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Event-by-event jet anisotropy and hard-soft tomography of the quark-gluon plasma
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Suppression of jet spectra or jet quenching in high-energy heavy-ion collisions is caused by jet energy loss
in the dense medium. The azimuthal anisotropy of jet energy loss in noncentral heavy-ion collisions can lead to
finite values of jet anisotropic flow coefficients. This is investigated within the linear Boltzmann transport model,
which simulates both elastic scattering and medium-induced gluon radiation based on perturbative quantum
chromodynamics for jet shower and medium recoil partons as well as radiated gluons as they propagate through
the quark-gluon plasma. The dynamical evolution of the quark-gluon plasma in each event of heavy-ion collisions
is provided by the (3 4 1)-dimensional CLVisc hydrodynamic model with fully fluctuating initial conditions.
This framework has been shown to well describe the suppression of single inclusive jet spectra. We calculate
in this study the elliptic (vj;t) and triangular (vj;t) anisotropy coefficients of the single inclusive jet spectra in
Pb + Pb collisions at the Large Hadron Collider 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
coefficients of the soft bulk hadrons. An approximate linear correlation between jet and bulk v, is found. The

effect of the bulk v, fluctuation on vi* is found negligible. We also investigate the effect of jet-induced medium

jet

excitation, which is influenced by radial flow, on jet vjze‘. The sensitivity of jet elliptic anisotropy v, to the shear

viscosity of the bulk medium is also studied.

DOLI: 10.1103/PhysRevC.106.044904

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 the quark-gluon plasma
(QGP) created in heavy-ion collisions. This phenomenon is
caused by energy loss and transverse momentum broaden-
ing of a propagating parton due to multiple scattering and
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induced gluon bremsstrahlung when it traverses the dense
medium [1-7]. Within perturbative quantum chromodynamics
(pQCD), one can calculate the parton energy loss and trans-
verse momentum broadening [8—14]. They are found to be
directly proportional to the jet transport coefficient § which
is defined as the transverse momentum broadening squared
per unit length of propagation and can be related to the local
gluon density distribution of the medium [15-17]. Experi-
mental measurements of jet quenching and phenomenological
extraction of the jet transport coefficient can provide some of
the important properties of the QGP [18-22].

Given the jet transport coefficient, the total transverse mo-
mentum broadening squared of a parton will be proportional
to the total length of the propagation. The total radiative en-
ergy loss is, however, proportional 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
the system size dependence of the jet quenching phenomenon
as observed in high-energy heavy-ion collisions [23,24]. In

Published by the American Physical Society
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noncentral heavy-ion collisions, the averaged path-length and
total parton energy loss will depend on the azimuthal angle
of the jet propagation relative to the reaction plane. Such
an azimuthal angle dependence of the total energy loss was
predicted [25] to give rise to the azimuthal angle dependence
or azimuthal anisotropy of high transverse momentum jet and
hadron spectra in noncentral heavy-ion collisions which is
very similar to the anisotropy of soft hadrons generated by
the collective expansion and flow of the dense medium [26].
The study of jet azimuthal anisotropy therefore will provide us
additional information about jet propagation, the geometrical
and dynamic properties of the dense medium in heavy-ion
collisions.

Because of the rapid decrease of gluon number density or
the local jet transport coefficient 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 [27,28] from that of a simple one-dimensional
Bjorken system [25,29]. The observed v, of charged hadrons
at large transverse momentum pr is larger than simple jet
quenching model calculations that take into account of the
geometry and hydrodynamic expansion of the dense medium
in noncentral heavy-ion collisions, especially at intermedi-
ate pr ~ 4-10 GeV/c. The hadron anisotropy below pr < 2
GeV/c is shown to come mostly from collective flow of
the dense medium and can be described well by viscous
hydrodynamic models [30-33]. Simultaneous descriptions of
single inclusive hadron suppression and anisotropies have
been shown to provide a stronger constraint on jet transport
dynamics, the initial state of the QGP, and the event-by-
event fluctuation of the bulk medium [34-38]. Some exotic
mechanisms such as interaction through magnetic monopoles
in QCD [39-41] and a singular behavior of the temperature
dependence of the jet transport coefficient near the QCD phase
transition have also been proposed to resolve the v, puzzle.
However, it is quite likely that a mundane physics mecha-
nism could be the culprit. It is known that recombination of
jet shower and medium partons can lead to enhancement of
protons and kaons and their anisotropic flow in intermediate
pr in heavy-ion collisions [42-48] as well as in p 4+ A colli-
sions [49,50]. Such a mechanism can also provide a consistent
description of the suppression and v, of the single inclusive
hadron spectra in the intermediate pr. Indeed, parton energy
loss and recombination in the hadronization can describe well
both the suppression factor and v, of charmed D and beauty
B mesons [51-53] as well as the light hadrons in heavy-ion
collisions [54].

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 nonperturbative hadronization processes which only
contribute to the jet energy of about 1 GeV within a cone
size of R = 1 [55]. The jet suppression and jet anisotropy can
therefore be directly related to parton transport, geometry, and
dynamical evolution of the QGP in heavy-ion collisions. This
will be the focus of our study in this paper. We employ the lin-
ear Boltzmann transport (LBT) model [56—58] together with
the (3 4+ 1)-dimensional [(3 + 1)D] CCNU (Central China
Normal University) - LBNL (Lawrence Berkeley National

Laboratory) viscous (CLVisc) hydrodynamic model [59-61]
for bulk medium evolution to investigate event-by-event jet
anisotropy in Pb 4 Pb collisions at Large Hadron Collider
(LHC) energies. In particular, we study the correlation be-
tween anisotropies of hard jets and soft bulk hadrons, effects
of the event-by-event fluctuations of the bulk hadron spec-
tra, jet-induced medium response, and viscosity of the bulk
medium. The same framework has been shown to describe
the suppression of single inclusive jet spectra [62] as well as
y /Z-jet correlation [23,63] in Pb + Pb collisions at the LHC
energies.

The remainder of this paper is organized as follows: We
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 present and discuss our
results on the elliptic flow coefficient (v,) of single inclusive
jets in Sec. IV and the triangular flow coefficient (v3) in
Sec. V. In Sec. VI, effects of jet-induced medium response
on jet anisotropic coefficients and their dependence on the
jet-cone size are explored in detail. The effect of the viscosity
of the bulk medium on the final jet elliptic anisotropy v, is
discussed in Sec. VII. A summary is given in Sec. VIIIL.

II. THE LINEAR BOLTZMANN TRANSPORT MODEL

The LBT model is based on the Boltzmann transport equa-
tion that includes both elastic and inelastic scatterings of jet
shower partons as well as recoil medium partons inside the
QGP medium [56-58]:

d?p;
mﬂﬁzfijﬂiai?mﬁ—mwawﬁ

bed i=b,c,d

Vb PPN
x;&mawmwa+m—m—m)
+ inelastic, €))

where p;(i=a,b,c,d) is the four-momenta of parton i
whose phase-space distribution function is f; = (27 )38%(p —
pi)83(% — ¥ — U;t) for jet shower and recoil partons (i =
a,c), and f; = 1/(eP*/T £ 1) for thermal medium partons
(i = b, d) that are assumed in local equilibrium with temper-
ature 7' and flow velocity u and “+ (—)” for quarks (gluons).
Note that this equation includes both a gain term (f.f;) and
a loss term (—f,f»). Here, the quantum effects of Pauli ex-
clusion and Bose enhancement in the transport equation are
assumed small and neglected. The summation over b, ¢, and d
takes into account all possible elastic processes a + b — ¢ +
d in which the scattering amplitude |M ;- 4| is calculated
in the leading-order pQCD. The factor y,, 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 follows:

SG. 1, 0) =00 = 2up)0(—5+up <T < —up), (2

where 3, 7, and i are the Mandelstam variables, and ,u%) =
% g°T? is the Debye screening mass taking into account both
quark (three light flavors) and gluon degrees of freedom.
A fixed strong-coupling constant oy = g°/4m is used in the
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present work, which is tuned to describe experimental data on
single inclusive jet spectra.

