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Linear Boltzmann transport for jet propagation in the quark-gluon plasma: Inelastic

processes and jet modification
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A Linear Boltzmann Transport (LBT) Monte Carlo model has been developed to describe jet
propagation and interaction with the quark-gluon plasma (QGP) in relativistic heavy-ion collisions.
A complete set of elastic scattering processes and medium-induced gluon emissions based on the
higher-twist formalism are incorporated for both jet shower and medium recoil partons. It has been
employed to describe experimental data on large transverse momentum hadron and jet spectra,
correlation and jet substructures in high-energy heavy-ion collisions. We document in detail the
structure of the model and validation of the Monte Carlo implementations of the physics processes
in LBT, in particular, the inelastic process of medium-induced gluon radiation. We carry out a
comprehensive examination of the jet-medium interaction as implemented in LBT through energy
loss and momentum broadening of a single hard parton, the energy and transverse momentum
transfer from leading partons to medium-induced gluons and jet-induced medium excitation, and
medium modification of reconstructed jets in a static and uniform medium. With realistic and event-
by-event hydrodynamic medium in heavy-ion collisions, we compute and compare to experimental
data on the jet cone-size dependence of the single inclusive jet suppression at both Relativistic
Heavy-Ton Collider (RHIC) and the Large Hadron Collider (LHC), the dijet asymmetry at LHC
and 7-jet correlation at RHIC. Effects of medium-induced gluon emissions and jet-induced medium
excitation on jet observables are systematically examined. Rescatterings of the radiated gluons and
recoil partons with the QGP are found essential to account for the enhancement of soft particle

yield toward the edge of the jet cone.

I. INTRODUCTION

Exploring properties of the color deconfined state
of nuclear matter, known as the quark-gluon plasma
(QGP), is the central goal of relativistic heavy-ion col-
lision experiments at the Relativistic Heavy-Ion Collider
(RHIC) and the CERN Large Hadron Collider (LHC) [1—

].  Among various probes of the nuclear matter, jet
quenching reveals the fine structure of the QGP at short
distance scales, since the momentum transfer between en-
ergetic jet partons and the medium can be much larger
than the thermal scale given by the local temperature [5—

]. Many observables have been proposed to study how
jets are modified by the QGP as they traverse the hot and
dense medium, from the nuclear modification factor of
high transverse momentum (pr) hadrons and fully recon-
structed jets, their anisotropic flow coefficients, to the in-
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ner structures of jets and jet-related correlations [10-16].
Over the past three decades, studies on jets have tran-
sitioned from understanding their interaction dynamics
with the hot subatomic matter to utilizing them to ex-
tract transport properties of the QGP [17-19] with pre-
cision. Related investigations have also been extended
from ultrarelativistic heavy-ion collisions to smaller col-
lisions systems [20-23] and collisions at lower center-of-
mass energies [24, 25].

As jet partons plough through the QGP medium, they
endure both elastic [26-29] and inelastic [30-35] scat-
terings with the medium. These interactions not only
lead to nuclear modification of jets, but also energy-
momentum deposition to the medium and depletion from
the medium due to back-reaction. The latter two are col-
lectively known as “jet-induced medium excitation” or
“medium response”, and are essential in understanding
how the lost energy from jet partons are redistributed
and thermalize. It has now been widely accepted that
jet-induced medium excitation is responsible for some
of the enhanced soft hadron production associated with
jets [36, 37], the increased jet energy within a given circu-
lar annulus at large angle with respect to the jet axis [38—

], and recovering the momentum balance between the
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two hemispheres traversed by the leading and sublead-
ing jets in a dijet event [38, 43]. Unique signatures of
medium response, such as the diffusion wake in the op-
posite direction to jet propagation [44, 45] and the en-
hanced baryon-to-meson ratio within and around the jet
cone [16—48] have been proposed and wait for confirma-
tion from more precise experimental measurements.

Measuring medium response is challenging because its
signals related to soft hadrons are usually buried in the
huge background from QGP hadronization. Despite del-
icate background subtraction techniques developed in
heavy-ion experiments, jet constituents (shower partons
including from medium-induced radiation) and medium
response still inevitably overlap each other in reality.
Therefore, seeking signatures of medium response relies
on close comparisons between realistic model calculations
and experimental data. Sophisticated event generators
based on different model assumptions have been devel-
oped to simulate jet interactions with the QGP, such
as the virtuality-ordered medium-modified splittings of
highly virtual partons [ ], the time-ordered trans-
port descriptions of elastic and inelastic scatterings of
on-shell partons through the QGP [53, 54], and their
combination according to the virtuality scale of each par-
ton [55, 56]. Different treatments of medium response
are also implemented in these models, including pertur-
bative approximation using recoil partons [50, 57], hydro-
dynamic response to energy deposition [58], and a con-
current simulation of jet and QGP evolution [36].

The linear Boltzmann transport (LBT) model [59, (0]
has been developed to describe jet propagation in QGP
medium and to study the nuclear modification of jets and
jet-induced medium excitation. It incorporates perturba-
tive descriptions of both elastic and inelastic scatterings
between hard and medium partons. The guiding princi-
ple of LBT is the treatment on the equal footing of the
offsprings of jet partons and the thermal partons scat-
tered out of the QGP background which are known as
“recoil” partons. The production of these recoil partons
is also accompanied by particles holes left behind inside
the QGP, known as back-reaction or “negative” partons.
Recoil and “negative” partons constitute the jet-induced
medium excitation within the picture of linear response.
This LBT model provides a satisfactory description of
the nuclear modification of high pr hadrons [61], single
inclusive jets [57, 62] and 7-triggered jets [41], and has
been embedded inside the JETSCAPE framework [63] as
a module of jet evolution at low virtuality. As a follow-up
work of Ref. [59], we document a detailed description of
the model structure and Monte Carlo implementations in
LBT and their validation in this paper. In particular, we
focus on how the medium-induced gluon bremsstrahlung
process is modeled and how it affects the phase space
structure of jet and thermal partons. Jet energy loss and
momentum broadening are systematically studied in a
static and uniform QGP medium. As a supplement to our
earlier publications, additional jet observables in heavy-
ion collisions with hydrodynamical QGP background and

event-by-event fluctuating initial condition will be pre-
sented and compared to data at RHIC and LHC. These
include the nuclear modification of single inclusive jets,
~v-triggered jets and dijet asymmetry, and their jet-cone
size dependence.

The remainder of this paper is organized as follows.
In Sec. II, we first present the structure and numerical
implementations of elastic and inelastic scatterings be-
tween hard/recoil partons and the QGP within the LBT
model. In Sec. III, we discuss in detail the inelastic scat-
tering rate and the medium-induced gluon spectrum im-
plemented in LBT. We then validate this model setup by
numerically simulating the energy and angular distribu-
tions of hard partons after both single and multiple scat-
terings inside a static medium in Sec. IV, including their
dependences on the parton energy, medium temperature
and energy loss mechanism. In Sec. V, we analyze the
spacetime evolution of jet-induced medium excitation in
the static medium, such as the angular and momentum
distributions of medium partons excited by jets. The en-
ergy loss of fully reconstructed jets, and the longitudinal
and transverse momentum distributions of the jet con-
stituents are then investigated within a static medium in
Sec. VI. We combine the LBT model with a hydrody-
namic simulation of the QGP evolution in Sec. VII, and
calculate the nuclear modification of both single inclu-
sive jets, vy-triggered jets and dijets in realistic heavy-ion
collisions at RHIC and LHC energies. The release of the
LBT code package is presented in Sec. VIII. A summary
is given in Sec. IX.

II. THE LINEAR BOLTZMANN TRANSPORT
MODEL

The evolution of the phase space distribution of an
incoming jet parton (denoted by “a”) inside a thermal
medium is described in LBT according to the Boltzmann
equation,

p- 6fa(xap) = ECeH—inelv (1)

where the four-momentum of a is given by p* = (E, p),
and the 2 — 2 + n scattering processes denoted by the
collision integral Cejtinel can be decomposed into a se-
quence of 2 — 2 elastic scatterings and their induced
gluon emissions.

