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Abstract Jet-medium interaction involves two important
effects: jet energy loss and medium response. The search for
jet-induced medium excitations is one of the hot topics in
jet quenching study in relativistic nuclear collisions. In this
work, we perform a systematic study on how the lost energy
from hard jets evolves with the bulk medium and redistributes
in the final state of heavy-ion collisions via a multi-phase
transport model. In particular, the (A7, A¢) distribution of
charged particles with respect to the jet axis and jet shape
function are studied for various Pb + Pb collision centralities
and for different transverse momentum intervals of charged
particles. Our numerical result shows a strong enhancement
of soft particles at large angles for Pb + Pb collisions relative
to p + p collisions at the LHC, qualitatively consistent with
recent CMS data. This indicates that a significant fraction of
the lost energy from hard jets is carried by soft particles at
large angles away from the jet axis.

1 Introduction

Ultra-relativistic heavy-ion collisions can create extremely
hot and dense nuclear matter, commonly referred to as Quark-
Gluon Plasma (QGP) [1-7]. High transverse momentum ( pt)
jet partons produced in early-stage hard scatterings inter-
act with the hot QCD matter via medium-induced gluon
bremsstrahlung and elastic collisions before hadronizing into
hadrons. The interaction between jets and QGP medium usu-
ally leads to parton energy loss, transverse momentum broad-
ening, etc. These phenomena are collectively referred to as
jet quenching [8—10]. Jet quenching provides a powerful tool
to probe the novel properties of QGP [11-14]. One important
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evidence of jet quenching is the suppression of large trans-
verse momentum hadrons produced in heavy-ion collisions
[15-17], which has been observed at Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC). The
central goal of jet quenching study is to understand in detail
the interaction mechanisms between jets and QCD medium,
to study how different effects manifest in the final states of the
collisions [18-26], and to probe the structure and transport
properties of QGP at various scales.

Another important aspect of jet-medium interaction is the
medium response to jet propagation [27-31]. The lost energy
and momentum from hard jets may induce medium excita-
tions, which may affect the space-time evolution of the bulk
matter and many jet-related observables [32—42]. For exam-
ple, fast jet partons may induce Mach cone like excitation in
the medium [27,29]. If observed, it can provide a direct probe
to the speed of sound of the hot QCD medium. The detailed
structure of Mach cone is also sensitive to many transport
properties of the medium such as the specific shear viscos-
ity [43,44]. In the dynamically evolving media, however, the
detection of Mach-cone signal is quite difficult since the col-
lective flow of the expanding media can distort the Mach
cone structure induced by hard jets [44-46]. The search for
jet-induced medium response effect is still an on-going hot
topic in jet quenching study in heavy-ion collisions [34-38].

Fully reconstructed jets and their nuclear modification
provide many new insights into the study of jet energy loss
and medium response in relativistic heavy-ion collisions. As
for full jets, one has to consider not only the interaction
between the leading partons and the medium, but also the
evolution of the shower partons of the jets [47]. When jets
propagate through the QGP, jet-medium interaction not only
reduces the total energy of the reconstructed jets, but also
change the energy and momentum distributions among the
jetconstituents [34,35,48]. There have been many theoretical
and experimental studies on the suppression of jet yield and
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the nuclear modification of jet structure [35,41,42,48-63].
On the other hand, itis very interesting to use full jets to inves-
tigate how the lost energy from the jets evolves in the QGP
medium and redistributes in the final states of nuclear colli-
sions. Reference [34] has shown that jet-deposited energy can
be transported to very large angles away from the jet direction
via hydrodynamic medium evolution. In Ref. [64], we have
studied the overall momentum balance and the redistribution
of lost energy for dijet events [65] within the framework of
AMPT model and found that elastic collisions between jets
and medium partons can play very important roles in trans-
porting the lost energy from jets to very large angles.

