Pb+Pb collisions at

p
s = 2.76 TeV

(blue circles) and 5.02 TeV (red squares) from the LBT calcu-
lations using the event plane analysis vjet,SP3 (labeled as “with
soft v3 fluctuations” – solid lines) and scalar product analysis
vjet,EP
3 (labeled as “without fluctuations” – dashed lines).
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FIG. 19. (Color online) The jet vjet3 as a function of the jet
pT in 0-10% Pb+Pb collisions at

p
s = 5.02 TeV from the

LBT model analyzed with the event plane method (without
fluctuation) (dashed line) and scalar product method (with
fluctuation) (solid line) as compared to the ATLAS data [79].
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FIG. 20. (Color online) Suppression factors of single in-
clusive jets (R = 0.4) RAA in 0-10% Pb+Pb collisions atp
s = 5.02 TeV from LBT with (black circle) and with-

out (blue triangle down) jet-induced medium response for
↵s = 0.15 or without jet-induced medium response but for
↵s = 0.13 (red triangle up), as compared to the ATLAS
data [86].

to vjet2 shown in Fig. 9.

VI. EFFECT OF MEDIUM RESPONSE ON vjet2

One important motivation for developing the LBT
model is to investigate the propagation of recoil medium
partons and the back-reaction partons on the same foot-
ing as the jet shower partons (both leading jet shower
partons and radiated gluons induced by jet-medium in-
teraction). Since some of the final hadrons from the
hadronization of the recoil medium partons can still fall
inside the jet-cone, they will contribute to the total jet
energy within the jet cone. The back-reaction induced by
the parton transport essentially depletes the phase-space
of medium partons behind the propagating jet which
is often referred to as the di↵usion wake. The energy
of these back-reaction medium, or “negative partons”
within the jet-cone has to be subtracted from the total
jet energy. We generally refer recoil and back-reaction or
“negative” partons as jet-induced medium response.
E↵ects of jet-induced medium response on net jet

energy loss and jet suppression within the LBT and
the CoLBT-hydro model have been discussed in detail
in previous studies on single inclusive jets [60], �/Z0-
jets [61, 62], as well as �/Z0-hadron correlations [66, 68]
and �-jet fragmentation functions [67] in heavy-ion colli-
sions. E↵ects of jet-induced medium response have also
been studied within other models such as the MARTINI
[87, 88], JEWEL [89, 90], Hybrid [91, 92] and the coupled
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FIG. 21. (Color online) Inclusive jet azimuthal anisotropy vjet2

in 0-10% Pb+Pb collisions at
p
s = 5.02 TeV with jet cone

size R = 0.2, 0.3, 0.4 in mid-rapidity range calculated within
the LBT model with (black circle) and without (blue triangle
down) jet-induced medium response for ↵s = 0.15 or without
jet-induced medium response but for ↵s = 0.13 (red triangle
up).

jet-fluid model [93]. For a recent review on jet quench-
ing and jet-induced medium response see Ref. [7]. The
jet-induced medium response is found to reduce the net
jet energy loss and therefore the jet suppression while it
enhances soft hadron production both toward the outer
edge and outside of the jet cone. It is expected that its
e↵ects will also depend on the azimuthal angle of the
jet propagation relative to the event plane of the bulk
medium. It should therefore also influence the jet az-
imuthal anisotropy.

Since the inclusion of jet-induced medium response in
the jet reconstruction reduces the net jet energy loss,
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FIG. 22. (Color online) The ratio of inclusive vjet2 between
with medium response e↵ect (at ↵s = 0.15) and without
medium response e↵ect (at ↵s = 0.13) in the 0-10% centrality
and mid-rapidity range of 5.02 TeV Pb+Pb collisions with jet
cone size R = 0.2 (black circle), 0.3 (blue triangle down) and
0.4 (red triangle up).