The inelastic part in Eq. (1) includes gluon radiation in-
duced by the elastic scattering processes discussed above. The
induced gluon emission rate I'™! is taken from the higher-
twist calculation [13,64-66],

df‘;“61 6aSPa(z)kj_ p-u T—T

= Ga(x) sin® )
dzdkt (k2 4 2m?)* po 21y

where P,(z) is the splitting function for parton a (with mass
m) to radiate a gluon with energy fraction z and transverse mo-
mentum k. The infrared divergence of the splitting function
is also regularized by the Debye screening mass wp as the
lower cut-off energy of the radiated gluon. In the sine term,
7r = 2poz(1 — 2)/(k} + z?m?) is the formation time of the
emitted gluon, and 1; is the production time of the present
parton, i.e., the time of the previous gluon emission. The jet
transport coefficient g,(x) represents the transverse momen-
tum transfer squared per unit length or time due to elastic
scatterings and is evaluated in the local comoving frame of
the QGP medium as

doupc
6,00 = Yoo [ digh S, )

bed

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

The elastic and inelastic scattering rates can then be ob-
tained from Eqgs. (1) and (3) as

“u
rd =205 0w 5)
Po g
and
) 1 dl-'mel
Iﬂnel — dz dk2 , 6
a 1+ 8¢ / tdzdi} ©

respectively. With these rates, we simulate jet-medium in-
teractions using the Monte Carlo method. The detailed
implementation is the same as that in our previous work [62]
on single inclusive jet Raa, except that ten times the statistics
of jet events are required in the present study of jet anisotropic
flow coefficients.

In the LBT model, we track all partons involved in the
scatterings. We define ¢ or d with a larger energy as the
jet shower parton, while the other is defined as the recoil
parton. Medium-induced gluons are also tracked as jet shower
partons. Parton b which is scattered out of the thermal medium
background is denoted a “negative” 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 thermal parton is scattered out. Thus, its four-
momenta will be subtracted from the reconstructed jets in
our analysis of simulated events from LBT. Both recoil and
negative (backreaction) partons are considered as jet-induced
medium excitations, or a medium response to jet propagation,
whose importance has been verified in many jet observables
within the LBT model [23,62].

The term “linear” in LBT denotes a linear approximation
adopted in this model, where we only consider jet, recoil

and “negative” parton interaction with the medium, but not
among themselves, assuming their number density is negligi-
ble compared with the thermal partons inside the QGP. A full
calculation that includes such nonlinear interactions can be
realized within a coupled LBT-hydrodynamic (CoLBT-hydro)
model that has been developed in Refs. [67-69]. Such a cou-
pled approach is important to describing the properties of the
jet-induced medium response in detail. But the effect of inter-
action among recoil and soft radiated gluons beyond the linear
approximation is negligible on the energy of reconstructed 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 vis-
cous hydrodynamic model [59-61]. CLVisc parallelizes the
Kurganov-Tadmor algorithm [70] to solve the hydrodynamic
equation for the bulk medium and Cooper-Frye particlization
on GPU, using the Open Computing Language (OpenCL).
Parallelized with a massive amount of processing elements
on GPUs and single instruction multiple data (SIMD) vector
operations on modern CPUs, CLVisc brings about the best
performance increase so far to (3 4+ 1)D hydrodynamics on
heterogeneous computing devices and provides the event-by-
event space-time hydrodynamic profiles for simulations of jet
transport within LBT model in this study. The Boltzmann
equation in Eq. (1) is boost invariant. In the global collision
frame, the information of the fluid velocity is contained in the
phase-space distribution f, and the Mandelstam variables in
the scattering amplitude. A simpler way to take into account
the fluid velocity in a Monte Carlo approach is to carry out the
simulation of scattering in the local comoving frame. At each
time step, using the local velocity provided by the hydro-
dynamic evolution of the bulk medium, each jet parton is
boosted into the local rest frame of the expanding medium,
where its energy-momentum as well as that of the recoil and
radiated parton are given via the Boltzmann equation that
depends on the local temperature information taken from the
hydrodynamic profile. The final jet and recoil partons after the
interaction are then boosted back to the global frame, where
they propagate to the spatial location of the next time step. For
a detailed discussion of the effects of fluid velocity on parton
energy loss, we refer readers to Ref. [58].

The dynamical evolution of the locally thermalized system
in heavy-ion collisions is described by relativistic hydrody-
namic equations,

V,T* =0, 7)

where V,, is the covariant derivative operator, 7" = (e +
Pyu'u’ — Pg"’ + ¥ is the energy-momentum stress tensor,
in which € and P are the energy density and pressure in the
comoving frame of the fluid, u* is the relativistic fluid four-
velocity, g*¥ = diag(1, —1, —1, —1?) is the metric tensor in
the Milne (7, x, y, n;) coordinates, and 7*¥ is the shear-stress
tensor which will depend on the bulk transport coefficients.
In the case of an ideal hydrodynamics, this term is set to
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zero. To solve this group of time-dependent partial differential
equations, one needs the energy-momentum tensor 7#" at the
initial time 7y and the equation of state (EoS) P = P(¢).

The initial condition for the energy-momentum density
distributions for event-by-event CLVisc hydrodynamic simu-
lations in this study are obtained from a multiphase transport
(AMPT) model [60,71] with a Gaussian smearing,

TMV(TOa .X, yv 77;)

—K Z pip} 1 1
~ D] 2ro}?

0 2710,%3_
x—x)*+ 00—y (i — i)’ o
X eXp T 202 202 > ®
r Ns

where p; = m;r cosh(¥; — n;,) and p;’ = myr sinh(Y; — 1;5)/70
with mir = (p}, + p, + m*)"/?. The summation runs over all
partons (i) produced in the AMPT model simulations. The
values o, = 0.6 fm and o, = 0.6 are chosen to provide a rea-
sonable description of soft hadron observables in the CLVisc
hydrodynamics [61]. One might still vary the values of these
smearing parameters under the constraint of the experimental
data on soft hadron spectra and the anisotropic flow coeffi-
cients. However, we do not expect them to have any significant
effect on jet anisotropy. The transverse mass mr, rapidity
Y, and spatial rapidity n, are calculated from the parton’s
four-momenta and spatial coordinates. Note that there is no
Bjorken scaling in the above initial condition because of early
parton cascade in the AMPT model. The scale factor K and
the initial time 7y are two parameters that can be adjusted to
fit the experimental data on the central rapidity density of the
hadrons produced.