To further investigate where the lost energy redistributes
in the final state, one may study the detailed distributions
of final-state particles with different momenta around the
reconstructed jets up to very large angles away from the jet
axis. Recently, CMS Collaboration has measured the corre-
lations of charged particles with respect to jet axis as a func-
tion of relative pseudorapidity (An), relative azimuthal angle
(A¢), and relative radial distance Ar = /(An)? + (Ag)?
for Pb + Pb collisions and p + p collision at . /sy = 5.02 TeV
atthe LHC [66]. The (An, A¢) distribution of charged parti-
cle yield and jet shape p (Ar) have been measured for differ-
ent Pb + Pb collision centralities and for different transverse
momentum intervals of charged particles. Such differential
measurements provide a unique opportunity for studying the
redistribution of the lost energy from hard jets due to jet-
medium interaction.

In this work, we use a multi-phase transport (AMPT)
model [67] to study jet quenching and the redistribution of jet
energy loss in high-energy nuclear collisions. We follow the
CMS Collaboration and perform a detailed investigation on
the correlations of charged particles with respect to jet axis
as a function of An and A¢ and jet shape function p(Ar)
up to large radial distance (Ar ~ 1) for p + p and Pb + Pb
collisions at \/snn = 5.02 TeV. Our work constitutes an
important study on understanding the nuclear modification
of jet shower and the medium response to jets in relativistic
heavy-ion collisions.

The paper is organized as follows. In Sect. 2, we provide a
brief introduction to the AMPT model. Then we describe the
observables and the detailed analysis procedures in jet recon-
struction and jet-particle correlations. Numerical results are
presented in Sect. 3. Section 4 contains the summary of this
work.

2 The AMPT model and observables
2.1 The AMPT model

In this work, we use the AMPT model with string melting
mechanism [46,68,69] to simulate jet-medium interaction
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in high-energy heavy-ion collisions. Generally, the AMPT
model consists of four main stages: initial condition, parton
cascade, hadronization, and hadronic rescatterings.

e The initial condition of the AMPT model is provided by
the HIJING model [70,71], which generates the initial
spatial and momentum distributions of the matter partic-
ipants, including minijet partons and soft string excita-
tions. In order to study jet quenching, a jet trigger tech-
nique in the HIJING model is applied in the AMPT model
to increase the efficiency. Several hard dijet production
channels are included: gg — qq, 99 — 99,99 — g8,
98 — 48,88 —> q4,and gg — gg [72].

e In the AMPT model, the dynamical evolution of partons
is simulated via Zhang’s parton cascade (ZPC) model
[73]. ZPC model describes elastic collisions among the
medium partons and jet partons. The partonic interaction
cross section o is determined by the value of strong cou-
pling constant and the Debye screening mass. Only elas-
tic collisions are included in the AMPT model at present.

e Hadronization process starts when the partonic system
freezes out. A quark coalescence model is used to com-
bine partons into hadrons [74].

e The dynamics of hadronic interactions is simulated via a
relativistic transport (ART) model [75], which includes
baryon-baryon, baryon-meson, meson-meson elastic and
inelastic scatterings.

The AMPT model has successfully described many jet
observables, such as y-jet imbalance [76], dijet asymme-
try [64,77], jet fragmentation function [78,79] and jet shape
[80]. Here we use the correlations of charged particles and
reconstructed jets to study the distribution of charged parti-
cles and jet shape up to very large angles with respect to jet
axis.

2.2 Jet observables and the analysis method

The interaction between high- pt partons and QGP medium
leads to energy loss from jet cone which causes the reduction
of the jet yield at a given transverse momentum (pt). The
suppression of the inclusive jet spectrain A + A collisions
relative to p + p collisions can be quantified by the nuclear
modification factor Raa (pj{ft), which is defined as the ratio of
jet pr'{3t spectrain A + A collisions to that in p + p collisions
scaled with the number of binary nucleon—nucleon collisions
Neoir:

1 a2\ /dpfdy

Neot d2NJ; /dpl'dy

We apply the FASTJET framework [81] with the anti-kT algo-
rithm to reconstruct jets in Pb + Pb and p + p events. Note

Raa(ph) = (1)
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that our simulation of p + p events with AMPT also contains
four steps listed in Sect. 2.1 except that the collision system
is much smaller. The jet cone size is taken tobe R = 0.4. The
contribution from the background is subtracted using a vari-
ant of the iterative “noise/pedestal subtraction” technique as
described in Ref. [82]. In Sect. 3, we will show the numerical
results for Raa (pJTet) and compare to the ATLAS data [83].