it is also expected to reduce the jet suppression as
well as the jet azimuthal anisotropies. Jet energy loss
and suppression are generally positively correlated with
jet anisotropies. To examine the e↵ect of jet-induced
medium response on jet anisotropies beyond such a triv-
ial correlation with the net jet energy loss, we adjust
the e↵ective strong coupling constant ↵s so that the net
jet energy loss and the jet suppression remain the same
as in the case when jet-induced medium response is in-
cluded. Shown in Fig. 20 are the jet suppression factors
RAA for jet cone size R = 0.4 from LBT simulations of
0-10% central Pb+Pb collisions at

p
s = 5.02 TeV with

(black circle) and without (blue triangle down) medium
response for ↵s = 0.15 as compared to the ATLAS exper-
imental data [86]. Without the medium response, LBT
results at this e↵ective strong coupling constant have
too much suppression as compared to the experimental
data. In order to fit the experimental data without the
jet-induced medium response, one can reduce the e↵ec-
tive strong coupling constant to ↵s = 0.13 (red triangle
up). We show in Fig. 21 the corresponding vjet2 with
(black circle) and without (blue triangle down) medium
response with the same e↵ective coupling constant and
a reduced e↵ective coupling constant (red triangle up)
tuned to fit the jet suppression factor. We can see there
are noticeable di↵erences in the jet azimuthal anisotropy
when jet-induced medium response is excluded from jet
reconstruction even when the e↵ective coupling constant
is tuned to fit the overall jet suppression. The di↵erence
increases with the jet cone-size.
To exam the azimuthal dependence of the e↵ect of the
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jet-induced medium response beyond the simple path
length dependence of net jet energy loss, we plot the
ratios of the jet elliptic anisotropy from LBT with and
without jet-induced anisotropy (but with reduced e↵ec-
tive coupling constant so that the jet suppression remains
the same) in Fig. 22 for di↵erent jet cone sizes. One can
see that the medium response increases vjet2 by about
20⇠40% in the pT range of 50⇠250 GeV/c as compared
to the case without medium response even when LBT is
tuned in both cases to give the same averaged jet sup-
pression. The increase is bigger for a larger jet cone-size.

While the azimuthal dependence of the averaged jet
path length is the dominant mechanism for the azimuthal
anisotropy of jet suppression, it has the opposite e↵ect
on the influence of medium response on jet anisotropy.
Long (short) path length causes more (less) jet-induced
medium response which leads to more (less) reduction
of the net jet energy loss and less (more) jet suppres-
sion. Therefore such length dependence of the medium
response reduces jet anisotropy. However, the combined
e↵ect of radial flow and jet-induced medium response can
increase jet anisotropy. According to the study of jet en-
ergy loss in Ref. [60], radial flow tends to increase the ef-
fect of jet-induced medium response and further reduces
the net jet energy loss and leads to less jet suppression.
This e↵ect of radial flow is bigger for a larger jet cone size.
Consequently, the azimuthal modulation of the radial
flow, which gives rise to the bulk anisotropic flow, will
increase the jet anisotropy. The increase should be big-
ger for jets with a larger cone size since they contain more
contribution from jet-induced medium excitation. These
are exactly what we observe in the LBT calculations as
shown in Fig. 22. The LBT results clearly demonstrate
that when jet RAA is fixed, incorporating the medium
response increases vjet2 , and stronger enhancement is ob-
tained for jets with larger cone sizes. This also implies
that the e↵ect of jet-induced medium response on the
reconstructed jet energy is influenced by the radial flow
which changes with the azimuthal angle relative to the
event plane. The e↵ect understandably increases with
the jet cone-size.

VII. EFFECT OF VISCOSITY ON vjet2

So far the hydrodynamic profiles of the bulk medium
we have used in the LBT model to calculate the jet
anisotropy were given by the CLVisc simulations for an
ideal quark-gluon plasma with zero shear viscosity ⌘ = 0.
However, the shear viscosity of QGP is known to be criti-
cal for a more realistic description of the anisotropic flows
of the bulk medium with given initial conditions. It is
therefore also important to check the e↵ect of the viscos-
ity of the bulk medium on jet quenching, jet anisotropy
and hard-soft correlation.