The elastic processes ab — cd can be simulated accord-
ing to the scattering rate,

poboed _ b [ dpy / d’pe / d*pa

ol 2F | (2n)32E, | (27)32E. | (27)32E,
So@) [1 £ fe(@e)] [1 £ fa(Pa)] S2(3,¢,4)
(2’/T)4(5(4) (p + Pb — DPe — pd)|Mab~>cd|27 (2)

X

X

where b represents a thermal parton inside the medium,
with a spin-color degeneracy 7, (6 for quarks and 16 for
gluons), ¢ and d are the final state particles of a + b



scattering. The distribution function of a given particle
i is denoted by f;(;). The thermal distributions for b, ¢
and d in Eq. (2) are f; = 1/(e?*/TF1), with “—” sign for
gluons and “+” for quarks. The local temperature T and
the fluid velocity u* are provided by the hydrodynamic
simulation of the QGP.

In our current study, the initial-state-averaged and
final-state-summed (over spin and color degeneracies)
matrix elements |M,p_,p|? are taken from perturbative
QCD (pQCD) calculations at the leading order for all
possible scattering channels [64]. The corresponding elas-
tic cross sections are dogy_seq/dt = |Mapseal?/(1675%),
with s, ¢, u being the Mandelstam variables. Light flavor
partons are assumed to be massless, and bare masses
for heavy quarks are m, = 1.27 GeV for charm and
mp = 4.19 GeV for beauty quarks. For scatterings be-
tween massless partons, |Mgp_cq|? diverges at small an-
gle (i,t — 0). This is regulated by a double-f function

S2(8,1,4) = 0(3 > 2pp)0(=3 + ppy <& < —pdy),  (3)
where

2772
iy =N+ ST (4)
is the Debye screening mass, with g2 = 4mway being the
strong coupling constant, N, = 3 and Ny = 3 being the
numbers of colors and flavors, respectively.
The total elastic scattering rate for parton a is

q=y Ty (5)
b,(cd)

where the summation is over all possible scattering chan-
nelsa+b— c+d.

For inelastic scattering, we relate its rate to the
medium-induced gluon spectrum as

1 dNg
a 2 R
inel _/ddeLl_’_dag dzdkidt’ (6)

with the gluon spectrum taken from the higher-twist en-
ergy loss calculation [65-67],

dNg 2050 4da(z) Po(2) k4 sin? t—t, )
— in
dzdk? dt m (k2 + 22m2)* 27/

where z and k, are the fractional energy and the trans-
verse momentum of the emitted gluon with respect to
its parent jet parton, oy is the strong coupling constant,
Ca = N. = 3, m is the quark mass, t; is the production
time of the jet parton or the last time when the parton
has inelastic scattering with gluon radiation, and

_ 2Ez(1 —2)
K2+ 22m2

Ty (8)
is the formation time of the emitted gluon. The medium
induced splitting functions P,(z) for a + g(medium) —
a + g processes are [68, 69],

(1—-2)[1+(1-2)7?

Pq(z) = > ’ (9)

(1—2z+22)3

Pyz) = 2 z(1—2)

(10)

To avoid divergence at z — 0 in evaluating the inelastic
scattering rate, a lower cut-off on the fractional energy
Zmin = up/E is applied to the emitted gluon. In Eq. (6),
a 1/2 factor is applied when we evaluate the scattering
rate from the gluon spectrum if the parent jet parton is
also a gluon. Note that in Eq. (7), the time (or path
length) dependence of the gluon spectrum results from
the interference between gluon radiation amplitudes from
different scatterings. It was originally derived within the
higher-twist formalism to take into account the inter-
ference between the radiation amplitude induced by the
hard scattering (that generates the jet parton) and that
induced by the secondary scattering [65]. It is applied
to multiple scatterings in the QGP medium in LBT and
takes into account the inferences between gluon emissions
induced by different scatterings. This will be referred
to as the Landau—Pomeranchuk-Migdal (LPM) interfer-
ence. Since not every scattering can induce a gluon emis-
sion, the radiation probability according to Eq. (7) for
the current scattering depends on the distance since the
last inelastic scattering. If induced gluon radiation does
not happen for the current scattering, this distance for
the propagating parton will be updated in the calculation
of the radiation probability according to Eq. (7) for the
next scattering as illustrated in the flow chart of LBT in
Fig. 1.

The jet quenching coefficient §,(x) characterizes the
transverse momentum broadening squared of the jet par-
ton a per unit length, g, = d{(g%),/dt, and can be evalu-
. (ﬁc : ﬁ)ﬁP
on the right-hand side. Here p' is the unit vector along
parton a’s momentum before scattering. If the quantum
statistics in the final state of 2 — 2 scattering is ne-
glected, the elastic scattering rate and jet transport coef-
ficient can be expressed in terms of the elastic scattering
cross sections,

reP=ed(z) = pp(2)Tap—seds (11)

@) = Y po(o) [aigd st 1)

b,(cd)

ated using Eq. (2) with a weight of ¢? = [p. —

Since pQCD 2 — 2 processes are dominated by small
angle t-channel processes, the elastic scattering rate, jet
transport coefficient and the inelastic rate are all pro-
portional to the quadratic Casimir Cy(a) of the parton.
They are a factor C4 /Cr = 9/4 larger for a gluon than a
quark. In the LBT model, we use Eq. (2) to evaluate the
elastic scattering rate and the jet transport coefficient ¢
which can be approximated well by Eq. (12) as shown in
Ref. [59].

The above elastic and inelastic scattering rates are the
basic building blocks of the LBT model. They are com-
puted and tabulated as functions of the local temperature
T, parton energy E and the propagation time ¢t —t;. This
is done as a part of the initialization of the LBT model
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FIG. 1: (Color online) Flow chart of the LBT Monte Carlo
model. The green shaded boxes represent modules that can
be replaced by users with alternatives.

and provided as an input data file as a part of the LBT
code. The structure of LBT built on top of these scatter-
ing rates are illustrated in Fig. 1. The default modules
in green shaded boxes can be replaced by alternatives
supplied by users and the final hadronization module
can also be customized. Models such as the AMPT [70]
or Trento [71] model provide the initial conditions for
both the hydrodynamic evolution of the bulk medium
and spatial probability distribution of hard binary col-
lisions (Nbinary)(Zo1) in the transverse plane. The de-
fault hydrodynamic model used in the past LBT and this
study is the CLVisc model and can be replaced by users
with other alternatives. The hydrodynamic model with
the given initial condition provides the spatial and time
evolution of the QGP medium: temperature 7" and flow
velocity u as functions of spatial coordinates and time in
the collision frame. Initial hard processes and jet show-
ering are simulated with Monte Carlo models such as
Pythia [72] and Sharpa [73] with their initial production
points Zy sampled from the binary collision distribution
(Npinary)(Zo1) in the transverse plane. The initial longi-
tudinal position zg3 is set to 0 for hard processes in high
energy heavy-ion collisions.

For each jet shower parton with momentum p; and en-
ergy E; (the less energetic daughter from splitting) along
the shower tree of the hard jet parton with initial mo-
mentum P and energy F, one can assign a formation

time,

%

2K 2F;
Tfi:?%+,z o _,Jz 2,72’ (13)
i=1 [pj—(Pj'P)P}

where the summation is over all prior splittings along
the branching tree. The formation time for the leading
parton in the final splitting of the tree is assumed to be
the same as the less energetic daughter. This parton is
allowed to interact with the medium only after this for-
mation time starting at the position &; = Zo + 74;0;/ E;.

The propagation and interaction of jet shower partons
in the medium are simulated in small incremental time
steps. For each time step At in the collision frame, one
first gets the elastic and inelastic scattering rates from
the data table at the local temperature T' for parton’s
energy E! in the local comoving frame of the QGP.