Jet shape p(Ar) measures the transverse momentum dis-
tribution of the jet along the radial distance Ar with respect
to the jet axis. The nuclear modification of jet shape is sen-
sitive to various jet-medium interaction mechanisms as well
as jet-induced medium excitations. To define the jet shapes
p(Ar), one first evaluates the distribution of charged parti-
cles weighted by their pt values as a function of Ar and
define the transverse momentum profile of the jet P(Ar) as
follows:

1 1
P(Ar) = gmEjetsEparticlese(Ara,Arb)pTv (2)
jets
where the bin size 5r = Arp — Ar,. Then one normalizes
the above jet transverse momentum profile to unity within

Ar € [0, 1] to obtain the jet shape function p(Ar):
P(Ar)

p(Ar) = 3)

i .
Niew Yiets Lparticles PT

The particle and energy—momentum distributions around
the jets can be studied via the correlations between charged
particles and reconstructed jets. For this purpose, CMS Col-
laboration has constructed a two-dimensional charged par-

ticle number density dA(i—fIl\lAn per trigger jet, where An and
A¢ are relative pseudo-rapidity and azimuthal angle with
respect to the jet axis. The particle number density can be
studied for different centralities and for different transverse
momenta of charged particles. In this work, the above jet-
particle correlations in Pb + Pb collisions are studied in
four centrality intervals: 0—10% (most central), 10—30%,
30—50%, and 50—100% (most peripheral). We also divide
the charged particles into several transverse momentum bins,
bounded by 0.7, 1, 2, 3, 4, 6, 8, 12, 16, 20 and 300 GeV. In
this sense, we will construct the three-dimensional distribu-
tion dedi% of charged particles around the jets for dif-
ferent centralities, which provides a very detailed description
on the particle and energy-momentum distributions around
the fully-reconstructed jets produced in high-energy nuclear
collisions.

Following the procedure of CMS Collaboration, we con-
struct jet-particle correlations for jets with || < 1.6 and
charged particles with || < 2.4.To correct the limited accep-
tance, we use a mixed-event method [84,85]. A mixed-event
distribution is constructed by creating jet-particle pairs using
jets from the jet-triggered event and particles from another
event. After the acceptance correction, the two-dimensional
particle yield (distribution) per trigger jet is obtained as fol-

PbPb 5.02TeV 0 — 10%

1<pr<2GeV

Fig. 1 Jet-particle correlations using charged particles with 1 < pr <
2 GeV in central 0—10% Pb + Pb collisions. The left panel is for signal
pair distribution S(An, A¢), the middle for normalized mixed-event
pair distribution M E(An, A¢), and the right for acceptance-corrected
per-trigger-jet associated particle yield

lows:

1 d®N  ME®,0)
Njers dAndA¢ — ME(An, Ad)

S(An, Ag), “

where Njes denotes the total number of jets satisfying the
selection criteria. The signal pair distribution S(An, A¢)
represents the yield of jet-particles pairs from the same jet-
triggered event, normalized by Njes,

1 dZNsame
(AN, Ap) = —————. ®)
Niets dAndAg
The mixed-event pair distribution M E(An, A¢) is
1 dZNmix
ME(An, Ap) = (6)

Niets dAndA¢ '

The ratio M E(0, 0)/M E(An, A¢) is the normalized correc-
tion factor.