We carry out the same simulations and jet analyses
within LBT in which the space-time profiles of the bulk
medium are given by CLVisc hydrodynamic model with
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FIG. 23. (Color online) Distributions of soft hadron vsoft2

(0.3 < pT < 3 GeV/c) from CLVisc model simulations of 0-
10% central Pb+Pb collisions at

p
s = 5.02 TeV with shear

viscosity to entropy density ratio ⌘/s = 0.08 (red square) and
⌘/s = 0 (blue diamonds). Errors are statistical with 1000
hydro events.

the same initial conditions but with finite shear viscos-
ity ⌘/s = 0.08. The overall scale factor K in the ini-
tial conditions for the hydrodynamics in Eq. (11) is ad-
justed so that the final charged hadron rapidity density
in the most central collisions remains the same in ideal
and viscous hydrodynamic calculations as compared to
the experimental data. Shown in Fig. 23 are the distri-
butions of soft hadron elliptic anisotropy vsoft2 in 0-10%
central Pb+Pb collisions at

p
s = 5.02 TeV calculated

with CLVisc with shear viscosity to entropy density ratio
⌘/s = 0 (blue diamonds ) and ⌘/s = 0.08 (red square).
Within the statistic errors for 1000 hydro events, the vsoft2
distributions from ideal and viscous CLVisc hydrody-
namic evolution are similar, except that both the average
value and the tail of fluctuation from the viscous hydro
are smaller than that from the ideal hydro as expected.
Note that we have imposed a cut in 0.3 < pT < 3 GeV/c
in this calculation of vsoft2 as in the experimental anal-
ysis [74, 75] which also influences the vsoft2 distribution
slightly.
Using the space-time parton density profiles from these

viscous and ideal hydrodynamic events, we first compare
in Fig. 24 the suppression factors of single inclusive jets
(with cone size R = 0.4) RAA in 0-10% Pb+Pb collisions
at

p
s = 5.02 TeV from LBT with viscous (green solid

line) and ideal (blue dashed line) hydro profiles with the
same e↵ective coupling constant ↵s = 0.15, as compared
to the ATLAS data [86]. Since the entropy density is
slightly larger in the viscous hydro than that in the ideal
hydro, the corresponding jet energy loss is also larger
and jets are slightly more suppressed in the viscous hydro
than in the ideal hydro. However, the di↵erence is very
small.
Similarly, we show the jet elliptic flow coe�cient vjet2 as

a function of the jet pT from LBTmodel calculations with
viscous (blue square-line) and ideal (green diamond-line)
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FIG. 25. (Color online) The jet elliptic flow coe�cient vjet2 as
a function of the jet pT from the LBT model calculations with
ideal (green diamond) and viscous (blue square) hydro profiles
as compared to the ATLAS data [79] (filled red circles) in 0-
10% Pb+Pb collisions at

p
s = 5.02 TeV. vjet,SP2 is labeled

as “with (soft v2) fluctuations” (filled symbol and solid line),
and vjet,EP

2 is labeled as “without fluctuations” (open symbol
and dashed line).

hydro profiles as compared to the ATLAS data [79] (filled
red circles) in 0-10% Pb+Pb collisions at

p
s = 5.02 TeV

in Fig. 25. vjet,SP2 is labeled as “with (soft v2) fluctu-
ations” (filled-symbol and solid lines), and vjet,EP

2 is la-
beled as “without fluctuations” (open-symbol and dashed
lines). One finds that the viscous hydro enhances jet
anisotropy slightly, which is mainly due to the larger jet
quenching in the viscous hydro than in the ideal hydro,
consistent with the e↵ect of viscosity on jet suppression
factor RAA in Fig. 24.

Finally, we show in Fig. 26 the correlation between
vjet,EP
2 and the bulk vsoft2 (0.3 < pT < 3 GeV/c) in 0-
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FIG. 26. (Color online) Correlations between vjet,EP
2 and bulk

vsoft2 in 0-10% Pb+Pb collisions
p
s = 5.02 TeV with jet trans-

verse momentum 100 < pT < 200 GeV/c from LBT simu-
lations with viscous (red square) and ideal (blue diamond)
hydro profiles.

10% Pb+Pb collisions at
p
s = 5.02 TeV with jet trans-

verse momentum 100 < pT < 200 GeV/c with viscous
(red squares) and ideal (blue diamonds) hydro profiles
in LBT. The correlation between jet and soft bulk ellip-
tic flow coe�cients in viscous and ideal hydro are almost
identical in the region 0.1 < vsoft2 < 0.4 since the distribu-
tions of vsoft2 in both cases are very similar. In the large
region of vsoft2 > 0.4, the fluctuation of the bulk vsoft2 in
the viscous hydro is smaller than that in the ideal hydro
(see Fig. 23). This results in a slightly larger correlation
between vjet,EP

2 and vsoft2 in the viscous hydro than that
in an ideal hydro.