For small time step At in the global computational
frame, the average number of elastic and inelastic scat-
terings during the time interval are then given by

(ANG) (&) = T&(a) At (14)

<A i?lel>(‘fi) = F?nel(fi)At/7 (15)

respectively, where At’ = Atp; -u/E; is the time interval

in the local comoving frame. The probabilities for elastic
and inelastic scattering in this time interval are

@ — ] g (AND@) (16)

el

a
inel

= 1= e—<ANiie1>(fq,)_ (17)

These scattering probabilities become I'; At" <« 1 and
re At < 1, if At’ is sufficiently small. To combine
elastic and inelastic processes, the total scattering rate
is given by I't (Z;) = T4 (&) + 'L, (), and the total
number of scattering, elastic and inelastic, is

(AN{) (77) = oy (F) At (18)
The total scattering probability is,

Pt?)t =1- 67(AN€M>(EI‘) = eﬁ(l - ittllel) + ]Di%eb (19)
which can be understood as a sum of the probability
of pure elastic scattering process without gluon emission
(first term) and the probability of inelastic scattering
with at lest one gluon emission (the second term).

Using these probabilities within a given time step At,
we first decide whether a given jet parton scatters with
the medium thermal partons. If it does not scatter, it
will propagate in the medium for the next time step
Z; = & + At p;/E; in the collision frame. The scattering
rates at the new position will be used to determine the
probabilities for scattering. Such propagation is repeated
until a scattering occurs.

We then decide whether this scattering is elastic or in-
elastic. If an elastic scattering occurs based on this prob-
ability, the branching ratio (AN2~<?) /(AN2) is used to

e



select a particular scattering channel, i.e., the species of
b, c and d. With a given channel, the differential scatter-
ing rate based on Eq. (2) is then applied to determine the
momenta of b, c and d. For light flavor jets, we assign the
parton between ¢ and d with higher energy as the final
state jet parton, while the other as the “recoil parton”
scattered out of the medium background. Meanwhile,
b represents the energy-momentum depletion from the
medium, denoted as “back-reaction” or “negative par-
ton” in LBT. Their propagation and interaction with the
medium will be simulated in subsequent time steps ac-
cording to the above procedure in the LBT model in order
to provide a complete picture of jet-medium interaction
and guarantee the energy-momentum conservation of the
entire system.

If an inelastic scattering happens with a given number
of time steps based on the given probability, we sample
the number of emitted gluons using the Poisson distri-
bution with a mean number of emissions (ANZ ). We
then assign the energy-momentum of each gluon using
its differential spectrum given by Eq. (7). Note that the
time ¢; in Eq. (7) is the time of the last inelastic scat-
tering. Since the emitted gluons are induced by elastic
scattering within our framework, we decompose each in-
elastic scattering (2 — 2 4+ n) into an elastic scattering
(2 — 2) plus a multiple gluon splitting (1 — n) pro-
cess. In addition, the final state jet parton directly sam-
pled from Eq. (2) is on-shell and is not able to split, we
need to adjust the energy-momenta of the 2 + n final
state particles obtained from Egs. (2) and (7) together
to ensure the energy-momentum conservation of the en-
tire 2 — 2 4+ n process. Details on this adjustment are
presented in Appendix A. After each inelastic scattering
the initial time ¢; in Eq. (7) is reset. Note that in each
time step, we determine the momenta of final jet partons,
radiated gluons, recoil and “negative” partons in the lo-
cal comoving frame first before boosting them back into
the global collision frame. All these partons will continue
to propagate and interact with the medium according to
the above procedure until the local temperature reaches
the QCD phase transition temperature 7' < T, according
to the equation of state (EoS) used in the hydrodynamic
model. In the current version of LBT model, parton-
medium interaction below T is neglected. For the study
of jets in heavy-ion collisions, we currently reconstruct
jets with the final state partons using a jet finding algo-
rithm. Since “negative” partons represent the depletion
of energy and momentum in the medium due to the back-
reaction, they should be subtracted from the jet energy
within a given jet cone. In principle, the final jet shower
partons, radiated gluons, recoil partons and “negative”
partons can be hadronized according to a hadronization
model as done within the JETSCAPE framework [63].
This is not included in the present work and needs to be
implemented in our future effort.

In the following sections till the end of Sec. VI, we
will first validate the LBT model for the propagation of
an on-shell single jet parton that enters a static medium

at an initial time of ¢ty = 0, and develops into a jet that
consists of recoil, “negative” partons and radiated gluons
from elastic and inelastic scatterings. The formation time
in Eq. (13) does not apply to the initial single parton in
these brick tests. Jet observables in realistic heavy-ion
collisions will be discussed in Sec. VII, in which initial
jet shower partons are produced from Pythia simulations
and start interacting with the QGP at their formation
times

IIT. THE INELASTIC PROCESS
A. Inelastic scattering rate

The evolution of energetic partons in heavy-ion colli-
sions is mainly governed by their scattering rates with the
QGP. The elastic scattering rates for different scattering
channels, including their energy and temperature depen-
dences and the angular distribution of the recoil partons,
were presented in detail in an earlier publication [59]. In
this subsection, we concentrate on the medium-induced
gluon spectra, which determine the rates for inelastic pro-
cesses within LBT.

For massless partons (light quarks and gluons), one can
complete the integration over the transverse momentum
of the radiated gluon in Eq. (7) and obtain the differential
inelastic rate,

dare

inel __

dz ~ 146w 4E

O4sCVAqAa (t - tz) Pa(z)
Aot @)

where the kinetic limit for k; is set as k; < min(z,1 —
z)E and

2 [V sin’z
h(v) = ;/0 dx R (21)
t—t)E .
v = ( ) min(z?, (1 — 2)?),

4z(1 — 2)
which is normalized with the limit h(co) = 1. Since

_2@-t)E

the above differential inelastic rate has a logarithmic in-
frared divergence. We therefore impose an infrared cut-
off 2 > up/E when we calculate the integrated inelastic
scattering rate I'. ;. Shown in Figs. 2 and 3 are h(v) as
a function of z and (¢t — t;)E/4 and h(v) as a function
of z for four different values of (¢t — t;)E, respectively.
One can see that it approaches to its asymptotic value
h(oo) = 1 when (t—t;) E is very large and the effect of the
kinetic restriction on the transverse momentum k; < zF
is negligible.

The effective medium-induced parton splitting func-
tions P,(2)h(v)/[z(1 — 2)] are shown in Fig. 4 for four
different values of (¢ — ¢;)E, which approaches to the
asymptotic form (dashed line) when (¢t — ¢;)E is large.
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FIG. 2: (Color online) h(v) defined in Eq. (21) as a function
of fractional momentum z and (t — ¢;)E.
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FIG. 3: (Color online) h(v) defined in Eq. (21) as a function
of fractional momentum z for four different values of (¢t —t;)E.