As an example, the above procedure of constructing jet-
particle correlations is illustrated in Fig. 1 using 0—10%
Pb + Pb collisions with charged particles in 1 < pr <
2 GeV. First, we apply the FASTJET algorithms and the
noise/pedestal subtraction technique to find the jet location
and the associated charged particles around the jet to con-
struct the signal pair distribution S(An, A¢), as shown in
the left panel of Fig. 1. We use the mixed-event method to
construct the mixed-event pair distribution M E(An, A¢p),
as shown in the middle panel. Then, we use Eq. 4 to obtain
the acceptance-corrected two-dimensional particle yield per
trigger jet, as shown in right panel of Fig. 1. After the
acceptance correction, we use the side-band method to sub-
tract the background from uncorrelated pairs and long-range
correlations. Following the CMS Collaboration, this back-
ground is estimated using A¢ distribution averaged over
1.5 < |An| < 2.5, and then subtracted to get the final cor-
rected jet-particle correlations.
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Jet nuclear modification factor
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Fig. 2 Nuclear modification factor Raa (pJTe [) as a function of pJTe ' from
the AMPT simulation compared with the ATLAS data [83] for jets with
R = 0.4 and |y| < 2.8 in central and peripheral Pb + Pb collisions at
/5 =5.02 GeV

3 Numerical results
3.1 Jet suppression in A+A collisions

We first check the nuclear modification factor for inclusive
jetproductions. The numerical results from the AMPT model
are presented in Fig. 2, compared with the ATLAS data [83].
Here the nuclear modification factors Raa (p]Tet) are plotted
as a function of jet transverse momentum pj{ft in 0—10% and
70—80% Pb + Pb collisions at ,/snn = 5.02 TeV. We use
the same kinematic cuts as the ATLAS measurements: jet

The distribution of jet-correlated charged-particles with Ar < 1

cone size R = 0.4, jet pseudorapidity cut |y| < 2.8. In the
ATLAS data, the error bars represent statistical uncertainties,
and the shaded boxes around the data points represent bin-
wise correlated systematic uncertainties.

A significant suppression of jet productions in central
Pb + Pb collisions relative to p + p collisions is observed. As
jet pr increases, the nuclear modification factor Raa (pi}:t)
increases. This result indicates jets may experience a sig-
nificant amount of energy loss due to the interactions with
the bulk matter when they propagate through the hot QGP
produced in Pb + Pb collisions. In central collisions with
denser and larger media, the effect from jet-medium interac-
tion is larger, leading to larger jet energy loss and thus smaller
Raa (pJTet) compared to peripheral collisions.

In the above Raa (pJTet) calculations, we have chosen the
same value of partonic cross section ¢ = 1.5 mb as in our
previous work [64], where a reasonable description of the
momentum imbalance and dijet asymmetry data from CMS
[65] is obtained. Therefore, the same value 0 = 1.5 mb
will be used for studying the correlations between charged
particles and reconstructed jets presented in the following
subsections.

3.2 pr distribution of the jet-correlated charged particles
Let us now investigate the correlations between charged par-

ticles and reconstructed jets. Following CMS Collaboration,
we take the reconstructed jets with pr]Tet > 120GeV,R =04

anti-kr R = 0.4, jets, pr > 120GeV, |nie| < 1.6

1L PbPb AMPT pp A7 < 1 PbPb PbPb PbPb
MOE o 1005 T AMPT PbPb Ar <1 30 — 50% F\ 10— 30% Fe\ 0 10%
.-J O 4 cMSppAr<1 : 50% 30% o
4 CMSPbPb Ar<1
z| g
Tl ok
g AN
v—1|Z -
10*1 L
20F - - -
PbPb—pp PbPb—pp PbPb—pp PbPb—pp
5L 50 — 100% i 30 — 50% i 10— 30% i 0—10%
o
4|5
H| 5 wf L L L
Z
5 [ N N -.
L ] -
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0 g\.;‘ x; L -
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Fig. 3 Jet-correlated charged particle yield distribution around the jets
in the region Ar < 1 as a function of charge particle pr for Pb + Pb
and p + p collisions from the AMPT model and compare to CMS
data [66] (upper panels). The differences between Pb + Pb and p + p

