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Two-dimensional (2D) jet tomography is a promising tool to study jet medium modification in high-energy
heavy-ion collisions. It combines gradient (transverse) and longitudinal jet tomography for selection of events
with localized initial jet production positions. It exploits the transverse asymmetry and energy loss that depend,
respectively, on the transverse gradient and jet path length inside the quark-gluon plasma (QGP). In this study,
we employ 2D jet tomography to study medium modification of the jet shape of y-triggered jets within the
linear Boltzmann transport (LBT) model for jet propagation in heavy-ion collisions. Our results show that jets
with small transverse asymmetry (A7) or small y-jet asymmetry (x;, = p'Tet / P} exhibit a broader jet shape than
those with larger A}, or x;,, since the former are produced at the center and go through longer path lengths
while the later are off center and close to the surface of the QGP fireball. In events with finite values of A7, jet
shapes are asymmetric with respect to the event plane. Hard partons at the core of the jet are deflected away from
the denser region while soft partons from the medium response at large angles flow toward the denser part of
QGP. Future experimental measurements of these asymmetric features of the jet shape can be used to study the

transport properties of jets and medium responses.

DOI: 10.1103/PhysRevC.109.054906

I. INTRODUCTION

A few microseconds after the big bang, the Universe was
filled with a novel state of matter called quark-gluon plasma
(QGP) that consists of deconfined quarks and gluons. In the
past two decades, relativistic heavy-ion collision experiments
have been carried out at the Relativistic Heavy Ion Collider
(RHIC) at BNL and the Large Hadron Collider (LHC) at
CERN to produce such hot and dense QGP matter and study
its properties.

Together with the formation of QGP, large transverse mo-
mentum (pr) partons are also produced in the early stage
of relativistic heavy-ion collisions that will traverse the QGP
and encounter multiple scattering with quarks and gluons
inside the medium. These scatterings will also induce gluon
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bremsstrahlung and cause a significant amount of energy loss
to the propagating parton, leading to a phenomenon called jet
quenching [1-3]. Large transverse momentum (p7) hadrons
and jets are significantly suppressed due to jet quenching in
heavy-ion collisions, as compared to large pr hadrons and jets
in proton-proton collisions. Jet quenching has been observed
in experiments by PHENIX [4] and STAR [5] Collaborations
at RHIC and by ALICE [6], ATLAS [7], and CMS [8,9]
Collaborations at LHC. In addition, large pr dihadrons, y
hadrons, and dijets are also suppressed and exhibit azimuthal
decorrelation [10-14]. Full jet structure is also modified
[15-18] by the QGP medium as observed at both RHIC and
LHC [19-23].

Theoretical studies have revealed that the strength of jet
quenching is proportional to jet transport coefficient §, which
is defined as the transverse momentum squared per unit length
along the parton trajectory [24—30]. This coefficient is directly
related to the medium gluon density. In high-energy heavy-ion
collisions, the spatial distribution of gluon density and the jet
transport coefficient are not uniform inside the QGP fireball.
They reach their highest values in the central region of the
QGP where the temperature is also the highest. The initial
spatial distributions are given by the nuclear geometry of two
colliding nuclei, and the time evolution can be determined
from the hydrodynamic model of heavy-ion collisions. Jet
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tomographic techniques have been developed that exploit
these nonuniform distributions of the medium and jet quench-
ing strength to reveal information about the locations of the
initial jet production.

Longitudinal tomography was first proposed in
Refs. [12,13] to localize the initial jet production positions
along the direction of jet propagation in the study of dihadron
and y-hadron spectra in heavy-ion collisions. In the case of
y-jet processes, low pr y-associated hadrons are produced
primarily through the fragmentation of y jets created in the
central region of the medium (volume emission) after losing
some amount of energy. The high pr y-associated hadrons,
however, mainly come from y jets initially produced in the
outer corona region (surface emission) that suffer little or
no energy loss. Furthermore, a significant fraction of the
surface emission is tangential to the medium surface. In a
more recent study [31], transverse or gradient jet tomography
was developed. In this case, an asymmetry observable A7,
caused by the transverse gradient of the medium for high
pr hadrons inside a jet is introduced to localize the initial
position of jet production perpendicular to the jet propagation
direction. Two-dimensional (2D) jet tomography combines
longitudinal and transverse tomography to localize the initial
jet production positions in the transverse plane. Such 2D
jet tomography has been applied to select special classes of
events with a localized region of initial jet production so
that signals of jet-induced medium response are enhanced
[32,33].

In this work, we study medium-modified y-jet shape in
events of jet production selected with transverse and longitu-
dinal jet tomography in heavy-ion collisions, using the linear
Boltzmann transport (LBT) model [34-39] for jet transport
simulations in the QGP medium. We consider in particular the
asymmetric jet shape caused by the flow and gradient of the
hot QGP medium along the path of jet propagation in events
selected with 2D jet tomography.

The remainder of this paper is organized as follows. Sec-
tion II introduces the LBT model and the y-jet shape in p+p
and Pb+Pb collisions. Section III describes the technique of
transverse and longitudinal tomography for y-jet events. The
numerical results for the medium-modified jet shape via trans-
verse and longitudinal tomography are presented in Sec. I'V. In
Sec. V, we investigate the asymmetric jet shape in events with
a special class of jet propagation path relative to the geometry
of the dense QGP medium as selected by 2D jet tomography.
A summary is given in Sec. VI.