Integrating over the momentum fraction, we can ob-
tain the total inelastic rate or the number of radiated
gluons per unit time as shown in Fig. 5 for a gluon at
t =1 fm/c as a function of the local temperature 7' and
parton energy F. This rate has only a logarithmic energy
dependence at large F, which is contributed by §,. Since
the effective parton splitting functions have an asymp-
totic limit P,(z)/[z(1 — 2)] for large (t — t;)E > 4, one
can obtain the integrated inelastic scattering rate analyt-
ically,

a asCadaq D | MD D
. = — 1; ) ————— 1 —1 —_— —_— .
e [1+2mi2ro2)]. @3

For (t — t;)E < 4, the integrated inelastic rate is instead
2 asCA(ja E

In —. (24)

1—‘?’nel ~ (t - t’b) A LD

Using small angle approximation for the parton scatter-
ing cross section, the jet transport coefficient is [59]

42((3 co ET

(o = C’g(a)ﬁagT?’ In a—z,

. - (25)
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FIG. 4: (Color online) The effective medium-induced par-
ton splitting function P, (2)h(v)/[2(1 — z)] for a quark (upper
panel) and a gluon (lower panel) for four different values of
(t —t;)F = 1,4,20,60 (from bottom to top) as compared to
the asymptotic limit (dashed line) when (t — t;) E — oo.
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FIG. 5: (Color online) The rate of gluon emission from a gluon
jet parton at t —¢; = 1 fm/c as a function of temperature T
and initial parton energy E. The strong coupling constant a
is set to 0.3.

where ((3) ~ 1.202 is the Apéry’s constant, Cy(q) =
4/3, Cs(g) = 3, ¢g = 5.8 and ¢; = 5.6. The energy
and temperature dependence of I'Y. | at large (¢t — ¢;)E

is therefore determined mostly by that of ¢, for a fixed
value of the strong coupling constant c.
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FIG. 6: (Color online) Fractional energy distributions of the
radiated gluons in ¢ — g+g (upper) and g — g+g (lower) pro-
cesses with an initial parton energy Eo = 20 GeV in a static
medium at temperature 7' = 400 MeV from semi-analytical
calculations (black open circles), direct MC sampling (red
dashed lines) and LBT simulations for 2 — 3 (green solid
lines) and 2 — 2+ n (n > 1) (blue solid lines) .

B. Medium-induced gluon spectra

For each inelastic scattering, we use Eq. (7) to sample
the momentum fraction z and the transverse momentum
k. of the radiated gluon. Since in each inelastic process
in LBT simulations, the medium-induced gluon emissions
are always accompanied by a 2 — 2 elastic scattering
process and the jet parton will also experience transverse
momentum transfer (or broadening) and elastic energy
loss. The energy-momentum conservation in this inelas-
tic process with one or multiple gluon emissions should be
considered together. We adopt a procedure as described
in Appendix A to maintain the global energy-momentum
conservation in 2 — 2 + n(g) processes.

Shown in Fig. 6 are the normalized fractional energy

0.0

0.05 0.10 050 1 510
V' ALtE sin6

FIG. 7: (Color online) The angular distribution of medium-
induced radiated gluon for a typical parton energy and length
VAtE and Debye screening mass up/E.

distributions of gluons,

dN tmax dr‘a tmax
e dtTI;wl // diTier (26)

tmin tmin

emitted from a quark (upper panel) or gluon (lower
panel) jet parton with an initial energy of Ey = 20 GeV
in a single inelastic process with different treatments of
global energy-momentum conservation. In order to com-
pare to results from semi-analytical calculations, we con-
sider a static and uniform medium at a constant temper-
ature T'= 0.4 GeV and set the strong coupling constant
at ag = 0.3. In the figure, the black open circles rep-
resent results from numerical integration of Eq. (7) over
k‘f_ and time between tyni, = 1 fm/c and ty.x = 6 fm/c
with ¢; = 0. The red dashed lines represent results from
direct Monte-Carlo sampling according to Eq. (7), which
are in exact agreement with the circles as expected. The
gluon spectra become softer and deviate from the spec-
trum given by Eq. (7) when energy-momentum conser-
vation is considered for 2 — 3 process as shown by the
green curves. This softening is caused by the elastic en-
ergy loss of the jet parton when considered together with
the induced gluon radiation. When multiple gluon emis-
sions are taken into account in 2 — 2 + n processes, the
emitted gluon spectra (the blue lines) are further shifted
towards lower energies because of the successive energy
loss of the jet parton when it emits multiple gluons. Com-
paring the upper and the lower panel, one observes that
the energy spectrum of emitted gluons peaks at low en-
ergy for a quark jet, but peaks at both small and large
energy for a gluon jet. This can be understood with the
~ 1/z splitting function for the ¢ — qg process, while the
splitting is symmetric ~ 1/[z(1 — z)] between the emit-
ted gluon and the jet gluon for ¢ — gg. The symmetry
around z = 0.5 can be seen in the semi-analytical result,
but is broken when the realistic 2 — 2 + n process is
taken into account.

In a static and uniform medium, one can complete the
time integral in Eq. (7) and obtain the angular distribu-
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FIG. 8: (Color online) Polar angle distributions of the ra-
diated gluons in ¢ — ¢ + g process with an initial parton
energy Fy = 20 GeV in a static medium at temperature
T = 400 MeV from semi-analytical calculations (black open
circles), direct MC sampling (red dashed line), LBT simula-
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solid line) processes.

tion of the radiated gluon,
AN _ 205Cada A#5/2 cos /1 & P, (2)
de mE (VAtEsin®)3 J.,/E 22

sin (AtBz sin® 0/ [2(1 - 2)])
{1 © AtEzsin? 0/12(1 — )] } , (27)

X

where the polar angle is defined as sinf = k, /(zF). Note
that this polar angle is different from the relative angle
between the final two partons after the splitting. For a
gluon jet, the angle is defined for the less energetic gluon
in the final state sinf = k, /(min[z,1 — z]E) and the
result is twice of the integration over z < 1/2.

Unlike gluon radiation from a virtual parton in vacuum
that has a collinear divergence dN,/df ~ 1/6, medium-
induced gluons tend to be emitted with a finite angle
0 ~ 1/v/AtE with respect to the direction of the in-
coming jet parton. Small angle emissions whose for-
mation times are longer than the medium length are
suppressed due to the LPM interference as shown in
Fig. 7. The angular distribution vanishes as dN, ~ 0
when 6 < 1/VAtE. At large angles, gluon emission
becomes incoherent without LPM interference for large
values of vVAtE, and the angular distribution becomes
dNy/df ~ cosb/ sin® ), corresponding to the transverse
momentum spectrum dNy/dk3 ~ 1/k7.

In Fig. 8, we show the normalized polar angle distribu-
tion of the emitted gluon with respect to a parent quark
from LBT model. Distributions from a parent gluon is
very similar. Our Monte Carlo sampling faithfully repro-
duce the semi-analytic results for medium-induced gluon
emissions. When elastic scatterings are considered to-
gether with the gluon radiation in the 2 — 3 process, the
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FIG. 9: (Color online) The time dependence of the frac-

tional energy loss AE/E, (upper panel) and energy loss per
unit length dE/dz (lower panel) of a quark (up and down
triangle) or a gluon (circle and square) with initial energy
Ey = 100 GeV through a static medium with temperature
T = 300 MeV, with only elastic (black and blue) and elastic
+ gluon radiation processes (red and magenta).

global energy-momentum conservation that suppresses
the gluon emission with large momentum fraction (as
shown in Fig. 6) also enhances the polar angle distribu-
tion at small angle slightly. When multiple gluon emis-
sions are allowed in LBT simulations (the blue curves),
the average polar angles become larger compared to the
case where only single gluon emission is allowed (the
green curves) due to radiative broadening.