VIII. SUMMARY

We have studied in this paper the azimuthal
anisotropic coe�cients of single inclusive jets produced
in relativistic heavy-ion collisions within the LBT model.
The AMPTmodel is used to consistently generate the ini-
tial geometric distribution of both the energy density pro-
file for the hydrodynamic evolution of the bulk medium
and jet production vertices for jet transport within LBT.
The subsequent evolution of the QGP medium is simu-
lated using the CLVisc hydrodynamic model, while the
jet-medium interactions are simulated using the LBT
model. The only additional model parameter in LBT, the
e↵ective strong coupling constant ↵s = 0.15, was fixed in
our earlier work [60] that provided satisfactory descrip-
tion of the single inclusive jet suppression RAA in Pb+Pb
collisions at both

p
s = 2.76 and 5.02 TeV. Di↵erent anal-

ysis methods for extracting the anisotropic coe�cients of
jets have been applied and compared, including the co-
sine function fit from the azimuthal angular distribution
of jets, the event plane method and the scalar product
method. Within this framework, we have investigated
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the transverse momentum dependence, the centrality or
participant nucleon number dependence, as well as the
colliding energy dependence of the jet anisotropies vjetn .
E↵ects of jet-induced medium excitation and viscosity of
the bulk medium on the jet vjet2 have also been discussed
in detail.

We found that, as the centrality increases or the num-
ber of participant nucleons decreases, the vjet2 coe�cient
for jets produced in Pb+Pb collisions at both

p
s = 2.76

and 5.02 TeV first increases and then decreases. This
non-monotonic behavior, similar to the centrality depen-
dence of vsoft2 for soft hadrons, results from the com-
petition between the elliptic geometric anisotropy (✏2)
of the QGP medium and the amount of net jet energy
loss – the former is larger in more peripheral collisions
while the latter is larger in more central collisions. In
contrast, the vjet3 coe�cient appears monotonically de-
creasing as the centrality increases, for jets produced at
both

p
s = 2.76 and 5.02 TeV, since the triangular ge-

ometric anisotropy (✏3) of the QGP fireball only weakly
depends on centrality and vjet3 is mainly driven by jet
energy loss which decreases monotonically with central-
ity. Comparing results at the two colliding energies, we
noticed that vjet2 is larger at

p
s = 5.02 TeV than at

2.76 TeV when Npart is large, but smaller when Npart is
small. This can be understood with the larger ✏2 of the
QGP profile at

p
s = 5.02 TeV than at 2.76 TeV in cen-

tral collisions, but possible smaller ✏2 in peripheral colli-
sions within the AMPT model. In contrast, vjet3 remains
larger at 5.02 TeV than at 2.76 TeV across the kinematic
and centrality region explored in this work. Our study
has shown little di↵erence of the vjet2 and vjet3 coe�cients
between analyses using the event plane method and the
scalar product method, indicating very weak dependence
of vjetn on the event-by-event fluctuation of the bulk vsoftn .
This is in sharp contrast to the conclusion in Ref. [36]
for high pT single inclusive hadrons. To quantify the
event-by-event correlation between the jet vjet2 and the
bulk hadron vsoft2 , we have fitted their correlation func-
tion from LBT simulations with a power-law ansatz and
found a close to linear dependence of vjet2 on vsoft2 . Such
a linear correlation holds for di↵erent colliding energies,
centrality classes and jet transverse momenta, and can be
tested by more precise jet measurements in the future.

One of the special capabilities of the LBT model is to

explore signatures of jet-induced medium excitation in
heavy-ion collisions which consists of recoil and “nega-
tive” partons, or Mach wave and di↵usion wake, arising
from jet-medium interaction. In this work, we found that
jet-induced medium response which is influenced by the
radial flow increases the jet elliptic anisotropy beyond the
simple mechanism of length dependence of jet energy loss.
Inclusion of the jet-induced medium response leads to a
larger vjet2 by 20⇠40% in the pT range of 50⇠250 GeV/c
as compared to the case without medium response but
with the same jet suppression factor RAA by reducing
the e↵ective strong coupling constant. The enhancement
of jet vjet2 due to jet-induced medium response increases
with the jet cone sizes. We also explored the e↵ect of the
shear viscosity of the bulk medium on the jet anisotropy
which increases vjet2 , but only slightly.
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