II. JET SHAPE IN THE LBT MODEL

The linear Boltzmann transport (LBT) model [34—38] was
developed to study jet propagation in quark-gluon plasma
in heavy-ion collisions, and to describe not only parton en-
ergy loss but also jet-induced medium excitation. It has been
used to describe experimental data on suppression of single
hadrons [36], single jets [40], and y-hadron [41] and y-jet
correlations [42] in heavy-ion collisions at both RHIC and
LHC energies.

The transport of jet shower and recoil partons is described
by the linear Boltzmann equations,

_dpi
a0fa= / I 350292 B (fefa = ful) Mapscal?
i=b,c,d
x 828, f, 0)27*8*(pa + pp—pe — pa) + inelastic,

ey

where | M - cq| is the leading-order elastic scattering ampli-
tude that depends on the Mandelstam variables §, 7, and 4i. f; =
Qm)383(p — p)83(* — X; — Uit)(i = a, c) is the phase space
density for jet shower partons before and after scattering.
fi=1/(P™/T £ 1)(i = b, d) is the phase space distribution
of thermal partons in the QGP medium with local temperature
T and fluid four-velocity u. The regularization factor,

G, 1, 0) =08 =2up)0( =5+ uph <T < —u),

is used to regulate the collinear divergence in | M 4|, and
w3 = 3g°T?/2 is the Debye screening mass.

The description of inelastic processes of induced gluon ra-
diation in the LBT model is based on the high-twist approach
[27,43] with the radiative gluon spectrum,

dNy 6a,P,(2)kt p-u

s ~ .2 T T
= o (x) sin , 3
dzdk*dt  w(k3 +22m*)* po 4a) 21y )

where m is the mass of the propagating parton a, z, and k.
are the energy fraction and transverse momentum of radiated
gluon, respectively. «; is the strong coupling constant, and
4, 1s the jet transport coefficient, defined as the transverse
momentum transfer squared per unit path for the parton a
traveling in the medium. P,(z) is the splitting function for
a— a+g and 1y = 2Ez(1 — 2)/(k7 + z2M?) is the forma-
tion time of the radiated gluon [42]. In the LBT model,
recoiled medium partons are also transported according to the
Boltzmann equation, the same as jet shower partons, going
through further elastic and inelastic scattering once they are
produced. The depletion of the medium due to back reaction
is also taken into account through “negative” partons whose
energy and momentum must be subtracted from the final ob-
servables. Recoil and “negative” partons are generally referred
to as medium response.

In this study, we employ the multi-phase transport (AMPT)
model [44] to generate the initial energy density distribution
and collision geometry. These include the distribution of bi-
nary collisions Ny, which is used to determine the initial
positions of y-jet production, as well as the initial energy den-
sity distribution that serves as the initial condition for CLVISC
3+1D viscous hydrodynamic evolution [45,46] of the bulk
QGP medium. PYTHIA 8 [47,48] is utilized to generate
the momenta of the initial jet shower partons in y-jet events.
The LBT model is then employed to describe the propaga-
tion and transport of the jet shower partons inside the QGP
medium whose evolution is provided by the CLVISC hydrody-
namics with the initial condition given by the AMPT model.
The information on local temperature and fluid four-velocity
from the CLVISC hydrodynamics is used in LBT to determine
the elastic and inelastic scattering rates. The initial time and
freeze-out temperature in CLVISC hydrodynamics are set to
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FIG. 1. The ratio of the y-jet shape between 0-10% Pb+Pb
and p+p collisions as a function of r at /syy = 5.02 TeV, from
LBT calculations (red solid) as compared with the CMS data (black
squares) [23].

70 = 0.2 fm/c and Ty = 137 MeV, respectively, which also
determine the beginning and end of the parton-medium inter-
action. We use the FASTIET package [49,50] with the anti-k,
jet algorithm to reconstruct full jets using the partonic infor-
mation of the final jets.

The jet shape is defined as the probability density of trans-
verse momentum distribution inside a jet cone [23,42],

1 ngje‘ pr(r— %Ar, r+ %Ar)

Ar > PO, R)

calculated from the parton distribution inside the recon-
structed jets, where the distance r between the track partons
and the jet axis is defined as r = /(7 — njer)? + (¢ — Pjer)? in
the plane of pseudorapidity » and azimuthal angle ¢. The total
energy from the ith jet in the circular annulus with inner radius
r1 = r — Ar/2 and outer radius r, = r + Ar/2 is defined as
Pr(rim) =Y cocenr PE°¢ where Ar = r, — ry is the width
of the annulus. Additionally, the total energy inside the jet
cone with a radius R for the ith jet is given by p%.(0, R). The
summation is over the total number N of jets analyzed.

In the following calculations, we select the trigger photon
with p% > 60 GeV/c in Pb+Pb collisions at ,/syy = 5.02
TeV. The cone size of the y-triggered jets is set as R = 0.3,
and the lower threshold of transverse momentum for the jets
is set at p];t > 30 GeV/c, with associated partons selected
with p7°° > 1 GeV/c. The pseudorapidities for the y and jets
are constrained within |, | < 1.44 and |nje| < 1.6, and their
azimuthal angle differences |A¢;, | are restricted to be larger
than (7/8)r.