IV. PARTON ENERGY LOSS AND
TRANSVERSE MOMENTUM BROADENING

A. Parton energy loss

To investigate the energy loss and transverse momen-
tum broadening of a propagating parton within the LBT
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FIG. 10: (Color online) Quark energy loss per unit length as
a function of time in a static medium with temperatures T' =
200 MeV (upper panel) and T' = 400 MeV (lower panel), for
different initial energies Ey. Both elastic and gluon radiation
processes are included.

model, we again consider a static and uniform medium
with no flow at a constant temperature in this section.
We start with the energy loss of a single parton in Fig. 9
as a function of its propagation time (or distance) in a
static medium with 7'= 300 MeV. The parton is initial-
ized with 100 GeV energy along the longitudinal (z) di-
rection. In the upper panel, we present the accumulated
fractional energy loss of the parton, compared between a
quark and a gluon jet parton and different scattering pro-
cesses. One can clearly observe a stronger energy loss of
a gluon than a quark due to the larger color factor of the
former. Compared to the energy loss from only elastic
scatterings, the parton energy loss significantly increases
when inelastic scattering, or medium-induced gluon radi-
ation, is included. This indicates the dominating contri-
bution from gluon radiation to parton energy loss. In the
lower panel of Fig. 9, we show the parton energy loss per
unit length dE/dz. For elastic scattering, a constant en-
ergy loss rate dE/dz is reached after the traversed length
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FIG. 11: (Color online) The same as Fig. 10 except for a
gluon.

of the parton surpasses its mean free path, resulting in
a linear increase of the accumulated parton energy loss
as shown in the upper panel. In contrast, when induced
gluon radiation process is incorporated, the energy loss
rate dE/dz increases with the path length almost linearly
for a rather long time until the mean formation time of
single gluon emission is reached. It becomes less than
linear in the distance dependence afterwards. As a re-
sult, the corresponding accumulated parton energy loss
shown in the upper panel increases almost quadratically
with respect to the path length at early times and re-
turns to a slower length dependence at later times. This
change of the energy loss rates with time is caused by the
energy dependence of the energy loss. Since energy loss
rate increases with parton energy, it should slow down as
the parton loses more energy. In addition, such an energy
dependence of the energy loss also leads to the change of
the ratio between the energy loss of a gluon and a quark.
The energy loss rate of a gluon is larger than that of a
quark by a factor of C4/Cr = 9/4 at early times as seen
in Fig. 9. At later times, the energy loss of these hard



partons, which is more for a gluon than a quark, leads to
the reduction of further energy loss and narrows the dif-
ference of energy loss between a quark and a gluon. Note
that if one does not reset ¢; in Eq. (7) to zero after a
radiative gluon is formed and ignores the variation of the
parton energy as it propagates through the medium, the
accumulated energy taken by emitted gluons then keeps
increasing quadratically with respect to the path length
and the relative difference between gluon and quark en-
ergy loss remains at C4/Cr [60].

The dependence of parton energy loss on the parton en-
ergy and the medium temperature is further illustrated in
Fig. 10 for a quark and Fig. 11 for a gluon. In each figure,
the upper plot is for a static medium at 7" = 200 MeV
and the lower plot is for T = 400 MeV. In each plot, re-
sults from different initial parton energies are compared.
Contributions from both elastic scattering and gluon ra-
diation are included here. Similar to the findings previ-
ously presented in Fig. 9, the increase of parton energy
loss per unit length dE/dz is rapid at early times and
then significantly slows down and even starts to decrease
with time as multiple gluon emissions commence and the
hard parton’s energy becomes smaller. This variation of
the energy loss rate is more prominent for lower energy
partons and higher medium temperature, considering the
larger fractional energy loss in these scenarios. For the
same reason, it is more prominent for gluons than for
quarks.

B. Transverse momentum broadening

As discussed in Sec. II, the transverse momentum
broadening of a hard parton, or the ¢ parameter, is a key
quantity that governs the inelastic scattering rate of a
parton. To investigate this broadening of transverse mo-
mentum (k1) of a hard parton traversing a QGP medium,
we present the kr distributions of the leading parton at
different times through a static medium in Fig. 12 for
an initial quark and Fig. 13 for an initial gluon. In each
figure, the upper panel shows the kr distributions due
to only elastic scatterings, while the lower panel shows
the distributions due to both elastic and inelastic scatter-
ings. Here, the hard parton is initialized with an energy
Ey = 100 GeV along the z direction, and the medium
temperature is set as T = 300 MeV. Therefore, start-
ing as a d-function at kr = 0, the transverse momentum
distribution becomes broader as time evolves. Compar-
ing the upper and lower panels, one observes a faster
broadening of this kr after the gluon radiation process
is included. The non-exponential kt distributions due to
inelastic scatterings is caused by the restriction on small
kr gluon radiations that have long formation times due
to the LPM interference. Comparing Fig. 12 and Fig. 13,
one observes a broader kr distribution for a gluon than
for a quark due to the difference of their jet transport
coefficients.
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FIG. 12: (Color online) Transverse momentum distribution
of a quark with an initial energy Fo = 100 GeV at different
evolution times through a static medium at temperature T' =
300 MeV. The upper panel includes only elastic scatterings,
while the lower panel includes both elastic scatterings and
gluon emissions.

V. JET INDUCED MEDIUM EXCITATION

After the discussion of energy loss and transverse mo-
mentum broadening of a propagating parton in the last
section, we will study the evolution of the jet shower in
the phase space from an initial hard parton propagating
in a static and uniform QGP medium. The partons in
the jet shower include contributions from the medium-
modified leading parton, gluons from medium-induced
radiations, recoil partons and “negative” partons. As
previously discussed, the recoil and “negative” partons
collectively constitute the jet-induced medium excitation
in the LBT model.
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FIG. 13: (Color online) The same as Fig. 12 except for a
gluon.

A. Conic structures in jet-induced medium
excitation

In Fig. 14, we first present the energy density distri-
bution of a jet shower, containing radiated gluons from
parton-medium interaction, recoil and “negative” par-
tons but excluding the leading parton, initiated by a hard
quark with an initial energy of Ey = 100 GeV when it
propagates through a static medium at a temperature
of T = 300 MeV. The hard quark starts its propaga-
tion at the origin (x = y = z = 0) with its momentum
along the longitudinal (z) direction. The energy density
is calculated at the time of ¢ = 6 fm/c in the coordinate
space (z-r plane) where r denotes the transverse distance
r = y/x2 +y2. The contribution from “negative” par-
tons is subtracted from the total energy of radiated glu-
ons and recoil partons. The energy density distributions
are averaged over many events. In the figure, the upper
panel is generated with the LBT simulations that only
include the elastic scattering processes, in which rescat-
terings of recoil partons with the medium are allowed;
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FIG. 14: (Color online) Energy density distribution of a jet
shower originating from a 100 GeV quark at c =y =2 =0
and propagating along the z direction in a static medium
at T = 300 MeV. Results are shown at ¢ = 6 fm/c with
contributions from only elastic scatterings with rescatterings
(upper panel), elastic + inelastic scatterings without rescat-
terings (middle panel), and elastic + inelastic scatterings with
rescatterings (lower panel).
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(Color online) The same as Fig. 14 except for a

the middle panel includes both elastic and inelastic pro-
cesses, with rescatterings of radiated gluons and recoil
partons switched off; while the lower panel represents
the full LBT simulations that include both elastic and
inelastic scatterings and allow rescatterings of radiated
gluons and recoil partons.
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FIG. 16: (Color online) (Color online) The same as the con-
tour plot in Fig. 14 (c) except for the energy density carried
by recoil partons, “negative” partons, radiated gluons and
their sum. Note the color scales in upper and lower panels
are different for clarity.

In the panels that include rescatterings, conic struc-
tures of the energy density distribution can be observed
along the path of the jet parton. In the upper panel
that only includes elastic scatterings, this energy den-
sity distribution can approximate the Mach-cone struc-
ture of the medium response induced by the jet parton,
where the wave front is produced by the propagation and
medium interaction of recoil partons, corresponding to
the hydrodynamic evolution of the energy deposited by
the jet parton. The negative net distribution in the di-
rection opposite to the jet propagation, known as the
“diffusion wake”, is caused by the energy depletion when
thermal partons are scattered out of their original phase
space by the jet parton. Comparing the upper and lower
panel, we observe significant enhancement of both the
magnitude and the width of shock wave in the energy
density distribution when inelastic scatterings are in-
troduced, because the medium-induced gluons can fur-
ther scatter with the medium and make the jet-induced
medium excitation stronger and broader. Comparing the
middle and the lower panels, we observe the wave front
of the energy distribution is close to an arc shape when
rescatterings are not included, a conic structure occurs
and the shock wave is more diffused when rescatterings of
the radiated gluons and recoil partons with the medium
are allowed. These rescatterings with the medium slow
down the average speed of parton propagation, which is
equivalent to an effective velocity of sound in a hydrody-
namic description of Mach-cone evolution that is smaller
than the velocity of light (for massless partons) when in-
teraction is considered in the calculation of the equation
of state (EoS). Rescatterings also excite additional par-
tons out of the medium and further broaden the shock
wave induced by the jet parton much like the effect of



viscosity in the hydrodynamic description Similar fea-
tures can also be seen in Fig. 15 for a jet shower initiated
by a gluon. Comparing Fig. 14 and Fig. 15, we see a
stronger medium excitation induced by a gluon jet than
by a quark jet due to the stronger interactions between
a gluon and the medium. Note that the conic structures
obtained from LBT simulations here are not rigorously
Mach cones. Mach cones in a rigorous sense are only
present in the hydrodynamic response to jet energy loss.