@ Springer

are shown in the lower panels. Four Pb + Pb collision centralities are
shown: 0—10%, 10—30%, 30—50%, and 50—100%. Jets are taken with
> 120 GeV, R = 0.4 and |nje| < 1.6



Eur. Phys. J. C (2022) 82:156

Page 50f 11 156

40 F . .
Particle yield vs. An, pp and PbPb (5.02 TeV)
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Fig. 4 Jet-correlated charged particle yield distribution as a function
of An in p + p (top left panel), Pb + Pb (middle panels) collisions and
their differences (lower panels). Four different Pb + Pb collision cen-
tralities are shown: 0—10%, 10—30%, 30—50%, and 50—100%. Jets
are taken with pf' > 120 GeV, R = 0.4 and |nje| < 1.6. The stacked

and [njet] < 1.6 and look at charged particles in the region
Ar < 1 around the jet axis. Using the three-dimensional
charged particle distribution de(fZ% around the jets, we
may integrate out the pseudorapidity and angular parts (An
and A¢) to obtain the pr distributions of charged particles
around reconstructed jets:

3
d°N
dAG / dag— 9N %)
dedA(bdAT) Ar<1

dN
de

In Fig. 3, we show jet-correlated charged particle pt distri-
butions around jets from the AMPT model and compared to
the CMS data. The upper panel shows the results for Pb + Pb
and p + p collisions, and the lower panel show their differ-
ence. One can see that our calculation can provide a reason-
able description of the CMS data. The difference between
Pb + Pb and p + p events for low- pt particles shows strong
dependence on collision centrality. For more central colli-
sions, more soft particles are observed around the jets (within
Ar < 1). This is due to larger jet energy loss in more cen-
tral collisions, which leads to more low pr particles around
jets. In contrast, the yield of high pr particles around jets in
Pb + Pb collisions are suppressed compared to p + p colli-
sions. The above result is consistent with the Ar distribution
of charged particles around jets (see later).

An An

histograms are obtained from the AMPT model: different colors repre-
sent the contributions from different p intervals for charged particles.
The accumulated histogram for 0.7 < pt < 20 GeV is compared to
CMS data [66]

In the above charged particle pr distribution around jets,
the pseudorapidity and angular parts (An, A¢) of the dis-
tribution have been integrated out. In the following, we will
study in detail how charged particles of different pt con-
tribute to the An, A¢ and Ar distributions of charged parti-
cles with respect to the jet axis.

3.3 An, A¢ and Ar distributions of the jet-correlated
charged particles

Now we look at the An, A¢ and Ar distributions of

charge particles around reconstructed jets. Given the three-
. . o 3

dlm.enswna.l distribution dm&%, 9ne may ﬁrst. perform

the integration over A¢ or An to obtain the following pseu-

dorapidity or azimuthal angle distributions:

dN d’N
— = /dA¢/de— , (3
dAn dPTdA¢dA77 |Agl<1

dAn / dpr————F— 9)
dA¢ / dedA¢dAn |A17\<1

In Figs. 4 and 5, we show the charged particle An and A¢
distributions around reconstructed jets. The top left panel
shows the result for p + p collisions, the middle panels
show the results for Pb + Pb collisions, and the lower pan-

@ Springer
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40
PP Particle yield vs. A¢, pp and PbPb (5.02 TeV)
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Fig. 5 Jet-correlated charged particle yield distribution as a function
of A¢ in p + p (top left panel), Pb + Pb (middle panels) collisions and
their differences (lower panels). Four different Pb + Pb collision cen-
tralities are shown: 0—10%, 10—30%, 30—50%, and 50—100%. Jets
are taken with pﬂft > 120 GeV, R = 0.4 and njet| < 1.6. The stacked

els show the differences between Pb + Pb and p + p col-
lisions. In the analysis, jets are taken with pJ;t > 120 GeV,
R = 0.4 and |njet| < 1.6. We have studied Pb + Pb collisions
for four different centralities: 0—10%, 10—30%, 30—50%,
and 50—100%. In the figure, the stacked histograms are the
results obtained from the AMPT model; different colors rep-
resent the contributions from charged particles in several dif-
ferent pr intervals bounded by 0.7, 1, 2, 3,4, 6, 8, 12, 16 and
20 GeV. The accumulated histogram represents the result for
0.7 < pt < 20 GeV, which is compared to CMS data [66].
From Figs. 4 and 5 we find that our AMPT calculations
for both An and A¢ distributions with 0.7 — 20 GeV in
p + p collisions can qualitatively describe the CMS data. As
for Pb + Pb collisions, the AMPT model can qualitatively
describe the main feature of the CMS data. Focusing on the
difference between the Pb + Pb and p + p collisions, we see a
depletion of hard particles (pt > 6—8 GeV) and an enhance-
ment of soft particles (pt < 4—6 GeV) in Pb + Pb collisions
compared to the p + p collisions. Such effect is stronger in
central Pb + Pb collisions than in peripheral collisions, and is
symmetric in both An and A¢. One interesting feature is that
the enhancement of soft particles extends to very large An
and A¢, which means that the lost energy from jets is trans-
ported to soft particles at very large angles. The enhancement
of soft particles at large An or A¢ from the AMPT model is

@ Springer

histograms are obtained from the AMPT model: different colors repre-
sent the contributions from different pr intervals for charged particles.
The accumulated histogram for 0.7 < pt < 20 GeV is compared to
CMS data [66]

larger than the CMS data. This difference might be due to the
fact that the AMPT model only includes elastic collisions and
the medium-induced radiative processes are missing in the
model. For similar jet energy loss and jet suppression factor,
elastic collisions are usually more effective than medium-
induced radiation in transporting the energy and momentum
to larger angles. The inclusion of inelastic radiative processes
is expected to improve the agreement with the data.

One may further study the Ar distribution of charged par-
ticles around jets, which can be obtained as follows:

dN d*N
v =/dA¢/dAn/de—
dAr dprdA¢dAn

X 8(Ar —/(A@)* + (An)?).

In practice, we construct the above charged particle distri-
bution in annular rings of width §r = 0.05 around jet axis.
Figure 6 shows jet-correlated charged particle yield distribu-
tion as a function of Ar. The top left panel shows the result
for p + p collisions, the middle for Pb + Pb collisions, and
the lower for the differences between Pb + Pb and p + p col-
lisions. The labels and setups are similar to Fig. 4. One can
see that jet-correlated charged particle yield distributions as
a function of Ar for 0.7—20 GeV in p + p collisions from

(10)
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Particle yield vs. Ar, pp and PbPb (5.02 TeV)
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Fig. 6 Jet-correlated charged particle yield distribution as a function
of Ar in p + p (top left panel), Pb + Pb (middle panels) collisions and
their differences (lower panels). Four different Pb + Pb collision cen-
tralities are shown: 0—10%, 10—30%, 30—50%, and 50—100%. Jets
are taken with pf' > 120 GeV, R = 0.4 and |nje| < 1.6. The stacked

the AMPT calculation agrees with CMS data qualitatively.
Comparing Pb + Pb and p + p collisions, we observe a deple-
tion of hard particles (pt > 6—8 GeV) and an enhancement
of soft particles (pt < 4—6 GeV). Such effect is stronger
in central Pb + Pb collisions than in peripheral collisions.
The enhancement of soft particles extends to very large Ar,
since the lost energy from jets can be transported to soft par-
ticles at very large angles. Again, the discrepancy between
the AMPT model and CMS data for Pb + Pb collisions is
because the AMPT model does not have medium-induced
radiative processes.

3.4 Jet pr profile and jet shape

In the previous subsection, we have studied the pr, An, A¢
and Ar distributions of charged particle yield around the
reconstructed jets. Using the three-dimensional distribution
dm&% for c.harged particles with respect to jet axis, we
may construct jet transverse momentum profile P(Ar) as

follows:

! /dAd)]dA /d &N
n T 7 . _PT
Njew P apraagdan”

x 8(Ar —[(Ad)* + (Am)?). Y

P(Ar):

1 1 1 1
02 04 06 08 10 02 04 06 08 1
Ar Ar

histograms are obtained from the AMPT model: different colors repre-
sent the contributions from different p intervals for charged particles.
The accumulated histogram for 0.7 < pt < 20 GeV is compared to
CMS data [66]

In practice, P(Ar) is just the distribution of charged parti-
cles in the annular rings around the jet axis with each par-
ticle weighted by its transverse momentum, see Eq. (2). In
Fig. 7, we show jet transverse momentum profile P(Ar) in
p + p collisions (top left panel) and Pb + Pb collisions (mid-
dle panels). The Pb + Pb results are shown for four cen-
tralities: 0—10%, 10—30%, 30—50%, and 50—100%. The
stacked histograms are results from the AMPT model: dif-
ferent colors represent the contributions from different pt
intervals for charged particles. The accumulated histogram
is for 0.7 < pr < 20 GeV. The bottom panels show the
ratio between Pb + Pb and p + p collisions for different pt
intervals, 4—300 GeV, 2—300 GeV and 0.7—300 GeV.

From Fig. 7, one observes a large excess of soft particles
together with a depletion of hard particles in Pb + Pb colli-
sions relative to p + p collisions. The enhancement of soft
particles is more prominent at large Ar region. This means
that the energy is transported from hard jets to soft particles
atlarge Ar regions away from jet axis. Such effect is stronger
in central collisions than in peripheral collisions. We also see
that our AMPT model calculations overestimate the accumu-
lated transverse momentum profile at large Ar region, which
may be due to the negligence of inelastic radiative process in
the parton cascade.
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Fig. 7 Jettransverse momentum profile P (Ar) for jets with p]Tet > 120
GeV, R = 0.4 and |njet| < 1.6 in p + p (top left panel) and Pb + Pb
(middle panels) collisions. Four different Pb + Pb collision centralities
are shown: 0—10%, 10—30%, 30—50%, and 50—100%. The stacked
histograms are obtained from the AMPT model: different colors repre-

10Fe® 4 CMS 0.7-300 GeV

pp
1k

Ar

sent the contributions from different p intervals for charged particles.
The accumulated histogram is for 0.7 < pt < 300 GeV. The bottom
panels show the ratio between Pb + Pb and p + p collisions for different
pr intervals, 4 — 300 GeV, 2 — 300 GeV and 0.7 — 300 GeV. The data
are taken from CMS [66]

Jet Shapes for pp and PbPb (5.02 TeV)

anti-kpR=0.4, jets, pp > 120GeV,|njet| < 1.6
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Fig. 8 Jet shape p(Ar) for jets with pj{f’t > 120 GeV, R = 04
and [njet] < 1.6 in p + p (top left panel) and Pb + Pb (middle pan-
els) collisions. Four different Pb + Pb collision centralities are shown:
0—10%, 10—30%, 30—50%, and 50—100%. The stacked histograms
are obtained from the AMPT model: different colors represent the con-
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tributions from different pr intervals for charged particles. The accumu-
lated histogram is for 0.7 < pt < 300 GeV. The bottom panels show
the ratio between Pb + Pb and p + p collisions for pt = 0.7 — 300 GeV.
The data are taken from CMS [66]
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The jet shape ratio of PbPb to pp at different evolution stages

—A— initial stage
before parton cascade
—O— after parton cascade

—fb— after coalescence
=B after hadronic rescatterings
4 CMS data

Pb + Pb 5.02 TeV
0 — 10%/p+p

Ar

Fig. 9 The ratio of jet shape function p(Ar) in Pb + Pb collisions to
that in p + p collisions for different scenarios: initial stage, before par-
ton cascade, after parton cascade, after coalescence, and after hadronic
rescatterings. The data are taken from CMS [66]

One may normalize the radial distribution P (Ar) of jet
transverse momentum profile and further investigate the jet
shape function p(Ar). Figure 8 shows jet shape p(Ar) for
jets with p' > 120 GeV, R = 0.4 and |nje] < 1.6 in
p + p (top left panel) and Pb + Pb (middle panels) colli-
sions. The stacked histograms are obtained from the AMPT
model: different colors represent the contributions from dif-
ferent pr intervals for charged particles. The bottom panels
show the ratio between Pb + Pb and p + p collisions for
pr = 0.7-300 GeV.

Our numerical results for jet shape p(Ar) show a clear
centrality dependence in Pb + Pb collisions. In most periph-
eral Pb + Pb collisions, jet shape p(Ar) is similar to that in
p + p collisions. In central Pb + Pb collisions, the ratio of
jet shape function in Pb + Pb collisions and p + p collisions
show a strong enhancement at large values of Ar together
with a depletion at smaller values of Ar. This indicates that
a significant fraction of the energy (transverse momentum)
is transported to larger angles with respect to the jet axis.
For very small values of Ar, jet shape function in Pb + Pb
collisions from the AMPT model shows some suppression
effect as compared to p + p collisions, while the CMS data
show much smaller nuclear modification effect. This differ-
ence might be due to the lack of medium-induced radiation
in jet-medium interaction in the AMPT model.

To see how different stages of the collisions contribute to
the modification of jet shape, in Fig. 9 we show the ratio of
jet shape in Pb + Pb collision and p + p at different evolution
stages in the AMPT model. One can see that before parton
cascade, there is some change in jet shape function as com-
pared to p + p collisions, which is due to the initial scatterings
in HIJING. Parton cascade stage in the AMPT model gives a
very significant contribution to the change of jet shape func-

tion. Due to the elastic scatterings between jets and medium
partons, the energy and momentum are transported to large
distance away from jets. Jet shape function gets mild change
in the coalescence and hadronic rescattering processes.

4 Summary

Within the framework of a multi-phase transport model, we
have studied jet suppression and the redistribution of jet
energy loss in relativistic heavy-ion collisions. Following the
CMS Collaboration, we have performed a detailed study on
the correlations between charged particles and reconstructed
jets in p + p and Pb + Pb collisions at ,/syn = 5.02 TeV.
The charged particle yield distribution with respect to jet axis
as a function of An, A¢ are studied for different collision
centralities and for different transverse momenta of charged
particles. It is found that the charged particle distributions
around the reconstructed jets exhibit a strong enhancement
of soft particles in Pb + Pb collisions relative to p + p colli-
sions. Such enhancement extends from intermediate to very
large values of Ar. By weighting each particle with its pr
value, we also study jet transverse momentum profile and
jet shape function using the correlations between charged
particles with respect to jet axis. A redistribution of energy
from small to large angles with respect to jet axis is observed
in Pb + Pb collisions compared to p + p collisions at the
LHC. The above effects are more prominent for more central
Pb + Pb collisions. Our study indicates that the lost energy
from the hard jets is transported from small to large angles
away from jet axis and carried by soft particles in the final
state of the nuclear collisions. The numerical results from
the AMPT model are qualitatively consistent with the CMS
data. More quantitatively, the AMPT model overestimates
the enhancement of soft particles at large Ar compared to
the CMS data. This may be due to the fact that the AMPT
model only includes elastic collisions between jet partons
and medium partons in the parton cascade stage. The inclu-
sion of inelastic radiative processes in the parton cascade is
expected to improve the agreement with the experimental
data. The study along this direction will be left for future
effort.
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