For most calculations in this study, we use the ideal ver-
sion of CLVisc with a parametrized equation of state (EoS)
s95p-vl [72] to obtain the hydrodynamic evolution of the
bulk medium. We discuss the effect 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 heavy-ion collisions in
order to include the effect of event-by-event fluctuations on jet
transport. To improve the statistics of high-pr jets, we divide
the initial transverse momentum transfer pr; in PYTHIA 8 sim-
ulations into multiple bins and generate 10 000 sets of initial
jet showers from PYTHIA 8 in each py; bin for each of the
above-mentioned hydrodynamic profiles. The total number of
jet events for each pr; bin is therefore Neyenr = 200 x 10000
for each centrality bin under investigation. This is also the
total number of events we use for simulating p + p collisions
in each pr; bin for the calculation of the single inclusive jet
suppression factor [62]. The jet cross sections in different
pr; 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 [73,74] to generate minijets according to the
transverse distribution of binary collisions from the Glauber
model of nuclear collisions with the Woods-Saxon nuclear

2:
d°N (fm'z)

dxdy

FIG. 1. Distributions of initial jet production positions in the
transverse plane of Pb + Pb collisions at /s = 5.02 TeV in the cen-
trality bins 5%—10%, 10%—20%, 20%—-30%, 30%—40%, 40%—50%,
and 50%-60% (from left to right and top to bottom) for one hydro-
dynamic event (upper panel) and averaged over 200 hydrodynamic
events (lower panel).

distribution. Shown in Fig. 1 is this spatial distribution of the
initial jets in the transverse plane, where one can observe the
event-by-event fluctuation in the upper panel for a single event
from AMPT, while smooth distributions averaged over 200
events are shown in the lower panel. The same AMPT event
also provides the initial condition for the energy-momentum
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10°F Pb+Pb  5-10% | 10-20% |
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FIG. 2. Distributions of soft hadron v5" from 200 hydro events
calculated with CLVisc model in Pb + Pb collisions at /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 with data from the ATLAS
experiments in Pb + Pb collisions at /s = 2.76 TeV (open blue
circle) in centrality bins 5%—10%, 20%—25%, 30%—35%, 40%—45%,
55%-60% [75] and the CMS experiment at /s = 5.02 TeV (open
red square) in centrality bins 15%—-20%, 30%—35%, 55%—60% [76].

density distribution for the CLVisc hydrodynamic 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 distribution, and the averaged num-
ber of participant nucleons (Npa) in each centrality class is
computed accordingly.

To demonstrate the event-by-event fluctuation of the bulk
medium, we present the distributions of the elliptic and tri-
angular flow coefficients of the final bulk hadrons from our
event-by-event hydrodynamic calculations in Figs. 2 and 3.
Results for Pb + Pb collisions at both /s = 2.76 and 5.02
TeV are shown and compared with available data in different
centrality bins from the ATLAS [75] and CMS experiments
[76]. A reasonable agreement between our hydrodynamic
simulations and the experimental data is achieved except at
very large values of vy and v§°" where statistics of the
hydrodynamic simulations becomes very limited. To quantify
these vfj’ﬂ distributions, we summarize the average values of
v$°t and v§°" in Tables I and II, respectively, together with
their corresponding fluctuations §vs°" and §v°" for differ-
ent centrality bins and colliding energies. One may observe
from Table I that (vg"f‘) first increases and then decreases as
centrality increases. Within a given centrality bin, (v;"f‘) in
Pb + Pb collisions at 4/s = 5.02 TeV is larger than that at 2.76
TeV, except in very peripheral collisions. The event-by-event
fluctuation of the elliptic flow §v°™ /v3°™ is around 10%—15%.
In contrast, as shown in Table II, the bulk (v§°f‘) has a quite
weak dependence on the centrality and colliding system un-
der discussion because it is mainly driven by event-by-event
fluctuations instead of by the average geometry of the bulk
medium. The value of v /v5°™ is around 20%-25%.

10-20% |

4 CLVisc 5.02 TeV

40-50% |

o 50-60% 1
100 o » X g Ooooo
|° ATLAS2.76 TeV {4 CLVisc 2.76 TeV
10 0.05 01 0.05 0.1
soft soft
V3 V3

FIG. 3. Distributions of soft hadron v{*" from 200 hydro events
calculated with CLVisc model in Pb + Pb collisions at /s = 2.76
TeV (closed blue circle) and 5.02 TeV (closed red square) in cen-
trality bin 5%-10%, 10%—-20%, 20%—-30%, 30%—-40%, 40%—-50%,
and 50%—-60% as compared with the ATLAS experimental data
at Pb+Pb /s =2.76 TeV (open blue circle) in centrality bins
5%—10%, 20%—-25%, 30%—35%, 40%—45%, 55%—60% [75].

IV. SINGLE INCLUSIVE JET ANISOTROPY v*"

A. Linear Boltzmann transport simulations and analyses

To calculate jet spectra in realistic heavy-ion collisions,
we first use PYTHIA 8 to generate initial jet shower partons
in p + p collisions at the corresponding colliding energy. To
obtain sufficient statistics for our final results, we divide the
(0,350) GeV/c range of the transverse momentum transfer
for the initial hard scatterings into seven equal bins, each with
the width of 50 GeV/c. In each of these triggering pr bins,
two million events are simulated in total, with 10 000 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
profiles per centrality bin allows one to take into account
of the effects 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 distribution
of hard scattering locations in the AMPT model for each of

TABLE 1. The mean values and standard deviations of soft
hadron v*" in Pb+ Pb collisions at /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.

(vzoft> + szoft

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
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TABLEII. The mean value and standard deviation of soft hadron
v$°" in Pb + Pb collisions at /s = 2.76 TeV and 5.02 TeV in central-
ity bins 5%-10%, 10%—-20%, 20%-30%, 30%—-40%, 40%—50%, and
50%—-60% from the CLVisc model.

(v::;oft> + SU§Oﬂ

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

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 neglecting their spread in the
longitudinal direction around the highly Lorentz contracted
disk of two overlapping nuclei at high colliding energies.

The formation time of each jet shower parton is set as
p% /2E, with E being its energy and p, being its transverse
momentum with respect to its parent parton. 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 (7o = 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 neglect their interactions
with the hadron gas in this work, considering that the gluon
density in the hadronic gas is much lower and the effective jet
transport coefficient § in a confined medium is much smaller
[18] than that in the QGP medium

In simulations of both p 4+ p and A + A collisions, we pass
all final-state partons to the FASTJET package [77] to recon-
struct jets using the anti-kt algorithm with a given jet-cone
size R. The FASTIET package used in this study has been
modified such that the energy-momentum of the “negative”
partons from the LBT model is subtracted from jets in the
reconstruction. When reconstructing jets via FASTIET, we also
subtract the underlying event (UE) background using the
scheme applied in experimental studies [78]. 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
particle whose transverse energy is more than four times the
average value per particle within the jet. Then the transverse
energy density of the UE background is calculated 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 partons, recoil partons, and “negative”
(backreaction) partons, i.e., partons that directly participate in
the jet-medium interaction. Medium constituents that do not
participate in this interaction are excluded for jet reconstruc-
tion. Therefore, the UE background in our analysis is very
small compared with that in experimental analyses, which
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FIG. 4. Distributions of the difference of the jet azimuthal angle
@® and the event plane angle W, (A¢, = ¢/ — W) in different
centrality bins of Pb + Pb collisions at /s = 2.76 TeV. Results cal-
culated from the LBT model (blue solid lines) are compared with the
ATLAS data [79] (black open circle) and fit with a cosine function
(blue dashed lines).

also include soft hadrons from the QGP that are not directly
correlated with the jet. Within this framework, we verified in
Ref. [62] that the jet spectra we obtain for p + p collisions are
consistent with the experimental data. With a fixed effective
strong-coupling constant oy = 0.15, the LBT model provides
a good description of the jet suppression factor Rap inA + A
collisions [62]. It provides a reliable baseline for our further
investigation of the azimuthal anisotropy of jets in the present
work.

B. Centrality dependence

To extract the anisotropic flow coefficient of the single
inclusive jet spectra in A 4+ A collisions, we express their
normalized azimuthal distribution as

1 dN¥

jet,EP
NF dAg, o 1 4 205 cos (nAg,), 9)

where A¢, = ¢i*t — W, is the difference between the az-
imuthal angle of jets ¢/ and the nth-order event plane angle
W,, with W, being defined via (¢"*™") = v3°fte¥ for each
hydrodynamic event. The superscript “EP” in Eq. (9) denotes
that this jet vft is defined via the event plane method. Shown
in Fig. 4 as blue solid lines are the angular distributions for
n =2 in A¢, for different centrality bins of Pb + Pb colli-
sions at /s = 2.76 TeV, as compared with the corresponding
ATLAS data [79]. Here, the jet radius is R = 0.2 and the jet
transverse momentum is in the interval 60 < pr < 80 GeV/c.
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FIG. 5. Distribution of the difference of the jet azimuthal angle
@ and the event plane angle W, (A¢, = ¢/ — W) in different
centrality bins of Pb + Pb collisions at /s = 5.02 TeV. Results cal-
culated from the LBT model (blue solid lines) are compared with the
ATLAS data [80] (black closed circle) and fit with a cosine function
(blue dashed lines).

We further fit these A¢, distributions with the function
2/(w Apr)[1 +2vjzet'EP cos(2A¢,)], as shown by the blue
dashed lines in Fig. 4, from which we extract the elliptic
flow coefficient vjzet’EP. Here, the 2/m factor is introduced
to normalize the jet spectrum within A¢, € [0, 7 /2]. The
corresponding values of vjzet’EP are indicated in the figure for
different centralities. We observe that, for central collisions
(5%—10%), the jet elliptic coefficient is small due to the small
geometric anisotropy of the average QGP profile. However, it
is also nonzero due to the initial event-by-event geometrical
fluctuation of the QGP. This vJZm’EP increases with the cen-
trality as the geometry of the QGP fireballs becomes more
anisotropic towards semiperipheral collisions. However, for
very large centralities, vjzet’EP decreases again, because the
amount of jet energy loss is becoming smaller in these smaller
systems, leading to a smaller vi"™" .

Similar results for Pb + Pb collisions at /s = 5.02 TeV
are presented in Fig. 5. Both the azimuthal angular distribu-
tions of the jet yields (cross symbols) from LBT and their
cosine function fits (solid lines) are shown for different cen-
trality bins for jets with cone size R = 0.2 within 60 < pr <
80 GeV/c. The extracted vi""™ from these cosine fits again
first increases and then decreases with the centrality.

In Fig. 6, we summarize v} for jets with 100 < pr <
200 GeV/c from analyses of LBT results similar to what
are presented in Figs. 4 and 5 in different centrality bins as
a function of the average number of nucleon participants,
{Npart)» in nuclear collisions at both /s = 2.76 and 5.02 GeV

x10

8t bePb - LBT 2.76TeV 1

anti-k, R=02 g [BT 502TeV
6L ¢ ATLAS2.76 TeV -

. 0 ATLAS 5.02 TeV
24 ]
2. i

jet
ol 100<p' <200 GeV v
50 100 150 200 250 300 350 400
<Npart>

FIG. 6. Jet elliptic anisotropy v in 100 < pr < 200 GeV/c
as a function of the number of participant nucleons, Ny, in Pb + Pb
collisions at /s = 2.76 TeV (blue filled circles) and 5.02 TeV (red
filled squares) from LBT model calculations as compared with the
ATLAS data [79,80] (blue open circles and red open squares).

as compared with ATLAS data [79,80]. As we have observed
before, the jet elliptic anisotropy coefficient vjzet‘EP in these
collisions first increases and then decreases with the partici-
pant number (as the centrality decreases) due to the competing
effects between the geometric anisotropy and the initial size or
temperature of the QGP medium. This centrality dependence
from LBT simulations are consistent with the ATLAS data
for central and semicentral Pb 4+ Pb collisions at the LHC
energies. The experimental data at more peripheral collisions
are, however, higher than the LBT results. This might call into
question on the validity of complete thermalization assumed
in the hydrodynamic model in small systems of peripheral col-
lisions. The trigger bias and the neglect of impact-parameter
dependence of nucleon-nucleon collisions in peripheral nu-
clear collisions [81] can potentially affect jet quenching and
anisotropy analyses in these peripheral events. This can be
clarified in the future by comparisons with experimental data
from central light-ion, for example O + O, collisions [82] or
p + A collisions [83].

There is no significant difference between experimental
data on vjzel’EP at the two colliding energies beyond systematic
and statistic errors as shown in Fig. 6, although there seems
to be a small difference between LBT results at these two
colliding energies, which could depend on the centrality or
the number of participant nucleons. For large values of (Npar)
in central and semicentral collisions, UJ;t’EP at /s =5.02
TeV is slightly larger than at 2.76 TeV. This variation in
LBT results 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 coefficients for soft bulk hadrons in all
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FIG. 7. The initial second-order eccentricity €, as a function of
centrality in Pb + Pb collisions at /s = 2.76 TeV (blue circles) and
5.02 TeV (red squares).

centrality bins, as summarized in Table I. However, there is a
hint that, at small (Npa), 05" in /5 = 2.76 TeV collisions
from LBT is slightly larger than that in 5.02 TeV collisions.
One possible reason is vjzet’EP is directly driven by the initial
geometric anisotropy of the QGP medium ¢, instead of the
final momentum anisotropy of soft hadrons v$°", which could
be larger at 2.76 than 5.02 TeV in peripheral collisions due to
the geometric fluctuation of the bulk medium. This is shown
in Fig. 7, although the current large error bars cannot yield a

definitive conclusion.

C. pr dependence and effect of event fluctuation

Apart from extracting v};' 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

P = ((cos(nlg™ — W,1))). 10

where the symbol ({. . .)) denotes the average over events. This
event plane method does not take into account the fluctuation
of the bulk v°" within a given centrality bin. In the second
approach, the scalar product (SP) method takes into account
the correlation with v$°" fluctuation in the jet anisotropy [38],

v_’jlet,SP — ((v:lOft Cos(n[¢jet - \IJ"])))’ (11)

(UZOﬂZ)

where v,i"f‘ represents the anisotropy of the soft bulk hadrons

soft2

in one event, while ((v) ))!/2 denotes the root-mean-square
average of vt

SOt within a given centrality bin.