To better illustrate the energy density deposited into
and depleted from the medium, we present in Fig. 16 the
energy density contour plots from recoil partons, “nega-
tive” partons, radiated gluons and their sum. One ob-
serves that the distribution of “negative” partons over-
laps with that of recoil partons and radiated gluons.
They reduce the total energy density carried by recoil
partons and radiated gluons around the forward direc-
tion of jet propagation. They become dominant in the
backward region where the net total energy density be-
comes negative. This flow of negative net energy density
is often referred to as the diffusion wake trailing the prop-
agating jet parton.

B. Energy distribution

In the LBT simulations, by subtracting the energy-
momentum of “negative” partons from that of radiated
gluons and recoil partons, we can rigorously respect the
energy-momentum conservation in each scattering be-
tween a hard parton and a thermal medium parton.
Apart from the energy taken by the medium-induced
gluon radiations, the energy lost from the leading parton
is transferred to the jet-induced medium excitation, i.e.,
the energy of recoil partons subtracted by that of “nega-
tive” partons. To illustrate how the energy is transferred,
we present in Fig. 17 the energy distribution of all partons
within a jet shower as time evolves. Here, the jet shower
is initiated by a 100 GeV quark through a static medium
with a temperature of 300 MeV. From the top to the bot-
tom panel, we compare simulations including only elas-
tic scatterings with rescatterings of recoil partons, both
elastic and inelastic scatterings without rescatterings of
recoil partons and radiated gluons, and both elastic and
inelastic scatterings with rescatterings of recoil partons
and radiated gluons in the full LBT model. At early
times, the energy distribution peaks at both the high en-
ergy and low energy ends, with the former contributed by
the leading parton close to its initial energy and the latter
contributed by medium response around the temperature
scale. As time evolves, further energy loss of the leading
parton suppresses the peak at the high energy end and
broadens the high-energy peak towards the lower energy
region. Meanwhile, successively induced medium excita-
tion enhances the peak at the low energy end. Comparing
the upper and lower panel, we observe the gluon emis-
sion process significantly accelerates the reduction and
broadening of the high energy peak, while enhances the
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FIG. 17: (Color online) Energy distribution of partons in-
side a jet shower at different times developed from a 100 GeV
quark in a static medium at 7' = 300 MeV, with only elastic
scatterings with rescatterings (upper panel), elastic + inelas-
tic scatterings without rescatterings (middle panel), and elas-
tic + inelastic scatterings with rescatterings (lower panel).
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FIG. 18: (Color online) The same as Fig. 17 except for an

initial gluon.

low energy peak from the medium response. Comparing
the middle and lower panel, we observe rescatterings of
the radiated gluons and recoil partons also enhance the
effect of medium response at the low energy end, though
have no impact on the leading parton distribution at the
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FIG. 19: (Color online) Projection from azimuthal angle ¢
relative to the jet parton direction y to the azimuthal angle
¢ in the transverse plane of the collision frame.

high energy end. In Fig. 18, we present similar energy
distribution of partons inside a jet shower initiated by a
hard gluon. Due to the stronger interaction of a gluon
with the medium than a quark, the energy spectrum of
partons inside a gluon jet is broadened faster than inside
a quark jet.

C. Angular distribution

To have a more detailed illustration of how the en-
ergy is transferred from the leading parton to soft com-
ponents inside a jet, and how a jet gets broadened as it
evolves through the medium, we look at the azimuthal
angle distributions of partons inside a medium-induced
jet shower. In heavy-ion collisions, the most considered
case of jet propagation is in the transverse direction with
jet’s rapidity n set to 0. To imitate such propagation
and the corresponding azimuthal angle distribution of
the produced partons, one can imagine the longitudinal
direction in a static and uniform medium is along such a
transverse direction (y) in real heavy-ion collisions. One
then can project a symmetric azimuthal angle (¢) distri-
bution with respect to the initial jet parton direction to
the angular (¢) distribution in the transverse plane in the
cylindrical frame of the heavy-ion collisions as illustrated
in Fig. 19. This project can be written as

N _ [ a2 5 -

dp LT (28)

arctan[tan 0 cos ¢]) ,
where 6 and ¢ are the polar and azimuthal angles, re-
spectively, relative to the initial jet parton direction y.
We refer to the angle ¢ in the transverse plane of the
collisions as the projected azimuthal angle and the dis-
tribution as the projected azimuthal distribution.
Shown in Figs. 20 - 22 are the projected azimuthal
angle distributions of jet-induced medium partons (ra-
diated gluons and recoil partons with “negative” par-
tons subtracted) within different ranges of the parton

energy pr = 4/p3 + p2. The jet parton originates from a
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FIG. 20: (Color online) Projected azimuthal angle distribu-
tion of partons within different energy intervals inside a jet
shower developed from a 100 GeV gluon in a static medium
at T = 300 MeV. The upper panel shows results at time
t = 2 fm/c, and the lower panel at ¢ = 6 fm/c. Only elastic
scatterings are included, with rescatterings of recoil partons.

100 GeV quark and evolves inside a static medium with
a constant temperature of T = 300 MeV. In each fig-
ure, the upper panel shows the angular distributions at
t =2 fm/c and the lower panel at t = 6 fm/c.

In Fig. 20, we first study the angular distributions of
soft partons produced by pure elastic scatterings. One
can observe that the net distribution of very low energy
partons (pr=0— 1 GeV) is mostly negative, because this
range is dominated by the “negative” partons left behind
the jet parton inside the medium when medium partons
are scattered out into recoil partons. In the momentum
space, these “negative” partons center around the direc-
tion opposite to the jet. In contrast, the distribution of
recoil partons peaks around the jet parton direction in
the range (1 — 2 GeV) that is slightly higher than the
thermal energy scale considering the energy they gain
from scatterings with the leading parton. In a small an-
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FIG. 21: (Color online) The same as Fig. 20 except that both
elastic and inelastic scatterings are included without rescat-
terings of radiated gluons and recoil partons.

gle scattering approximation, the average energy transfer
per scattering is [59],

1 ¢ 1873 2.6ET
0FEy) = — (I%2E ) = T'1 29
8 = 7 (T ) ~ g n . (20

This energy scale for recoil partons should increase log-
arithmically with the jet parton’s energy. For ay = 0.3,
E =100 GeV and and T' = 300 MeV, 0E. ~ 2.5 GeV,
consistent with what we see in Fig. 20.

This distribution of recoil partons exhibits a double
peak structure in the projected azimuthal angle at early
times, which results from the typical transverse mo-
mentum transfer pup between the hard parton and the
medium constituent in the LBT model simulations. As
time evolves, more recoil and “negative” partons are gen-
erated. Meanwhile, the two peaks in the projected az-
imuthal angle distribution of recoil partons are smeared
and in the end merge due to the successive rescatter-
ings of both the jet parton and recoil partons with the
medium. Although the impact of yup on the particle dis-
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FIG. 22: (Color online) The same as Fig. 20 except that both
elastic and inelastic scatterings are included with rescatter-
ings of radiated gluons and recoil partons.

tribution here can be easily diminished by other factors of
jet-medium interactions, it worths further investigation
considering that pp is a fundamental quantity charac-
terizing the medium properties, as recently explored in

Ref. [74].