Shown in Fig. 1 is the ratio of y-jet shape in 0-10%
Pb+Pb over that in p+p collisions as a function of r from
the LBT model simulations as compared with the CMS data
[23]. The LBT result is in good agreement with experimental
data. The numerical ratio indicates an enhancement at large r
region, suggesting that a significant fraction of the transverse
momentum is transported to larger angles with respect to the

p(r) = )

y/\

jet axis

\ * X
beam

FIG. 2. Tllustration of the y -jet configuration relative to the event
plane and the azimuthal angle distribution of the jet shape inside the
jet cone.

jet axis in Pb+Pb relative to p+p collisions. This is partially
due to radiated gluons, but most of the enhancement is caused
by jet-induced medium response at large angles [42]. This
medium modification of the jet shape can also be described
by the coupled LBT hydro model [32,41,51] where the soft
mode of jet-induced medium-response is modeled through
hydrodynamics that couples to the Boltzmann transport of
hard partons.

III. TRANSVERSE AND LONGITUDINAL JET
TOMOGRAPHY OF HEAVY-ION COLLISIONS

The path-length dependence of the parton energy loss
during the jet propagation within the QGP medium can be
utilized to localize the initial jet production positions along
the longitudinal direction, a technique known as longitudinal
jet tomography [13]. Additionally, nonzero spatial gradients
of the parton transport coefficient § perpendicular to their
propagation directions arise due to temperature gradients in
the QGP fireball. Parton propagation in such a nonuniform
medium leads to an asymmetrical transverse momentum dis-
tribution [31,52—-54] of final state hadrons. In a class of events
with a given transverse asymmetry, a jet observable defined to
characterize the asymmetric transverse momentum distribu-
tion of hadrons or partons inside a jet, the distribution of the
initial jet transverse positions is found localized in a region
with a corresponding transverse gradient of the jet transport
coefficient. The average transverse position of the initial jet
production has a monotonic dependence on the transverse
asymmetry, therefore, enabling transverse jet tomography. By
considering both longitudinal and transverse jet tomography,
one is able to localize the jet production positions in the
transverse plane, resulting in a 2D jet tomography [32,33].

In our study here, we consider the event plane along the x
axis and select the direction of the trigger photon to be along
the negative x axis, while the correlated jets propagate approx-
imately along the positive x axis as illustrated in Fig. 2. The
asymmetry A}, used for transverse jet tomography is defined
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FIG. 3. The y-jet production rates (1/N)d>N/dx dy as a function of initial jet production positions (x, y) in the transverse plane in 0—10%
Pb+Pb collisions at 5.02 TeV, selected with six different ranges of transverse asymmetry, A}V = [—0.05, 0.05], [0.05, 0.15], [0.15, 0.25],
[0.25, 0.35], [0.35, 0.45], and [0.45, 0.55] in the six panels, respectively. The trigger y is selected along the negative x-axis direction with
Pl > 60 GeV/c and pf' > 30 GeV /c. Other kinetic cuts are the same as in Fig. 1.

as [31]

> [ &PrdPk f.(k, 7)sgn(k - 7t)
>, [ d3rd3k fuk, 7)

where f, represents the phase-space distribution of partons
(hadrons), 7i denotes the normal direction of plane defined by
the beam direction and the direction of the trigger particle,
which is the same as the positive y axis in our setup in Fig. 2.
The summation is over all partons (hadrons) inside a jet.

Shown in Fig. 3 are the final y-jet production rates
(1/N)d*N/dxdy as a function of the initial locations (x, y)
in the transverse plane in 0-10% Pb+Pb collisions at 5.02
TeV with different values of the jet transverse asymmetry
A’;{,. The six panels, (a), (b), (c), (d), (e), and (f), corre-
spond to six different bins of the transverse asymmetry,
Ay = [—0.05,0.05], [0.05,0.15], [0.15,0.25], [0.25,0.35],
[0.35, 0.45], and [0.45, 0.55], respectively. As we can see
from the numerical results, the typical initial jet production
transverse position (y) shifts from the center to the outer
region of the medium when A} (or A}) is increased from
[—0.05, 0.05] to [0.45, 0.55]. For small values of A}, y jets
originate from the center region and jets have to traverse the
whole volume of the QGP as depicted in panel (a). Conversely,
for large values of A}, y jets emerge from surface areas of the
QGP and jets propagate tangentially to the medium surface,
as shown in panel (f).

It is worth noting that the selected jet production posi-
tions also exhibit an asymmetric distribution along the x axis.
This is attributed to the path length dependence of Ay}, the
parton energy loss, and the azimuthal angle restriction. The

Afy =

&)

path-length dependence of the parton energy loss biases the
initial production position of the selected jets closer to the
surface (positive x values). The probability of having a smaller
value of A}, with a longer path length is also rare compared to
the case with a shorter path length. Additionally, longer path
lengths may result in a larger drift of the jet direction, outside
the azimuthal cutoff |A¢;,| < (7/8)r.

The integration of the initial y-jet production rates along
the x axis for different selected transverse asymmetry values
Ay, projects the two-dimensional y-jet rate onto the y axis, as
shown in Fig. 4. It is clear from this figure that the peak of
the transverse distribution of the initial jet production position
shifts towards large values of y with increased value of the
transverse asymmetry Ay,. The variance appears to be similar
across different A}, ranges. The shape of the approximately
asymmetric distribution (1/N)dN/dy does not change signif-
icantly when Ay, varies between 0 and 0.35, corresponding to
the central regions of QGP. However, the transverse distribu-
tion becomes more asymmetric for large Ay, because of the
surface bias by the path-length dependence of Ay;.

For the purpose of an illustration, one can also se-
lect the initial transverse jet production positions of y jets
and calculate the corresponding distribution of the trans-
verse asymmetry. Figure 5 shows the y-jet production rates
(1/N)dN/dAy, as a function of A, with given bins of y coor-
dinate of the initial jet production. With given initial bins of y
ranging from y = [—0.5, 0.5] fm to [4.5, 5.5] fm, the peak of
the distribution shifts from small to large A}, values. In sum-
mary, according to Figs. 4 and 5, the transverse asymmetry Ay,
of the final state particles inside a jet does localize the initial
transverse positions of y-jet production.
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FIG. 4. The y-jet production rates (1/N)dN/dy as a function of
the initial jet production position y, selected with different asymme-
try values Ay,. The kinematic cuts are the same as in Fig. 3.

To illustrate the power of longitudinal jet tomography in
localizing the initial jet production positions, we show in
the upper panels of Fig. 6 the contour distributions of the
initial y-jet production rates (1/N)d>N/dxdy in the trans-
verse plane (x, y) for different jet transverse momentum (a)

7 =115,30] GeV/e, (b) p =1[30,60] GeV/c, and (c)
;t > 60 GeV/c, respectively, for direct photons with the
transverse momentum p. > 60 GeV/c. The lower panels give
the corresponding projections onto the x axis, (1/N)dN/dx =
(1/N) f dy(d*N/dx dy). For fixed photon transverse momen-
tum p), a higher value of p;' indicates less jet energy loss
due to a shorter path-length of jet propagation. Conversely,
smaller ﬂ;[ corresponds to larger jet energy loss and longer
path length. This is indeed seen in Fig. 6: y jets with smaller

17';’l are primarily produced through volume emissions that

[ [ [ [ [ [ [
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FIG. 5. The y-jet production rates (1/N)dN/dA) as a function
of Ay, with given initial jet production position y. The corresponding
cuts are the same as in Fig. 3.

undergo long path lengths and have significant energy loss,
while y jets with larger p]Tet are mainly produced through
surface emissions with shorter path lengths and less energy
loss. Varying p);' while keeping p). fixed thus provides a
method to approximately localize the initial y-jet production
locations in the longitudinal direction along the jet path.

IV. JET SHAPE MODIFICATION WITH JET
TOMOGRAPHY

In this section, we investigate the modification of jet shape
for y jets produced in different regions of the QGP fireball as
selected by jet tomography. During the jet propagation, hard
partons tend to penetrate the dilute region of the medium with
low gluon density, while soft recoil partons are more likely
to be created in the dense region with high gluon density.
By localizing y jets to different regions, we can study the
modification of jet shape for jets with different path lengths
and temperature gradients. In particular, temperature gradients
along the direction perpendicular to the jet propagation may
lead to an asymmetric jet shape. We will employ transverse
tomography, longitudinal tomography, and a combination of
these two methods, namely 2D tomography, to localize y jets
in the transverse plane. The kinetic cuts used in this section re-
main the same as before.

A. Jet shapes selected with transverse tomography

We first consider jet events selected with the transverse jet
tomography and examine the corresponding modification of
the jet shape. Shown in Fig. 7 are (a) the jet shape as a function
of the radius r in 0—10% Pb-+Pb collisions (solid curves), for
y jets selected with different ranges of the transverse asymme-
try Aj;, from [—0.05, 0.05] to [0.65, 0.75], as compared to the
jet shape in p+p collisions (dashed line) at ,/syy = 5.02 TeV,
and (b) the ratios of jet shapes in Pb+Pb and p+p collisions.
In both Pb+-Pb and p+p collisions, the jet shape decreases
monotonically with the radius r, indicating that most of the jet
energy is concentrated in the core region close to the jet axis.
However, the jet shape in Pb+Pb is in general broader than
that in p+p collisions. This suggests that some fraction of the
transverse momentum lost by hard partons at the core of the jet
is transported to large angles by soft partons (radiated gluons
and medium response) with respect to the jet axis in Pb+Pb
relative to p+p collisions. Furthermore, y jets selected with
smaller transverse asymmetry A}, exhibit a broader jet shape,
indicating that the path length is longer and quenching effect
is stronger for jets produced in the central region of QGP as
localized by smaller values of A};. According to the picture we
have illustrated in the last section, increasing A}, will shift the
y-jet production positions toward the outer region of the QGP.
This will reduce the jet energy loss and jet quenching effect
with smaller broadening of the jet shape. Therefore, the width
of the jet shape in Pb+Pb collisions decreases monotonically
as the values of A}, increase.

For theoretical illustrations, we also show in Fig. 8 the
jet shape modification of y jets selected according to their
transverse coordinates y, which shows similar trends for the
corresponding A}, dependence of the modification in Fig. 7.
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FIG. 6. Upper: The y-jet production rates (1/N)d>N/dxdy as a function of initial jet production locations (x, y) in the transverse plane
in 0-10% Pb+Pb collisions at 5.02 TeV, selected with three different jet transverse momentum ranges, p; = [15, 30] GeV/c, p; = [30, 60]
GeV/c, and lfrel > 60 GeV/c, respectively. These jets are triggered by photons with transverse momentum p}. > 60 GeV /c. Other cuts are the

same as in Fig. 3. Lower: The corresponding projections onto the x axis.

The broadening of jet shape is caused by interaction be-
tween the jet and the medium, in which hard partons at the
core of a jet lose energy leading to a slight suppression of
the jet shape at the core r < 0.05. This lost energy will be
carried by radiated gluons and medium-response to large an-
gles, therefore transporting the energy towards the outer layer
of the jet cone and leading to the enhancement of the jet
shape in large r regions. Selection of jet events with different
values of the transverse asymmetry localizes the transverse
positions of the initial jet production with different average
path lengths and therefore different degree of jet quenching.
This naturally leads to different levels of broadening of the
jet shape, decreasing with increasing values of the transverse
asymmetry or the average values of the transverse coordinate
(). This observation is also consistent with previous studies
[42,55].