In Fig. 8 we show the pr dependence of v} with the above
two different methods for Pb 4 Pb collisions with different
centralities at both /s = 2.76 and 5.02 TeV, compared with
the ATLAS data. The LBT results with the event plane (scalar
product) method are shown as solid (dashed) lines that takes

0.08} Pb+Pb 5210 % 10-20% |
anti-k, R =0.2 - /5=2.76 TeV

0.06 = /5=502TeV |
0.04f
0.02h
0.00 b L
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00614 o LBT \ﬂ;‘:: | ATLAS

- et,

B 004k -:—:}LBE}@

0.021

0.00
0.081

0.061
0.041
0.02

5
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pr(GeV) pr(GeV)
FIG. 8. Jet elliptic anisotropy coefficients vjzet’sP (solid lines) and

vj;t‘EP (dashed lines) as a function of the jet pr from the LBT model

(closed symbols) as compared with the ATLAS data [79,80] (open
symbols) in different centrality ranges of Pb + Pb collisions at /s =
2.76 TeV (blue circles) and 5.02 TeV (red squares).

(does not take) into account of the fluctuation of soft hadron

anisotropies vS°"'. We find that the effect of the event-by-event

fluctuations of the soft hadron v on vj2et is negligibly small.

We observe that vJ;t in all centrality classes has a weak trans-
verse momentum dependence, decreasing slightly with pr.
This is consistent with the py dependence of the single inclu-
sive jet suppression factor Raa(pr) which increases slightly
with pr as a result of the interplay between the pr dependence
of the jet energy loss and the shape of the initial jet spectra
[62]. Again, the LBT model can describe the ATLAS data well
except in very peripheral Pb + Pb collisions. .

soft

For a closer look at the effect of soft hadron v3*" fluctu-

. . jet . . .
ation on jet vjze , we present in Fig. 9 a comparison between

the LBT results and the recent ATLAS data [80] on v} in
Pb + Pb collisions at 5.02 TeV. Our LBT calculation provides
a reasonable description of the experimental data. The inclu-
sion of the soft hadron vz"ft fluctuation increases the LBT

results slightly on v}", although the effect is extremely small.
This small relative difference is consistent with the estimate
(Sv3°t/v5°)? & 0.01-0.02 according to Table L. It is also con-
sistent with the findings for the elliptic flow of single inclusive
hadrons in an earlier study [84]. This is, however, in sharp
contrast with the conclusion in Ref. [38] where the effect of
bulk flow fluctuation was found to be significantly larger for
high-pr single inclusive hadrons.

Again, the experimental data in Fig. 8 show no significant
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 v} is slightly
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FIG. 9. Jet elliptic anisotropy coefficients vjze"SP (solid lines) and

vjzel'EP (dashed lines) as a function of the jet pr from the LBT model

as compared with the ATLAS data [80] (markers) in 0%—10% Pb +
Pb collisions at /s = 5.02 TeV.

larger or smaller in collisions at /s = 2.76 TeV than at 5.02
TeV depending on the centrality, due to the centrality depen-
dence of the different bulk geometric anisotropy €, produced
at these two colliding energies, as we have just discussed in
the above section.

D. Soft and hard correlation

The geometric anisotropy of the QGP medium is expected
to be the dominant factor that determines the jet anisotropy
vl due to the length dependence of transverse momentum
broadening and parton energy loss. This geometric anisotropy
fluctuates from event to event even for a given centrality
class as reflected by the fluctuation of the anisotropic flow
coefficients of soft bulk hadrons shown in Figs. 2 and 3.
Since the anisotropic flows of soft hadrons are also driven by
the initial geometric anisotropies of the QGP medium, one
should expect a direct event-by-event correlation between the

anisotropic flow of soft hadrons v and the jet anisotropy

v

? In Fig. 10, we show the correlation between soft hadron
v and jet elliptic anisotropy v)' for jet pr = 100-120
ranges and different centrality classes of Pb + Pb collisions
at the /s =2.76 TeV as simulated by LBT and CLVisc.
Results for different pr ranges and collider energies at LHC
are similar and shown in the Appendix. 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:

szet — (X(U;Oft)ﬁ, (12)

with o as an overall normalization factor and B as the power
index. Both anisotropies are analyzed with the event plane

method. Note that, for any given value of v%"f‘ in each hydro
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FIG. 10. Correlations between v5** and the bulk v{" in Pb +
Pb collisions at /s = 2.76 TeV with jet transverse momentum 100 <
pr < 120 GeV/c. The LBT results (blue points with error boxes) is
fit with a power-law correlation vj;"EP = oz(v;"f‘)'g (red lines) in each
centrality bin, with the power index B as indicated.

event, the jet anisotropy vJ2et from the event plane method in
Eq. (10) coincides with the jet anisotropy from the scalar prod-
uct method in Eq. (11). One observes that the power indices
from the fitting are all around 1, indicating an approximately
linear correlation between the jet vjzel’EP and the bulk v due
to the fluctuation of the bulk medium. This linear correlation
is quite interesting and is not necessarily 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 fireball is the link underlying this correlation.
We have tried to include only elastic processes in the LBT
simulations with increased effective coupling constant so that
one can still fit the experimental data on single inclusive
jet suppression RJ/&. This model simulation leads to only a
slightly different length dependence of jet energy loss. How-
ever the resultant soft and hard correlation between UJ;t and
v$°! still remains approximately linear. One probably needs to
have a joint analysis of the centrality dependence of the single

inclusive jet suppression RJ/& and jet anisotropy vj;[ and the

soft hard correlation between UJ;t and v5°" in order to provide
a stringent constraint on the jet transport dynamics. This is,

however, beyond the scope of the study in this paper.

V. SINGLE INCLUSIVE JET ANISOTROPY vJ*"

In addition to the elliptic flow cqefﬁcient, we can also
study the triangular flow coefficient v} of jets, which helps
place more stringent constraints on the jet transport dynamics
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FIG. 11. Distributions of the difference of the jet azimuthal angle
¢ and the event plane angle W3 (A¢p; = ¢ — W) for different
centrality bins of Pb+ Pb collisions at /s = 5.02 TeV. Results
calculated from the LBT model (blue solid squares) are compared
with the ATLAS data [80] (black closed circle) and fit with a cosine
function (blue dashed lines).

inside the QGP medium as well as the effect of bulk medium
fluctuation on jet observables.

Similar to the discussion about the elliptic jet anisotropy in
the previous section, we first present the azimuthal angle dis-
tribution of single inclusive jets within 60 < pr < 80 GeV/c
in Pb + Pb collisions at 5.02 TeV in Fig. 11 as compared with
the experimental data [80]. The horizontal axis A¢; = et —
W3 is defined as the difference between the azimuthal angle
of the jet ¢/ and the third-order event plane angle W3 of the
bulk hadrons. We then fit the jet distribution in A¢s3 from the
LBT calculations (solid blue squares) with a cosine function
3/(xApp)[l + 2vJet EP cos(3A¢3)] (dashed lines), where the
3/m factor is 1ntr0duced to normalize the distribution function
within [0, 7 /3]. Since such a fitting corresponds to the event
plane method, we label the jet trlangular amsotropy coefficient
as vJ;t PP The extracted values of vy P are presented in
different panels for various classes of centrality. '

To summarize the centrality dependence of vJ;l and com-
pare the results at two colliding energies, we present vJ;t’EP
as a function of the number of participant nucleons in Fig. 12
for jets with the cone size R = 0.2 and transverse momen-
tum 100 < pr < 200 GeV/c in different centrality classes of
Pb + Pb collisions at /s = 2.76 and 5.02 TeV. Since the pr
dependence of jet v;’t’EP is very weak, the centrality depen-

dence of jet vI™™ for other pr ranges, e.g., 60 < pr < 80
GeV/e, is 51m11ar
One observes that vy in general is larger in central col-

lisions (large Npar) than in peripheral collisions (small Npy).

jet,EP .

<10°
4t Pb+Pb .
anti-k, R =0.2
&n
d.%>m 2 L i

-¢- LBT 2.76 TeV
4 LBT 5.02 TeV

100<p’ <200 Gev
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FIG. 12. The jet v within 100 < pr < 200 GeV//c as a func-
tion of the number of participant nucleons Ny, in Pb + Pb collisions
at /s = 2.76 TeV (blue circles with line) and 5.02 TeV (red squares
with line).

This is different from the centrality dependence of the elliptic
jet anisotropy coefficient vjze[, as previously shown in Fig. 6.
The triangular geometric anisotropy €3 of the bulk medium
results from the initial-state fluctuation while the elliptic ge-
ometric anisotropy €, is mainly caused by the shape of the
nuclear overlap in noncentral collisions, although €, in the
most central collisions also comes from initial fluctuations.
As illustrated in Table II, the bulk v§" has a very weak cen-
trality 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 naturally gives
rise to larger v JEP than that in peripheral 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 in-
creased jet energy loss such that the final jet elliptic anisotropy
vjzet EP also decreases toward central collisions, as seen in
Fig. 6.

Compared with Fig. 6 for the centrality dependence of the
jet elliptic anisotropy, we observe that the values of the jet
triangular anisotropy vJ;t from LBT in Fig. 12 are almost
an order of magnitude smaller than those of the jet elliptic
anisotropy vjzet. However, these are still significantly larger
than the triangular anisotropy of large transverse momentum
single inclusive hadron spectra predicted in Ref. [38]. The
jet triangular anisotropy vJet P in Pb + Pb collisions at s =
5.02 and 2.76 TeV are con51stent with each other within our
current statistical error bars, although there might be a hint of
larger values at 5.02 TeV than 2.76 TeV. Since the geometrical
triangular anisotropies of the systems are similar between the
two colliding energies as indicated by the bulk triangular flow
coefficients shown in Table II, this change of jet triangular
anisotropy with the colliding energy from 2.76 to 5.02 TeV is
mainly caused by the increase of jet energy loss as the initial
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FIG. 13. Jet triangle anisotropy coefficients vj;"SP (solid lines)
and v}"* (dashed lines) as a function of the jet pr from the LBT

model (closed symbols) as compared with the ATLAS data [80]
(open symbols) in different centrality ranges of Pb 4 Pb collisions
at 4/s = 2.76 TeV (blue circles) and 5.02 TeV (red squares).

parton density and the jet transport coefficient increase by
about 20%, indicated by the similar increase in the charged
hadron multiplicity in the central rapidity region [85,86].

~ Shown in Fig. 13 is the transverse momentum dependent
v5" in Pb + Pb collisions at both /s = 2.76 and 5.02 TeV,
as compared with the ATLAS data. Although the ATLAS
data are consistent with LBT results, the experimental errors,
mainly statistical, have to be significantly reduced in order to
observe the small jet triangular anisotropy.

To exam the colliding energy and transverse momentum
dependence and the effect of bulk flow fluctuations in more
detail, we present the same LBT results in Fig. 14 with an
increased resolution of the vertical axis. We observe the same
colliding energy dependence as discussed above. It also de-
creases slightly with the jet transverse momentum, similar to
the pt dependence of t)Jzet. By comparing the results with bulk
flow fluctuations (solid lines) using the scalar product method
in Eq. (11) and that without flow fluctuations (dashed lines)
using the event plane method Eq. (10), it is, however, difficult
to see the effect of the bulk flow fluctuations because of the
limited statistics of the LBT simulations in these centrality
classes.

To better illustrate the effect of the bulk flow fluctuations,
we present v} from LBT simulations with much higher statis-
tics in Fig. 15 as a function of the jet pr in 0%—10% Pb-Pb
collisions at /s = 5.02 TeV. Similar to the conclusion drawn
for vJ;’l, the event plane method and the scalar product method

lead to very similar values of the jet vj;l, indicating negligible

(R
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FIG. 14. Jet triangle anisotropy coefficients v%el'sp (solid lines)
and vi""™ (dashed lines) as a function of the jet pr from the LBT

model.

effect of the event-by-event bulk flow fluctuations. The results
from LBT calculations are consistent with the more recent
ATLAS data [80] with smaller statistic errors. The small v’;t
from LBT is clearly seen to decrease with jet pr, similar to

jet . .
vy shown in Fig. 9.

0.04 A I T ‘-e‘t bl‘, ——
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FIG. 15. Jet triangle anisotropy coefficients vfft’sp (solid lines)

and vffl‘EP (dashed lines) as a function of the jet pr from the LBT
model as compared with the ATLAS data [80] (markers) in 0%—10%

Pb + Pb collisions at v/s = 5.02 TeV.
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VI. EFFECT OF MEDIUM RESPONSE ON »J**

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 footing as the jet
shower partons (both leading jet shower partons and radiated
gluons induced by jet-medium interaction). 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 diffusion wake. The energy of
these backreaction medium or “negative partons” within the
jet cone has to be subtracted from the total jet energy. We
generally refer recoil and backreaction or negative partons as
jet-induced medium response.

Effects 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 [62], v /Zy jets [23,63], as well as y /Zy-
hadron correlations [67,69] and y -jet fragmentation functions
[68] in heavy-ion collisions. Effects of jet-induced medium
response have also been studied within other models such as
the MARTINI [88,89], JEWEL [90,91], Hybrid [92,93], and
the coupled jet-fluid models [94]. For a recent review on jet
quenching 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 effects 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 azimuthal anisotropy. Since the energy de-
position or depletion by jets is small compared with the whole
QGP medium [62,67-69], effects of the soft hadrons from
jet-induced medium response on bulk medium observables are
negligible. The event plane angles and anisotropic flow coeffi-
cients of soft hadrons are still calculated from CLVisc without
the jet-induced medium response throughout this study.

Jet energy loss and suppression are generally positively
correlated with jet anisotropies at high pr since the latter
are mainly driven by anisotropic energy loss along differ-
ent directions [27,28,35,36]. The inclusion of jet-induced
medium response in the jet reconstruction reduces the net
jet energy loss and leads to less jet suppression. One would
naively expect to see smaller jet azimuthal anisotropies as
well. Shown in Fig. 16 are the jet suppression factors Raa
with jet cone size R = 0.4 from LBT simulations of 0%—10%
central Pb + Pb collisions at /s = 5.02 TeV with (black solid
circles) and without (blue downward triangles) medium re-
sponse as compared with the ATLAS experimental data [87].
The corresponding jet v is shown in Fig. 17 for different
jet-cone size R = 0.2, 0.3, and 0.4. Here we present the jet

vjze"EP calculated with the event plane method. The results are

similar for the jet vjzet’sp from the scalar product evaluation.

Since the value of oy = 0.15 in the default LBT simula-
tions is fit to the experimental data on Rya when the medium

w \ \ \
1 Vs=5.02 TeV Pb+Pb 0-10 % -

I anti-k R=0.41y|<2.8 )

3 g AT T ITRTTTY Y

05| @ T T I Yy
L A,.l B :V;V*

v J

[Y-=- ATLAS data

| -~ LBT 0,=0.15 shower+me. re.
"+ LBT 0,=0.15 showers only

- - LBT 0,=0.13 showers only 1

0 T T R T 1
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FIG. 16. Suppression factors of single inclusive jets (R = 0.4)
Raa in 0%-10% Pb + Pb collisions at /s = 5.02 TeV from LBT
with (black circles) and without (blue downward triangles) jet-
induced medium response for oy = 0.15 or without jet-induced
medium response but for &g = 0.13 (red upward triangles), as com-
pared with the ATLAS data [87].

response is included, the suppression factor Raa without
medium response becomes smaller due to bigger net jet en-
ergy loss as one has expected. The jet vjzet’EP for these two
scenarios, however, are approximately the same, contrary to
one’s naive expectation that v, increases with jet energy loss
when geometrical anisotropy is fixed. This implies that the net
jet energy loss difference due to medium response has negli-
gible azimuthal anisotropy or jet path-length dependence.

While the azimuthal dependence of the averaged jet
path length is the dominant mechanism for the azimuthal
anisotropy of jet energy loss and suppression, the influence
of the medium response on jet anisotropy is more compli-
cated. On one hand, long (short) path length causes more
(Iess) jet-induced medium response which leads to more (less)
reduction of the net jet energy loss and less (more) jet sup-
pression. Therefore, such a length dependence of the medium
response reduces jet anisotropy. On the other hand, radial
flow tends to increase the effect of jet-induced medium re-
sponse and further reduces the net jet energy loss and leads
to less jet suppression, according to the study of jet energy
loss in Ref. [62]. Consequently, the azimuthal modulation of
the radial flow, which gives rise to the bulk anisotropic flow,
will increase the jet anisotropy. The path length dependence
and radial flow influence on the jet-induced medium response
cancel each other and lead to almost the same jet vJ;l’EP even
though inclusion of the medium response reduces jet suppres-
sion (bigger Raa).

If one considers LBT with and without medium response
as two different models, a more reasonable comparison of
the two on jet v, will require both to describe the jet sup-
pression factor Raa first. To this end, one can reduce the
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FIG. 17. Inclusive jet azimuthal anisotropy UJ;I’EP in 0%-10%
Pb + Pb collisions at /s = 5.02 TeV with jet cone size R = 0.2, 0.3,
0.4 in the midrapidity range calculated within the LBT model with
(black circles) and without (blue downward triangles) jet-induced

medium response for og = 0.15 or without jet-induced medium re-
sponse but for oy = 0.13 (red upward triangles).

effective strong-coupling constant to &g = 0.13 for LBT with-
out medium response to fit the experimental data on Raa,
as shown by the red upward triangles in Fig. 16. The corre-
sponding vJ;[’EP shown in Fig. 17 (red upward triangles) is
smaller than the default LBT result (with medium response
and o5 = 0.15) and the difference is bigger for larger jet
cone-size. To exam the azimuthal dependence of the effect of
jet-induced medium response while the jet suppression factor
Ran is fixed, we plot the ratios of the jet elliptic anisotropy
from the default LBT (with jet-induced medium response and
o5 = 0.15) and LBT without medium response but og = 0.13
in Fig. 18 for different jet cone sizes. One can see that vjzet‘EP
from the default LBT is about 20%—40% larger than LBT
without medium response but with smaller o in the pr range
of 50-250 GeV/c. The difference is bigger for a larger jet
cone size.

Since both models can describe the azimuthal averaged jet
suppression factor R, the corresponding azimuthal averaged
jet energy loss must be approximately the same. The LBT
results clearly show that inclusion of the medium response

. jet,EP .
increases sze even though the azimuthal averaged energy

=

g 2 [ T T T T { T T T T { T T T T { T T T T ]
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FIG. 18. The ratio of inclusive vjze‘ between with medium re-
sponse effect (at «; = 0.15) and without medium response effect (at
o, = 0.13) in the 0%—-10% centrality and midrapidity range of 5.02
TeV Pb + Pb collisions with jet cone size R = 0.2 (black circles), 0.3
(blue downward triangles) and 0.4 (red upward triangles).

loss remains the same. The path length dependence of the
effect of the medium response is partially compensated by the
increased effective coupling constant. The effect of the radial
flow, which changes with the azimuthal angle relative to the
event plane, on the medium response dominates and increases
the final vJ;’t’EP. The increase is understandably bigger for a

larger jet cone size.

VIL. EFFECT OF VISCOSITY ON vJ*"

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 n = 0. However, the shear
viscosity of QGP is known to be critical 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 effect of the viscosity of the bulk medium on jet quench-
ing, 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 the same
initial conditions but with finite shear viscosity n/s = 0.08.
The overall scale factor K in the initial conditions for the
hydrodynamics in Eq. (8) is adjusted so that the final charged
hadron rapidity density in the most central collisions remains
the same in ideal and viscous hydrodynamic calculations as
compared with the experimental data. Shown in Fig. 19 are
the distributions of soft hadron elliptic anisotropy v5*" in
0%-10% central Pb + Pb collisions at /s = 5.02 TeV cal-
culated with CLVisc with shear viscosity to entropy density
ratio n/s = 0 (blue diamonds) and n/s = 0.08 (red squares).

044904-13



HE, CHEN, LUO, CAO, PANG, AND WANG

PHYSICAL REVIEW C 106, 044904 (2022)

101

10°

dN /dv"

Pb+Pb 0 - 10%
107 /s =5.02TeV
<4 CLVisc. ideal

4 CLVisc. viscous

72 N N
1075 0.05 0.10 0.15

,U;oft
FIG. 19. Distributions of soft hadron vg"ft (0.3 < pr <3GeV/c)
from CLVisc model simulations of 0%—-10% central Pb + Pb colli-
sions at 4/s = 5.02 TeV with shear viscosity to entropy density ratio
n/s = 0.08 (red squares) and /s = 0 (blue diamonds). Errors are
statistical with 1000 hydro events.

Within the statistic errors for 1000 hydro events, the v§°ﬁ
distributions from ideal and viscous CLVisc hydrodynamic
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 im-
posed a cutin 0.3 < pr < 3 GeV/c in this calculation of v§°ft
as in the experimental analysis [75,76] which also influences
the v§°™ distribution slightly.

Using the space-time parton density profiles from these
viscous and ideal hydrodynamic events, we first compare in
Fig. 20 the suppression factors of single inclusive jets (with
cone size R = 0.4) Raa in 0%—10% Pb + Pb collisions at
A/s = 5.02 TeV from LBT with viscous (green solid line) and
ideal (blue dashed line) hydro profiles with the same effective
coupling constant ag = 0.15 as compared with the ATLAS
data [87]. 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 sup-

Vs =5.02 TeV

0l Pb+Pb 0-10 % |
| anti-k, R=0.4
ly| < 2.8

=== LBT w. ideal hydro A
— LBT w. visc. hydro

0.2

200 400 600 800
pr (GeV)

1000

FIG. 20. Suppression factors of single inclusive jets (R = 0.4)
Raa in 0%-10% Pb + Pb collisions at /s = 5.02 TeV from LBT
with (green solid line) and without (blue dashed line) viscosity at
as = 0.15, as compared with the ATLAS data [87].

0.08 . , : :
Pb+Pb 0-10%  +/5 = 5.02 TeV
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FIG. 21. The jet elliptic flow coefficients vjze"sP (filled symbols
and solid line) and vj;l’EP (open symbols and dashed line) as a func-
tion of the jet pr from the LBT model calculations with ideal (green
diamonds) and viscous (blue squares) hydro profiles as compared
with the ATLAS data [80] (filled red circles) in 0%—10% Pb + Pb

collisions at /s = 5.02 TeV.

pressed in the viscous hydro than in the ideal hydro. However,
the difference is very small.
jet,SP

Similarly, we show the jet elliptic flow coefficient v,

(filled symbols and solid lines) and vjzet'EP (open symbols and
dashed lines) as a function of the jet pr from LBT model
calculations with viscous (blue square-line) and ideal (green
diamond-line) hydro profiles as compared with the ATLAS
data [80] (filled red circles) in 0%—10% Pb + Pb collisions
at /s =5.02 TeV in Fig. 21. 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 effect of viscosity on the jet
suppression factor Raa in Fig. 20. A
Finally, we show in Fig. 22 the correlation between vl
and the bulk v (0.3 < pr < 3 GeV/c) in 0%—-10% Pb + Pb
collisions at /s = 5.02 TeV with jet transverse momentum

0.08

Vs =5.02 TeV
Pb+Pb 0-10 %
0.06¢ anti-k; jets R = 0.2

. + LBT w. ideal
= 0.04 |+ LBT w. viscous

A._é\] .
lyl < 2.1 —— T
0.02} e
— 100 < P < 200 GeV
0.004 ~0.02 0.04 0.06 0.08

soft
Uy

FIG. 22. Correlations between vX"*" and bulk v{" in 0%-10%
Pb + Pb collisions +/s = 5.02 TeV with jet transverse momentum
100 < pr < 200 GeV/c from LBT simulations with viscous (red
squares) and ideal (blue diamonds) hydro profiles.
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FIG. 23. The same as Fig. 10 except in the transverse momentum
range 200 < pr < 220 GeV/c.

100 < pr < 200 GeV/c with viscous (red squares) and ideal
(blue diamonds) hydro profiles in LBT. The correlation be-
tween jet and soft bulk elliptic flow coefficients in viscous and
ideal hydro are almost identical in the region 0.1 < v < 0.4
since the distributions of v5°" in both cases are very similar. In
the large region of v°" > 0.4, the fluctuation of the bulk v§°™
in the viscous hydro is smaller than that in the ideal hydro (see
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FIG. 24. The same as Fig. 10 except at /s = 5.02 TeV.
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FIG. 25. The same as Fig. 10 except at /s = 5.02 TeV in trans-
verse momentum range 200 < pr < 220 GeV/c.

Fig. 19). This results in a slightly larger correlation between

vjzet’EP and v5°" in the viscous hydro than that in an ideal hydro.

VIII. SUMMARY

We have studied in this paper the azimuthal anisotropic
coefficients of single inclusive jets produced in relativistic
heavy-ion collisions within the LBT model. The AMPT model
is used to consistently generate the initial geometric distribu-
tion of both the energy density profile 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 simulated using the CLVisc hydrodynamic
model, while the jet-medium interactions are simulated using
the LBT model. The only additional model parameter in LBT,
the effective strong-coupling constant g = 0.15, was fixed in
our earlier work [62] that provided satisfactory description of
the single inclusive jet suppression Ra in Pb + Pb collisions
at both /s = 2.76 and 5.02 TeV. Different analysis methods
for extracting the anisotropic coefficients of jets have been ap-
plied and compared, including the cosine function fit from the
azimuthal angular distribution of jets, the event plane method,
and the scalar product method. Within this framework, we
have investigated the transverse momentum dependence, the
centrality or participant nucleon number dependence, as well
as the colliding energy dependence of the jet anisotropies v}
Effects of jet-induced medium excitation and viscosity of the
bulk medium on the jet vjzet have also been discussed in detail.

We found that, as the centrality incpeases or the number
of participant nucleons decreases, the vjzEI coefficient for jets
produced in Pb + Pb collisions at both /s = 2.76 and 5.02
TeV first increases and then decreases. This nonmonotonic
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behavior, similar to the centrality dependence of vS"f‘ for soft
hadrons, results from the competition between the elliptic
geometric anisotropy (€;) 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 vf;’t coefficient appears monotonically decreas-
ing as the centrality increases, for jets produced at both /s =
2.76 and 5.02 TeV, since the triangular geometric anisotropy
(€3) of the QGP fireball only weakly depends on centrality
and vJ;t is mainly driven by jet energy loss which decreases
monotonically with centrality. Comparing results at the two
colliding energies, we noticed that v} is larger at /s = 5.02
TeV than at 2.76 TeV when Ny is large, but smaller when
Npart 18 small. This can be understood with the larger €, of the
QGP profile at /s = 5.02 TeV than at 2.76 TeV in central col-
lisions, but possible smaller €, in peripheral collisions within
the AMPT model. In contrast, v}" 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 difference of
the v)" and v}" coefficients between analyses using the event
plane method and the scalar product method, indicating a very
weak dependence of v’ on the event-by-event fluctuation of
the bulk vt This is in sharp contrast with the conclusion in
Ref. [38] for high-pr single inclusive hadrons. To quantify
the event-by-event correlation between the jet vJZet and the
bulk hadron v§°f‘, we fit their correlation function from LBT
simulations with a power-law ansatz and found a close to
linear dependence of v)" on vs°f. Such a linear correlation
holds for different 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 negative partons,
or a Mach wave and diffusion 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 vjzet by 20%—40% in the pt

range of 50-250 GeV/c as compared with the case without
medium response but with the same jet suppression factor
Raa by reducing the effective strong-coupling constant. The
enhancement of jet vjzet due to jet-induced medium response
increases with the jet-cone sizes. We also explored the effect
of the shear viscosity of the bulk medium on the jet anisotropy
which increases v}, but only slightly.

ACKNOWLEDGMENTS

We would like to thank Chi Ding for helpful discussions.
This work is supported in part by National Natural Science
Foundation of China (NSFC) under Grants No. 11935007, No.
11221504, No. 11861131009, No. 11890714, No. 12175122,
No. 12075098, and No. 2021-867, by the Guangdong Ma-
jor Project of Basic and Applied Basic Research No.
2020B0301030008 and the Science and Technology Pro-
gram of Guangzhou No. 2019050001, by the Fundamental
Research Funds for Central Universities in China, by the
Director, Office of Energy Research, Office of High Energy
and Nuclear Physics, Division of Nuclear Physics, of the
U.S. Department of Energy under Contract No. DE-ACO02-
05CH11231, by the US National Science Foundation under
Grant No. ACI-1550228 within the JETSCAPE and OAC-
2004571 within the X-SCAPE Collaboration, by EU ERDF
and H2020 Grant No. 82409, ERC Grant No. ERC-2018-
ADG-835105, Spanish AEI Grant No. FPA2017-83814-P and
MDM- 2016-0692, Xunta de Galicia Research Center accredi-
tation 2019-2022. Computations in this study were performed
at the NSC3/CCNU and the National Energy Research Sci-
entific Computing Center (NERSC), a U.S. Department of
Energy Office of Science User Facility located at Lawrence
Berkeley National Laboratory and operated under Contract
No. DE-AC02-05CH11231.

APPENDIX

In this Appendix, we provide the prediction of the correla-
tion between jet v, and soft hadron v, for different pr ranges
and different colliding energies at the LHC (see Figs. 23-25).
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