When the gluon radiation process is included in
the simulations, as shown in Figs. 21 and 22, signifi-
cantly more soft particles are produced through medium-
induced radiation as the jet evolves through the medium.
Clearly, the energy deposition (positive value of the dis-
tribution function) can be observed in the forward direc-
tion (¢ = 0) even for the softest energy range (0 — 1 GeV),
though energy depletion can still be seen in the backward
direction (¢ ~ m). Since gluons from medium-induced
radiation are dominantly produced in the collinear direc-
tion with respect to the hard parton, the angular distri-
butions of partons within all energy ranges peak at ¢ = 0.
Since gluons from medium-induced radiation are domi-
nantly produced in the collinear direction with respect
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to the hard parton, the angular distributions of partons
within all energy ranges peak near ¢ = 0. Note that the
LPM suppression previously shown in Fig. 7 at very small
angle (0 < 1/vAtE ~ 1/25 for a 100 GeV parton trav-
eling through a 1 — 2 fm medium) cannot be observed in
these angular distributions due to contributions from re-
coil partons, multiple gluon emissions and rescatterings
they experience. Recent studies show, however, a new
subjet observable known as energy-energy correlator can
resolve the angular structure caused by the LPM inter-
ference of gluon emissions induced by multiple scattering
in the QGP medium [74, 75]. Including rescatterings of
radiated gluons and recoil partons (Fig. 22) generates
much broader distributions of the soft partons than not
including these rescatterings (Fig. 21).

VI. JET MODIFICATION IN A STATIC
MEDIUM

In this section, we study properties of fully recon-
structed jets originating from a single hard jet parton in
a static and uniform medium. Constituents of these re-
constructed jets include the leading jet parton, medium-
induced gluons, recoil partons, and “negative” partons
whose energies are subtracted from the jet energy within
the jet cone. A jet in high-energy collisions is defined as
a cluster of collimated hadrons or partons reconstructed
within a cone,

V0 = 150)? + (6 — 4j)? < R, (30)

based on a given jet finding algorithm [76] and a partic-
ular background subtraction scheme. In the expression
above, 1 (Njet) and ¢ (Pjet) are the pseudorapidity and
azimuthal angle of the final state parton/hadron (jet),
respectively, and R is a pre-defined jet cone size. In our
present study, we assume the effect of hadronization on
the reconstructed jet energy is small and calculate recon-
structed jet energy using the final state partons in LBT
simulations. For other observables such as the jet frag-
mentation functions one should include hadronization in
the future.

We use a modified version of the FASTJET pack-
age [76] to reconstruct jets with the anti-kr algorithm,
in which n and ¢ of “negative” partons are calculated in
the same way as for regular partons, while their energy-
momentum is subtracted from that of the regular par-
tons in each iteration of the jet finding algorithm. All jet
partons from the LBT simulations, including the leading
parton, gluons from medium-induced radiations, recoil
partons and “negative” partons, are fed to the FAST-
JET package. This corresponds to a perfect subtraction
of the unperturbed portion of the QGP background.
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FIG. 23: (Color online) Accumulated fractional energy loss
AFE/Ej of a jet with cone size R = 0.4 as a function of the evo-
lution time including only elastic scatterings with rescatter-
ings (solid), elastic + inelastic scatterings without rescatter-
ings (dotted), and elastic + inelastic scatterings with rescat-
terings (dot-dashed). The jet is initiated with a 100 GeV
quark (upper panel) or gluon (lower panel), propagating
through a static medium at 7' = 300 MeV.

A. Jet energy loss

During the propagation of a fast parton, it loses en-
ergy and experiences transverse momentum broadening
through multiple scatterings with the medium partons.
The lost energy is carried by radiated gluons and jet-
induced medium partons which continue propagating
through the medium and interacting with the medium
partons. While some fraction of the lost energy from the
leading parton will still remain inside the jet as long as
its carriers are inside the jet cone, some fraction will be
transported outside the jet cone via large-angle scatter-
ings, large-angle emissions and successive diffusion of the
jet-induced medium partons. The latter results in a re-
duction of the energy of a reconstructed jet. Shown in
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Fig. 23 is the accumulated energy loss of a reconstructed
jet with a cone size of R = 0.4 as a function of the evo-
lution time. The jet is initiated by either a quark (upper
panel) or a gluon (lower panel) with an initial energy
of 100 GeV and travels through a static medium at a
temperature of 300 MeV. In each panel, one may ob-
serve the jet energy loss is significantly enhanced after
the processes of medium-induced gluon radiation are in-
cluded and a significant fraction of the radiated gluons
are emitted outside the jet cone as the LPM interference
suppresses collinear gluon radiations. The jet energy loss
also becomes larger when rescatterings of radiated gluons
and recoil partons are allowed, since these rescatterings
further transport partons from small to large angles with
respect to the jet axis. For each of the three model set-
tings in each panel, the jet energy loss appears to increase
approximately linearly with time (or distance). This is
different from the feature of the energy loss for a sin-
gle parton previously shown in Figs. 10 and 11 due to
the different energy loss mechanisms for a single parton
and a reconstructed jet. As expected, the energy loss of
a gluon jet (lower panel) is larger than that of a quark
jet (upper panel). Effects of different components of jet-
induced medium excitation on the jet energy loss were
investigated in our earlier work [62], where we found in-
cluding contributions of recoil partons reduces the jet
energy loss, while including “negative” partons increases
the jet energy loss.

B. Jet fragmentation function

Apart from the energy loss of reconstructed jets, one
can also study how the jet energy is redistributed among
its constituents — leading jet parton, radiated gluons, re-
coil and “negative” partons — in jet substructure observ-
ables. In Fig. 24, we present the fractional longitudinal
momentum (zjer = pr./Ejet) distribution within a quark
jet (upper panel) and a gluon jet (lower panel). This
is also known as the jet fragmentation function, albeit in
terms of partons instead of hadrons in experimental mea-
surements. Here, py, denotes the longitudinal momentum
of a parton inside the jet with respect to the jet direc-
tion, and FEje denotes the energy of the reconstructed
jet. Since the jet develops from a single parton here, this
Zjer distribution starts with a J-function at zjex = 1 be-
fore any interaction occurs in the medium. As the jet
evolves through a medium, a new peak near zjx = 0
appears and continues increasing, due to newly emitted
gluons and generated recoil partons at the thermal energy
scale. Meanwhile, the peak at zje; = 1 first decreases and
then disappears as the leading parton loses its energy. A
similar pattern was reported in an earlier study on the -
triggered jet fragmentation function in realistic heavy-ion
collisions [54]. The subtraction of the “negative” partons
from both the parton distribution and the reconstructed
jet energy reduces the soft parton distribution at small
Zjet- We observe that rescattering enhances the fragmen-
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FIG. 24: (Color online) Fractional longitudinal momentum
(zjet = pL/FEjet) distribution of constituent partons within a
jet with a cone size R = 0.4 at different evolution times, with
(solid) and without (dashed) rescatterings of radiated gluons
and recoil partons. The jet is initiated with a 100 GeV quark
(upper panel) or gluon (lower panel), propagating through a
static medium at 7" = 300 MeV with both elastic and inelastic
scatterings switched on.

tation function at very low zjet due to soft partons from
medium response (recoil minus “negative” partons) as
well as at large zj; due to trigger bias. One can also
plot the coincident fragmentation function as shown in
Fig. 25 in which the momentum fraction z jer = pr./Eo
is defined relative to the initial parton energy Ej instead
of the final jet energy Eje,. The enhancement due to
rescattering at low 2o je; remain approximately the same.
However, there is no enhancement at large zgjet. Note
that the medium modification of the fragmentation func-
tion in terms of the momentum fraction relative to the
initiating parton energy (or the ’s energy in y-triggered
jets) is more sensitive to jet-medium interactions than
that in terms of the momentum fraction relative to the
reconstructed jet energy, since in the latter case, the re-
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FIG. 25: (Color online) The same as Fig. 24 except that the
fractional momentum zg jct is defined with respect to the ini-
tial parton energy.

duced energy of the reconstructed jet will rescale zjet to a
larger value and therefore enhances the parton distribu-
tion at zje ~ 1. Comparing the two panels of Fig. 24 or
Fig. 25, we observe that the population of the distribu-
tion in the zjey < 1 region is faster for a gluon jet than for
a quark jet. In each panel, we also notice that rescatter-
ings of radiated gluons and recoil partons accelerates the
smearing of the distribution function towards the small
Zjet, Tegion.

C. Jet shape

In addition to the jet fragmentation function, another
jet substructure observable is the jet shape. It measures
the jet energy distribution transverse to the jet axis, de-
fined as

11 E(r—Ar/2,r+ Ar/2)
p(r) - ENjet J%;

E(0,R) ’

(31)



103;“"\“‘w“"\“‘w““\““\“H\HH:
- (a) quark E,=100GeV,T=03GeV 1
102 I elastictrad. without rescattering |

. — dlastictrad. with rescattering |

10 ;..

p(r)

10_1; anti-k; R=0.4

[ —2fml/c
—2 | |
1077 — 6fmic 3
1078 b
10°

- (b) gluon E_=100GeV, T =03GeV |
102 IR elastictrad. without rescattering |
t  —— dastictrad. with rescattering |

10

p(r)

10" anti-k; R=04
I —— 2fmlc
-2 | |
10 - —6fmlc 3
10—3 - | | I

0 005 01 015 02 025 03 035 04
r

FIG. 26: (Color online) Transverse energy distribution within
a jet with a cone size R = 0.4 at different times during the
jet propagation with (solid lines) and without (dashed lines)
rescatterings of radiated gluons and recoil partons. The jet is
initiated with a 100 GeV quark (upper panel) or gluon (lower
panel), propagating through a static medium at 7' = 300 MeV
with both elastic and inelastic scatterings switched on.

where 7 = /(7 — njet)? + (¢ — Pjet)? is the radius to the
jet axis in the n-¢ plane, E(r1, o) denotes the energy car-
ried by all partons in the jet shower within the annulus
between 71 and ry, R is the jet cone size, and Nt is the
total number of jets being analyzed. Shown in Fig. 26 is
the shape functions of a jet at different times during the
propagation and evolution in a static medium. The jet
originates from a single quark (upper panel) or a gluon
(lower panel) with initial energy Ey = 100 GeV, and is
reconstructed with a cone size of R = 0.4 at a given time.
Starting as a d-function at r = 0, the jet shape smears to-
wards the large r region as the jet-medium interactions
transport the jet energy into large angles. With both
elastic and inelastic scatterings switched on in the LBT
simulations, we observe that the rescatterings of radiated
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gluons and recoil partons with the medium accelerate the
broadening of the jet. Comparing the upper and lower
panel, we see a faster broadening of a gluon jet than a
quark jet. The medium modification of the single in-
clusive and ~v-triggered jet shapes in realistic heavy-ion
collisions were previously explored in Refs. [39] and [41],
where the jet-induced medium excitation is shown to sig-
nificantly enhance the jet shape at large r. Considering
that the hard core of the jet is less affected by rescatter-
ing than the soft partons at larger r, and the jet shape is
defined as a self-normalized function, introducing rescat-
tering may also enhance the jet shape at very small r
when the intermediate r region is depleted.

VII. NUCLEAR MODIFICATION OF JETS IN
HEAVY-ION COLLISIONS

In this section, we use the LBT model to study jet
propagation and evolution in an expanding QGP in real-
istic heavy-ion collisions following the procedure as out-
lined in Sec. IT and illustrated by the flow chart in Fig. 1.
This is a supplement to our earlier studies using LBT and
we compare to experimental data that only become avail-
able recently. We will especially focus on the cone-size
dependence of the jet modifications.

A. Simulating jet quenching event-by-event

As the first step in the setup of the LBT model, we
use Pythia 8 [72] to generate the initial jet showers from
nucleon-nucleon collisions at the given center-of-mass en-
ergy within specified regions of kinematics. To achieve
enough statistics, we sometimes generate a given number
of events of initial jet production within different bins
of kinematics (e.g. transverse momentum exchange in
hard scatterings) and then average the final results over
these kinematic bins with the corresponding initial jet
production cross sections as weights. The initial spa-
tial distribution of these jets in heavy-ion collisions is
determined according to the hard scattering locations
from the AMPT [70] model. We also use the AMPT
model to consistently generate the initial energy density
distributions of the QGP by coarse graining the energy-
momentum tensor of produced partons in the initial stage
of nuclear collisions [77]. The subsequent evolution of the
QGP is then simulated using the CLVisc hydrodynamic
model [77-79]. With the starting time of the hydrody-
namic evolution set as 79 = 0.6 fm/c, the specific shear
viscosity set as /s = 0.08 and hadronic freeze-out tem-
perature Ty = 137 MeV, the hydrodynamic calculation is
able to provide a good description of the soft hadron spec-
tra and their anisotropic flow coefficients at both RHIC
and LHC. Using the local temperature and flow velocity
information given by these hydrodynamic simulations at
each time step, we first boost a given hard parton in
the jet shower into the local rest frame of the expanding



QGP, in which the linear Boltzmann equation [Eq. (1)] is
solved by simulating the parton scattering with its sur-
rounding medium. The final state jet partons, together
with its companions (radiated gluons, recoil and “nega-
tive” partons) if scatterings happen during the time in-
terval, are then boosted back to the global frame, where
they stream freely to the locations of the next time step.
This process is iterated for all hard partons until they
travel outside the QGP regime, i.e., to locations where
the local temperature drops below the phase transition
temperature 7T, (taken as 160 MeV in this work). We ne-
glect the jet-medium interaction in the hadronic phase
where the jet transport coefficient becomes negligibly
small [80]. To incorporate effects of event-by-event fluc-
tuations, we prepare 200 hydrodynamic events for each
collision setup (each centrality for each colliding system),
and simulate a large number of events of jet-medium in-
teractions through each hydrodynamic profile until the
statistical errors of the extracted observables are suffi-
ciently small. This LBT model has been successfully
applied to study the nuclear modification of single in-
clusive hadrons [60], jets [57, 62] and photon-triggered
jets [41, 54]. As a complementary study to these ear-
lier work, we present additional results from LBT and
compare to new experimental data in this section and
discuss how jet-medium interactions affect different jet
observables in heavy-ion collisions.

In some of the published studies with LBT and in the
following subsections, we have only considered the first
term in Eq. (13) for the formation time of the initial jet
shower partons from Pythia simulations. Values of the
effective strong coupling constant oy from fitting to ex-
perimental data are somewhat small, ranging from 0.15
to 0.2, depending on the colliding energy. If we include
the second term in the formation time for the initial jet
shower partons, we can still fit the experimental data by
readjusting the value of ag. Since this will increase the
formation time for some of the initial jet shower partons
and delay the parton-medium interaction to later times,
the effective value of g will be larger, from ag = 0.2 to
0.3, in order to describe the data. We should emphasize
that this is only an effective and constant coupling con-
stant in LBT model which should be considered as an
adjustable parameter. In the most recent extension of
the LBT model, the quasi-particle LBT (QLBT) model
[31], one assumes that the QGP consists of thermal quasi-
particles with an effective Debye screening mass that de-
pends on a temperature-dependent strong coupling g(7T)
that also controls the interaction between exchanged glu-
ons and medium partons. The effective strong coupling
constant between jet shower partons and the medium
through Bayesian analyses of experimental data on heavy
flavor mesons ranges from 0.2 to 0.3, depending on the
temperature and parton energy. While readjusting o
can fit the jet Raa data for different applications of the
parton formation time, deviations may remain in more
detailed substructures of jets that are more sensitive to
the evolution of their soft components. Thus, we utilize
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FIG. 27: (Color online) LBT simulations of the nuclear mod-
ification factor Raa for single inclusive jets in 0-10% