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Medium-modified jet shapes are investigated using a linear Boltzmann transport model for event-
by-event simulations of 𝛾-jet productions in heavy-ion collisions. The asymmetry (𝐴®𝑛

𝑁 ) localizes
the initial transverse positions of the jets while the different selection of the jet transverse momen-
tum (𝑝 𝑗𝑒𝑡

𝑇 ) exhibits the initial longitudinal positions. With the 2-dimensional jet tomography, our
numerical results indicate that the in-cone transverse momentum is transported to the large angle
away from the jet axis due to jet quenching in central Pb+Pb collisions at 5.02 TeV. Furthermore,
the transverse momentum inside the jet cone behaves with an asymmetric distribution as the gra-
dient of the jet transport coefficient (𝑞) increases.
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1. Introduction

Jet quenching is an important probe to quark-gluon plasma (QGP) production in high-energy
nucleus-nucleus collisions [1]. Compared with p+p collisions, large transverse momentum (𝑝𝑇 )
hadrons or jets are greatly suppressed due to jet quenching in high-energy A+A collisions [2].
Theoretical studies show that jet quenching strength is proportional to jet transport coefficient (𝑞)
[3] which is defined as the transverse momentum squared per unit length along the parton trajectory
and is directly related to the medium gluon density. The nonuniform medium evolution can be
described with the 𝑞 gradient for the nonuniform jet quenching strength. A recent study [4] on
𝛾-jets introduces an asymmetry observable 𝐴®𝑛

𝑁 to localize the jets on the transverse sites of the
jet moving direction, which gives a jet quenching gradient tomography to probe the medium. Our
previous study [5] on 𝛾-hadrons demonstrates a longitudinal tomography for the localized jet in the
moving direction. The small 𝑝𝑇 𝛾-hadrons are dominated by the fragmentation of partons created
in the center region of the medium (volume emission) while the large 𝑝𝑇 𝛾-hadrons are mainly
contributed by the partons created in the outer corona region (surface emission). The 2-dimensional
jet tomography helps to map the nonuniform properties of the QGP medium. So in this paper we
use the 2D localization to check the medium modifications to jet shape in heavy ion collisions.

2. The theory model

The linear Boltzmann transport (LBT) model [6–10] was developed to study jet propagating
in quark-gluon plasma in heavy-ion collisions and describe not only parton energy loss but also
jet-induced medium excitation. Parton transport for both jet shower and thermal recoil partons in
the hot medium obeys the linear Boltzmann equations. The elastic rate is calculated according to
the leading order perturbative Chromodynamics, while the inelastic scattering rate is extracted from
the high-twist approach [11, 12].

In our study we use PYTHIA 8 event generator [13] to generate the jet shower for 𝛾-jet
production events. The parton transports inside or outside the 𝛾-triggered full jets are described by
the LBT model. With the initial nuclear geometry given by a multiphase transport (AMPT) model
[14], the CLVisc 3+1D viscous hydrodynamical model [15, 16] is used to give the information on
fluid velocity and local temperature in the bulk medium to approach a more realistic evolution of
QGP medium. We use the FastJet code package [17] with the anti-𝑘𝑡 jet algorithm to reconstruct
full jets. In this work, we only use the partonic information for jet reconstruction to study jet shapes.

3. Numerical results

The jet shape gives the possibility density of transverse momentum distribution inside a jet
cone, defined as [18],

𝜌(𝑟) = 1
Δ𝑟

∑𝑁
𝑖 𝑝𝑖𝑇 (𝑟 − Δ𝑟/2, 𝑟 + Δ𝑟/2)∑𝑁

𝑖 𝑝
𝑗𝑒𝑡
𝑇 𝑖

, (1)

where the distance 𝑟 between the track and the jet axis is defined as 𝑟 =
√(

𝜂 − 𝜂 𝑗𝑒𝑡
)2 + (

𝜙 − 𝜙 𝑗𝑒𝑡
)2

in the plane of pseudorapidity 𝜂 and azimuthal angle 𝜙, and Δ𝑟 is the width of the radial
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annulus with a inner radius between 𝑟 − Δ𝑟/2 and 𝑟 + Δ𝑟/2. 𝑝𝑖𝑇 =
∑

𝑎𝑠𝑠𝑜𝑐∈Δ𝑟 𝑝
𝑎𝑠𝑠𝑜𝑐
𝑇 , and

𝑝
𝑗𝑒𝑡
𝑇 =

∑
𝑎𝑠𝑠𝑜𝑐∈[0,𝑅] 𝑝

𝑎𝑠𝑠𝑜𝑐
𝑇 .

In the following calculations, we choose the trigger photon 𝑝𝑇 > 60 GeV in 0-10% 𝑃𝑏 + 𝑃𝑏

collisions at
√
𝑠 = 5.02 TeV at LHC. The cone size of the 𝛾-triggered jets is set as 𝑅 = 0.3, and the

lower threshold of transverse momentum for the jets is 𝑝
𝑗𝑒𝑡
𝑇 > 30 GeV/c, in which the associated

partons with 𝑝𝑎𝑠𝑠𝑜𝑐𝑇 > 1 GeV are selected. The pseudorapidities for 𝛾-jets are |𝜂𝛾 | < 1.44 and
|𝜂 𝑗𝑒𝑡 | < 1.6, and their azimuthal angles are constrained with |𝜙𝛾 − 𝜙 𝑗𝑒𝑡 | > (7/8)𝜋.

3.1 Modified jet shape via 2D jet tomography

The asymmetry 𝐴®𝑛
𝑁 is defined as[4],

𝐴®𝑛
𝑁 =

∫
𝑑3𝑟𝑑3𝑘 𝑓𝑎

(
®𝑘, ®𝑟

)
Sign

(
®𝑘 · ®𝑛

)
∫
𝑑3𝑟𝑑3𝑘 𝑓𝑎

(
®𝑘, ®𝑟

) , (2)

where the 𝑓𝑎 is the phase-space distribution of partons and ®𝑛 is the normal direction of the
reaction plane. It describes the collective transverse distribution of final particles. In the following
calculations, we choose ®𝑛 along the y-axis, perpendicular to the reaction plane.

We calculate the jet shapes selected with the asymmetry 𝐴
𝑦
𝑁 and initial transverse positions,

respectively. Fig. 1 (left) are the ratios of jet shapes as a function of 𝑟 between 0-10% 𝑃𝑏 + 𝑃𝑏

(selected by different ranges of 𝐴
𝑦
𝑁 from [-0.05, 0.05] to [0.65, 0.75]) and 𝑝 + 𝑝 collisions at

√
𝑠𝑁𝑁 = 5.02 TeV. Fig. 1 (right) are the ratios of jet shapes as a function of 𝑟 between 𝑃𝑏 + 𝑃𝑏

(selected by initial transverse positions 𝑦 from [-0.5, 0.5] to [6.5, 7.5] fm) and 𝑝 + 𝑝 collisions.
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Figure 1: (Color online) The ratio of jet shape between 0-10% 𝑃𝑏 + 𝑃𝑏 collision and 𝑝 + 𝑝 collision as a
function of 𝑟 at

√
𝑠 = 5.02 TeV, selected by different 𝐴𝑦

𝑁 ranges (left) and initial jet production position 𝑦

ranges (right), respectively.

Numerical results show that the final 𝛾-jets selected by small 𝐴𝑦
𝑁 are more "fatter" than those

by large 𝐴
𝑦
𝑁 . Inside a "fatter" jet a significant fraction of the transverse momentum is transported

to larger angles with respect to the jet axis due to stronger quenching for the central jets localized
by small 𝐴𝑦

𝑁 . The similar results are also obtained in the selection case of given initial transverse
positions.

Shown in Fig. 2 (left) is the jet shape as a function of 𝑟 in 0-10% 𝑃𝑏 + 𝑃𝑏 and 𝑝 + 𝑝 collisions
at √𝑠𝑁𝑁 = 5.02 TeV in the upper panel, and the ratio of jet shapes between 𝑃𝑏 + 𝑃𝑏 and 𝑝 + 𝑝
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collisions in the lower panel. The 3 different 𝑝 𝑗𝑒𝑡
𝑇 values are selected for event selections of 𝛾-jets.

We can conclude that contrasted to surface emissions, volume emissions encounter stronger medium
effects and give the fatter jet shape.

Finally, simultaneously selected with both 𝑝
𝑗𝑒𝑡
𝑇 and 𝐴

𝑦
𝑁 , the jet shapes of the 𝛾-jets and the

corresponding ratios between 0-10% 𝑃𝑏+𝑃𝑏 and 𝑝+ 𝑝 collisions at√𝑠𝑁𝑁 = 5.02 TeV are shown in
Fig. 2 (right). If both small 𝐴𝑦

𝑁 and 𝑝
𝑗𝑒𝑡
𝑇 are selected, the jet shape is fat due to volume emissions,

while if both large 𝐴
𝑦
𝑁 and 𝑝

𝑗𝑒𝑡
𝑇 are selected, the jet shape is thin due to surface emissions.
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Figure 2: (Color online) Left figure shows jet shapes for 𝑝 + 𝑝 and 𝑃𝑏 + 𝑃𝑏 collisions which are selected
by three 𝑝

𝑗𝑒𝑡
𝑇 ranges at

√
𝑠 = 5.02 TeV, the ratio of 𝜌𝑃𝑏𝑃𝑏 to 𝜌𝑝𝑝 are shown in lower panel. Right figure

shows the jet shapes of 𝑝 + 𝑝 collision selected by final 𝑝 𝑗𝑒𝑡
𝑇 and Jet shapes of 𝑃𝑏 + 𝑃𝑏 collision select by

both 𝐴
𝑦
𝑁 and 𝑝

𝑗𝑒𝑡
𝑇 at

√
𝑠 = 5.02 TeV, the ratio of 𝜌𝑃𝑏𝑃𝑏 to 𝜌𝑝𝑝 are shown in lower panel.

3.2 Asymmetric jet shape

In above 2D tomography to medium modifications, somehow we focus on the 𝑝𝑇 redistribution
inside a jet, such as a fat or thin jet. Here we check the 𝑝𝑇 asymmetry distribution inside a full jet.

We firstly divide the jet cone into the upper half cone and the lower half cone along “jet reaction
plane". Here, the “jet reaction plane" is made up of jet-axis and z-axis. This plane is approximately
parallel to the event reaction plane. The jet shapes of the upper half cone and the lower half cone
are defined as,

𝜌(𝑟)𝑢𝑝𝑝𝑒𝑟/𝑙𝑜𝑤𝑒𝑟 =
1
Δ𝑟

∑𝑁
𝑖 𝑝𝑖𝑇 (𝑟 − Δ𝑟/2, 𝑟 + Δ𝑟/2)Θ(+/− ®𝑝𝑎𝑠𝑠𝑜𝑇 · ®𝑛)∑𝑁

𝑖 𝑝
𝑗𝑒𝑡
𝑇 𝑖

, (3)

where the positive sign in the Θ function is for 𝜌𝑢𝑝𝑝𝑒𝑟 , and the negative sign for 𝜌𝑙𝑜𝑤𝑒𝑟 .
The Fig. 3 (left) is for the ratio of 𝜌𝑙𝑜𝑤𝑒𝑟 over 𝜌𝑢𝑝𝑝𝑒𝑟 . The transverse momentum inside a

jet cone is transported from small to large angles away from jet axis. Our numerical results show
that such a transport is stronger in the lower half cone than in the upper half cone, especially the
transport is stronger for a outer corolla jet than for a center jet. This implies that the jet shape is
asymmetric.
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To facilitate a better understanding of the 𝑝𝑇 distribution and asymmetry within the jet cone,
we introduce the following definition of 𝜙𝑟 ,

𝜙𝑟 = arcsin (Δ𝜂/𝑟), (Δ𝜙 ⩾ 0)

𝜙𝑟 = 𝜋 − arcsin (Δ𝜂/𝑟), (Δ𝜙 < 0,Δ𝜂 ⩾ 0)

𝜙𝑟 = −𝜋 − arcsin (Δ𝜂/𝑟), (Δ𝜙 < 0,Δ𝜂 < 0).

(4)

The Fig. 3 (right) shows the 𝑝𝑇 distribution as a function of 𝜙𝑟 . We choose three kinds of
jets selected with 𝐴

𝑦
𝑁 , respectively. They originate from three different locations inside QGP, for

example, central and outer jets. For each jet, we check the angular 𝑝𝑇 distribution of different
regions inside each jet cone. The numerical results show that the center jet has a constant 𝑝𝑇
distribution.

For the jet created in the outer layer of the medium, if close to the jet-axis, on the direction
of 𝜙𝑟 = 0, hard partons dominate the contribution to the 𝑝𝑇 distribution peak. On the contrary, if
away from the jet-axis, on the direction of 𝜙𝑟 = 𝜋, it’s soft partons that dominate the contribution
to the 𝑝𝑇 distribution peak. The jet quenching gradient results in the divorce of the hard and the
soft centers inside the jet cone. In other words, the medium "kick" or 𝑞 gradient pushes the hard
transversely while the soft is reversely redistributed.

0.00 0.05 0.10 0.15 0.20 0.25 0.30
r

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

lo
we

r/
up

pe
r

 
pT > 60GeV | |<1.44 
pjet

T  > 30GeV | jet|<1.6 
anti kT jet R = 0.3 
passoc

T > 1GeV j > (7/8)

PbPb@5.02TeV 0-10%

y in [-0.5, 0.5](fm)
y in [0.5, 1.5](fm)
y in [1.5, 2.5](fm)

y in [2.5, 3.5](fm)
y in [3.5, 4.5](fm)
y in [4.5, 5.5](fm)

0.06

0.08

0.10

0.12

0.14

0.16

1 N

∑
φ

r+
d
φ

r
φ

r
r a

ss
oc

p
as

so
c

T

d
φ

r

Ay
N in [-0.05, 0.05] Ay

N in [0.25, 0.35]

-3.0 -1.5 0 1.5 3.0
φr

0.06

0.08

0.10

0.12

0.14

0.16

1 N

∑
φ

r+
d
φ

r
φ

r
r a

ss
oc

p
as

so
c

T

d
φ

r

Ay
N in [0.55, 0.65]

-3.0 -1.5 0 1.5 3.0
φr

pγT > 60GeV |ηγ| < 1.44

pjet
T > 30GeV |ηjet| < 1.6

anti− kT jet R = 0.3
passoc

T > 1GeV ∆φjγ > (7/8)π

r in [0, 0.1]

r in [0.1, 0.2]

r in [0.2, 0.3]

Figure 3: (Color online) Left figure shows the ratio of 𝜌𝑙𝑜𝑤𝑒𝑟 over 𝜌𝑢𝑝𝑝𝑒𝑟 as a function of 𝑟 . Right figure
shows the 𝑝𝑇 distribution as a function of 𝜙𝑟 , which is weighted by r and selected with three different
asymmetry regions, 𝐴𝑦

𝑁 = [−0.05, 0.05], [0.25, 0.35], and [0.55, 0.65] in the three panels, respectively.

4. Conclusion

In this work, we employ the LBT model to study the jet shape of 𝛾-jets for 0-10% 𝑃𝑏 + 𝑃𝑏

collisions at √
𝑠𝑁𝑁 = 5.02 TeV. We study the medium-modified jet shape via transverse and

longitudinal 2D tomography of 𝛾-jets. Stronger jet quenching gives a fatter jet shape in which 𝑝𝑇
transport is stronger towards the large angle with respect to the jet axis. The spatial gradient of 𝑞
leads to an asymmetric jet shape of 𝛾-jets. Inside a jet cone, medium "kick" or 𝑞 gradient pushes
the hard transversely, while the soft is reversely redistributed. The 2-dimensional localizations from
the 𝛾-jet tomography help to map the hot and dense medium properties with final observables.
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