Show in Fig. 9 is the y-jet production rate as a func-
tion of x;, (= pr'/p}), selected with different ranges of the
transverse asymmetry Ay, in 0-10% Pb+Pb at \/syy = 5.02
TeV. The dashed curve is the result from p+p collisions for
comparison. One can see that the rate in Pb+4-Pb shifts toward
smaller x;, relative to p+p collisions due to jet quenching.
The shift is smaller for y jets selected with a larger Ay, range,
indicating more bias toward surface emission. For theoretical
illustrations, we also show in Fig. 10 the y-jet production rate
as a function of x;,, with different initial jet production posi-
tions in the y axis. The trend is similar to the corresponding
dependence of Ay, as shown in Fig. 9.

Although the x;, distributions in Fig. 9 for different Ay, se-
lections exhibit trends similar to those in Fig. 10 for the results
with different selection of the initial production position in
the y axis, the x;,, distribution in Pb+-Pb is observed to move

back to the distribution in p+p collisions only when A} is
sufficiently large. To understand these trends, we also show
in Fig. 11 the average path length of the leading partons, (L),
which is defined as

_ Jdx dyP(x,y, Ayl (x, y, AY)
- fdxdyP(x,y, A}V)

(L(Ay)) . ©®

where [(x, y, A;‘;,) is the distance between the longitudinal
position of the initial jet production and the boundary of the
QGP, and P(x,y, Ay,) are the initial jet production rates at
(x, y) for jet events with Aﬁ,. In the results shown in Fig. 11,
we assume that the path is parallel to the -axis and we take
the critical temperature (7, = 165 MeV) at the boundary of
the QGP. Panel (a) in Fig. 11 indicates that, with increasing
A%, (L(A})) remains nearly unchanged, but rapidly decreases
as Ay approaches 1. Meanwhile, panel (b) shows that (L(y))
decreases smoothly with the initial jet production position y.
Since the modification of the y-jet x;, distributions is con-
trolled mainly by jet energy loss which in turn is controlled by
the jet path length, Fig. 11 explains why modification of the
x;, distribution is similar across most of the A}, range where
the average path length is insensitive to AY,. It reverts back to
the distribution in p+p collisions only when A, is sufficiently
large.

B. Jet shapes selected with longitudinal tomography

In the previous subsection, we have seen how selecting
different values of the transverse asymmetry Ajf, localizes the
initial transverse position (y) and leads to different jet prop-
agation path length and jet shape broadening. Alternatively,
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FIG. 7. (a) Jet shape of y jets as a function of r in 0-10% Pb+-Pb
(solid curves) selected with different ranges of A}, and p+p (dashed
curve) collisions at /syy = 5.02 TeV. (b) Ratios of jet shapes in
Pb-+Pb over p+p collisions as a function of r.

one can directly vary the jet propagation path length using
longitudinal jet tomography, as illustrated in Fig. 6.

Shown in Fig. 12 are (a) the jet shapes as a function of r for
y jets in 0-10% Pb+-Pb and p+p collisions at \/syy = 5.02
TeV, with different pf', and (b) the ratio of jet shapes between
Pb+Pb and p+p collisions. Because of QCD branching in
vacuum, the jet shape in p+p becomes broader with larger
jet transverse momentum p]Tet, as we see in the figure. This
energy dependence of the vacuum jet shape can lead to jet
shape broadening due to jet energy loss in Pb+Pb collisions.
In addition, jet-medium interaction will also broaden the jet
shape because of radiated gluons and medium response at
large angles. This medium-induced jet shape broadening will
also depend on p';f[ because of the path-length bias imposed
by the longitudinal jet tomography.

As we have seen in Fig. 6, for given values of the photon
transverse momentum p., y jets with small final p;' normally
come from jets initially produced at the center of the QGP
that have gone through a long path length and lost significant

T T T T T
" (a) pp —— yin[3.5, 4.5] (fm) 1
102} —— yin[-0.5, 0.5] (fm) y in [4.5, 5.5] (fm) _]
— vy in[0.5, 1.5] (fm) y in [5.5, 6.5] (fm)
| — yin[L.5, 2.5] (fm) yin[6.5, 7.5] (fm)
L~ Yin(2.5,3.51(fM) pppp ot 5.027ev 0-10%
10t E
Q 5 ]
10° |- p¥ > 60GeV/c |nY|<1.44 E
F plt > 30GeV/c |nit|<1.6 1
[ anti—krjetR=0.3 ]
[ passoc > 1GeV/c A‘¢,-V > (7/8‘)11 | | 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
r
5.0 T T T T T
(by— Y in [-0.5, 0.5] (fm) y in [5.5, 6.5] (fm)
45 —— yin[0.5, 1.5] (fm) y in [6.5, 7.5] (fm) 7|
agl — in [1.5, 2.5] (fm) ]
— vy in[2.5, 3.5] (fm)
o 35 —— yin[3.5, 4.5] (fm) 7]
o in [4.5, 5.5] (fm)
230 Y N
&
S 2.5 p} > 60GeV/c |n¥|<1.44 -
Q Pt > 30GeV/c |ne|<1.6
- T —
2.0 - anti—kr jet R = 0.3
L5 | PFC>1Gevic Adyy > (7/8)n |
1.0 ———;—'—f—/ﬁ; ————————————————————
PbPb at 5.02TeV 0-10%
0.5 | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

r

FIG. 8. (a) Jet shape of y jets as a function of r in 0-10% Pb+-Pb
(solid curves) selected with different initial production positions y
and p+p (dashed curve) collisions at /syy = 5.02 TeV. (b) Ratios
of jet shapes in Pb+Pb over p+p collisions as a function of r.
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FIG. 9. x;, distribution, with y-jets selected with different
ranges of the transverse asymmetry A%, in in 0-10% Pb+Pb (solid
line) and p+p (dashing line) collisions at \/syy = 5.02 TeV.
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FIG. 10. x;, distribution, with y jets selected with different
ranges of the transverse coordinates y, in 0—10% Pb+-Pb (solid line)
and p+p (dashed line) collisions at ,/syy = 5.02 TeV.

amount of energy. One should also see large broadening of the
jet shapes. On the other hand, y jets with large p';t are more
likely produced initially close to the surface of QGP, travel a
shorter path length, and lose less energy. The corresponding
jet shape broadening is also smaller, as we see in Fig. 12.

It is worth noting again that y jets with the same final p’;'
in Pb+4-Pb collisions usually come from initial jets with higher
transverse momentum than in p+p collisions due to jet energy
loss. This energy loss alone can lead to jet shape broadening
due to energy dependence of the jet shape in vacuum. Such jet
shape broadening due to jet energy loss is approximately inde-
pendent of the final jet energy p';fl as we see in the LBT results
forr < 0.2. Atlarge radius r > 0.22, the jet shape broadening
due to radiated gluons and medium response strongly depends
on p';t due to path-length bias imposed by the longitudinal jet
tomography.

C. Jet shapes selected with 2D tomography

One can combine transverse and longitudinal jet tomogra-
phy, or 2D jet tomography, to study the jet shape modification

10 T T T T T T
(a)

(L) (fm)

4 - .

p¥ > 60GeV/c |nY|<1.44

2+ pit > 30GeV/c |niet|<1.6
anti—krjetR=0.3

passe > 1GeV/c Ady, > (7/8)

PbPb at 5.02TeV 0-10%
oLt I I I

0.0 0.5 1.00 5 10
A y (fm)

FIG. 11. Average propagating path length of the leading jet par-
tons as a function of A“X, (left) and as a function of initial production
transverse position y (right).
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FIG. 12. Upper panel: the jet shape as a function of r, selected
with different jet transverse momenta p' < 30 GeV/c, 30 < pf' <
60 GeV/c, and p‘Tel > 60 GeV/c in 0-10% Pb+Pb and p+p colli-
sions at /syy = 5.02 TeV. The transverse momentum of the trigger
photon is p} > 60 GeV/c. Lower panel: the ratio of jet shapes
between Pb+4-Pb and p+p collisions. Other kinematic cuts are the
same as in Fig. 7.

in Pb+Pb collisions by simultaneously selecting both final jet
p'Te[ and transverse asymmetry Ay. We select trigger photons
with p}. > 60 GeV/c along the negative x-axis direction. We
calculate the jet shape of the corre;lated jets with two intervals
of transverse momentum: small pl;' = [15, 30] GeV and large
;t > 60 GeV. In addition, we require the y jets to have
small A} =[—0.05,0.05] and large transverse asymmetry
Ay, =1[0.55,0.65].

The jet shapes of these y jets and their corresponding ratios
between 0-10% Pb+-Pb and p+p collisions at /syy = 5.02
TeV are shown Fig. 13 for four different combinations of
transverse and longitudinal tomographic selections. Among
these four sets of tomographic selected configurations, y jets
with small p' in conjunction with small A}, have the most
broadened jet shapes, since these jets are produced at the
central region of QGP and traverse the longest path length on
average. Conversely, the configurations that have the least jet
shape broadening are those y jets with large values of both

;t and A}, that are initially produced in the outer region of
QGP and travel a smaller path length. If the y jets are selected
with small p;' and large A}, or large p}' and small A}, the
medium modification of the jet shape falls between the above
two extreme cases, as seen in Fig. 13.

V. ASYMMETRIC JET SHAPES

The dependence of the jet shape modification on variables
defined in different types of tomography methods in the last
section is essentially the manifestation of the path-length
dependence of jet-medium interaction and the associated
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FIG. 13. Similar to Fig. 12, but simultaneously selected with
the two final observables, p'Tet =[15,30] GeV/c and Af’ =
[—0.05, 0.05]; p;' = [15,30] GeV/c and A}, = [0.55,0.65]; P>
60 GeV/c and A}, =[—-0.05,0.05]; P > 60 GeV/c and A}, =
[0.55,0.65].

medium response. We will study in this section the jet shape
modification specifically caused by the gradient of the parton
density or the jet transport coefficient § and the radial flow.
We will look at the azimuthal angle distribution of energy
density inside the jet cone relative to the direction of the
transverse gradient of the QGP medium. We consider the same
y jet configurations relative to the event plane of heavy-ion
collisions as illustrated in Fig. 2. Because of the gradient of
the medium density and the radial flow, both final jet partons

and medium-response distribution will be asymmetric relative
to the direction of the gradient.

For a purely theoretical illustration, we first divide the jet
cone into two equal halves using a plane defined by the beam
direction and the direction of the jet axis as shown in Fig 2.
We then calculate the jet shapes as a function of the radius r
for each half cone: one for the upper half and another for the
lower half,

1 va“ pr(r—45r+ %)@(:I:I_é -7i)
Ar Y pO.R)

p(r)upper/lower =

(N

where =+ in the ® function selects associated particles in the
upper half and lower half of the jet cone, respectively, k is the
momentum of the associated particle, and 7 is the norm of the
plane defined by the beam direction and the momentum of this
jet, which coincides with the event plane in our setup.

Shown in Fig. 14 are the upper (red dash-dotted), lower
half (blue dashed), and the total jet shape (black solid line) for
y jets initially produced in six different regions of the trans-
verse coordinate y in 0-10% Pb+Pb collisions at ./syy =
5.02 TeV. For jets produced in the central region of the QGP
with y = [—0.5, 0.5] fm, the upper and lower jet shapes are
almost identical, while jets produced near the system edge
with y = [4.5,5.5] fm have a broader lower-half jet shape
as compared to the upper-half due to the asymmetric parton
transport of jet partons and medium response in the nonuni-
form QGP medium.

We also plot the ratio between pjower and pupper in Fig. 15 as
a function of the radius r for jets initially produced in different
regions of the QGP. It is clear that the lower-half jet shape is
suppressed at the core of the jet cone but enhanced toward the
edge of the jet cone as compared to the upper-half jet shape.
Since the jet core is made up of the energetic jet partons,
their diffusion in the transverse direction is enhanced toward
the dilute region of the QGP medium (opposite direction of

| | | | | |
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E E ; \\ === Plower E
Q i T T Pupper ]|
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FIG. 14. Comparisons of pypper (red dash-dotted) and pjeyer (blue dashed) as a function of r in 0-10% Pb+Pb collisions at /syy =
5.02 TeV, with different given y positions of the initial jet production. Other cuts are the same as in Fig. 3.
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FIG. 15. The ratio of piower OVEr pypper as a function of r. Kine-
matic selections and cuts are the same as in Fig. 14.

the transverse gradient dg/dy) leading to the positive value
of the transverse asymmetry Ay(y) and the suppression of
Plower Telative 10 pypper at the core of the jet cone. Jet-induced
medium response in the same jet event will compensate such
transport of momentum in the transverse direction and flow in
the opposite direction of the transverse diffusion of hard jet
partons (along the direction of the transverse gradient dg/dy).
This therefore contributes to the enhancement of the lower-
half jet shape piower relative the upper-half pypper in the large
radius region where medium response dominate. The differ-
ence between pPiower and Pypper 18 more pronounced for jets
produced in the outer region of the QGP where the gradient
of § increases toward edge due to the initial energy density
distribution of the hot matter.

Note that in experiments one can only statistically localize
the transverse region of the initial jet production according
to the value of the jet transverse asymmetry Ay. However,
fluctuations of A}, make it difficult to determine the transverse
location precisely in each event, especially for small values
of A, as seen in Fig. 5. In order to observe the asymmet-
ric jet shape as we have illustrated in the about theoretical
study, we introduce a two-dimensional r-weighted jet shape
Pop(An, Ag) for the transverse momentum distributions in-
side the jet cone in the An-A¢ plane,

An+8n,Ap+8 i j
1 e ZEAZZ;) o) i/ Py
n 8¢ Zjet Zr;<R ripiT/pI?‘fl

where r; = \/An? + A¢? is the distance between the ith asso-
ciated parton and the jet axis, p. is the transverse momentum
of the ith associated parton, An = n; — 1j and A¢ = ¢; —
@jet, and dn and 8¢ are the bin sizes in the An and A¢
directions, respectively. The 2D jet profile is weighted with
the distance r to enhance the contribution of soft partons in
the large r region from medium response.

The 2D jet shape pp(An, A¢) inside the jet cone is shown
in Fig. 16, for y jets in 0—10% Pb+Pb collisions at 5.02 TeV,
with Ai, in the range [0.55, 0.65]. The contribution from the
leading hard jet parton to the 2D jet profile at the core is shown

Z)ZD(AT’a A¢) = S ) (8)

AY, in [0.55, 0.65]
0.3

0.2

.05 &
0.1 4 -0.05 13
| Leading
N
o
=
12
1
0

FIG. 16. The in-cone transverse momentum distribution as a
function of A¢ and Az in 0-10% Pb+Pb collisions at ,/syy = 5.02
TeV with Ai, = [0.55, 0.65]. Kinematic selections and cuts are the
same as in Fig. 3.

in the inset, while the remaining contribution (with the leading
parton subtracted) primarily from soft particles to the 2D jet
profile inside the jet cone is displayed in the main figure. This
2D jet shape with given transverse asymmetry indeed shows
the same asymmetrical structure that we discussed in the
above study with specified region of transverse position of the
initial jet production. The hard jet partons are diffused toward
the dilute region of the QGP medium while soft partons from
the medium response tend to move in the direction of the
dense region of the QGP. In other words, the asymmetric jet
shape suggests that hard partons inside the jet are deflected
away from dense regions, while soft partons from medium
response are more likely to be created in dense regions. This
asymmetrical behavior is particularly more pronounced for y
jet events with large A}, where the jet is produced mostly in
the outer layer of the medium, and is tangential to the surface.

To further illustrate the asymmetrical jet shape and the un-
derlying contributions from hard and soft particles, we project
the 2D jet shape to the azimuthal angle distribution inside the
jet cone,

r+AG, i
dPr LZjet Zﬁf Sy
dd)r ]Vjet Ad)r

where N is the total number of jet events, and ¢, is the
azimuthal angle in the An-A¢ plane,

, €))

arcsin (%) (Ag = 0),
(Ap <0,An = 0), (10)

(A¢p <0, An < 0).

¢r:

T — arcsin (%)

—7 — arcsin (%)

with ¢, = 0 defined as the direction of y or along the positive
direction of Ay,.
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FIG. 17. The in-cone transverse momentum distribution as a
function of ¢, in three different circular regions inside y jets in
0-10% Pb+Pb collisions at ,/syy = 5.02 TeV. Three kinds of jet
events are selected with different A}, values in panels (a), (b), and
(c), respectively.

Shown in Fig. 17 are the azimuthal angle ¢, distributions
of transverse energy inside y jets in 0—10% Pb+Pb collisions
at ./syy = 5.02 TeV with three different jet transverse asym-
metry ranges, (a) A%, = [—0.05, 0.05], (b) [0.25,0.35], and
(c) [0.55, 0.65] for three different circular annuli at radii r =
[0, 0.1] (solid), [0.1,0.2] (dashed), and [0.2, 0.3] (dotted),
respectively. We also show in Fig. 18 the angular ¢, distri-
bution of transverse energy inside y jets with three different
jet transverse asymmetry ranges, (a) A, = [—0.05, 0.05], (b)
[0.25, 0.35], and (c) [0.55, 0.65], for three different regions of
parton transverse momentum, p7*°¢ > 3 GeV/c (solid), 2 <
P7*¢ < 3 GeV/c (dashed), and p§¥*°° < 2 GeV/c (dotted), re-
spectively. Soft partons originating from the medium response
have smaller p3*°°, while large p7°° is associated with hard
partons. We observe different trends in the ¢, distributions for
hard and soft partons, particularly for jet events with a large
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FIG. 18. The in-cone transverse momentum distribution as a
function of ¢, in three different p7*°° ranges in 0-10% Pb+-Pb
collisions at /syy = 5.02 TeV. Three kinds of jet events are selected
with different A}, values in panels (a), (b), and (c).

value of Ay),. This conclusion is consistent with the results
presented in Fig. 17, except that different circular annuli are
used to separate hard from soft partons: hard jet partons are
concentrated around the core of the jet cone (r = 0) whereas
soft partons tend to dominate the region toward the edge of
the jet cone.

With small jet transverse asymmetry A} ranging from
—0.05 to 0.05, the jet shape is mostly symmetric with
an approximately uniform distribution in ¢, at both small
and large radius r or for both small and large transverse
momentum partons as seen in Figs. 17(a) and 18(a). Jets
with sizable or large transverse asymmetry A}, in ranges
[0.25,0.35] or [0.55, 0.65] propagate through regions of QGP
with large transverse gradient. These jets have asymmetric jet
shapes with nonuniform azimuthal ¢, distributions as seen in
Figs. 17(b)-17(c) and 18(b)—18(c). Hard jet partons at the core
of the jet have a peak in the opposite direction of the gradient
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(¢» = 0 toward the dilute region) while soft partons at large
radius have a peak in the direction of the gradient (¢, = 7
toward the dense region). This is consistent with the findings
as illustrated in Fig. 16.

Note that in experimental measurements one can only
know the absolute value of the transverse asymmetry A} |
with equal probability of positive and negative values. If one
averages events with both positive and negative values of A},
the final azimuthal distribution will be uniform. To circum-
vent this, one should align the orientation of the hard jet (or
soft) partons in each event before averaging over events. The
anticorrelation of hard and soft partons in asymmetric jets
serves to determine the direction of the gradient of the QGP
through which the jets propagate. This is an especially useful
technique to measure the asymmetric jet shape caused by the
transverse gradient of the QGP medium in central heavy-ion
collisions where one cannot determine the event plane from
the bulk hadron distributions.

VI. SUMMARY

We have investigated the medium-modified jet shapes
of y jets in high-energy heavy-ion collisions using a two-
dimensional jet tomography that combines gradient (trans-
verse) and longitudinal jet tomography using event-by-event
linear Boltzmann transport simulations which can reproduce
CMS experimental data. Transverse and longitudinal jet to-
mography are demonstrated to be able to localize the initial
y-jet production locations as proposed in [13,31]. By em-
ploying 2D jet tomography in which y-jets are selected
with different values of jet transverse asymmetry A7, or
longitudinal asymmetry p]Tet /P, we computed the medium
modification for the transverse momentum distribution inside
the jet cone, namely the jet shape. Jet shapes are in general
broadened in Pb+Pb collisions relative to p+p collisions

because of the energy transfer carried by soft partons in
medium response at large angles relative to the jet axis. Our
results indicate that jet shape broadening are enhanced in
events with small values of A7, and p';t, corresponding to jets
initially produced at the center of the QGP or with long path
lengths. We further illustrated the asymmetrical jet shapes of
these jets that propagate through regions of the QGP with
finite transverse gradient. Hard jet partons at the core of the
jet are defected away from the dense region of the QGP while
soft partons from the medium response are produced more
in the dense region of the QGP. This anti-correlation of hard
and soft partons within the asymmetric jets can be used to
determine the direction of the transverse gradient of the QGP
in each jet event. These distinctive behaviors of hard and
soft partons inside the jet cone may pave the way for new
avenues to investigate the properties of the QGP and strong
interactions. Future experimental measurements can validate
these distinctive features in the jet shape, thereby testing the
theory of QCD and parton transport.
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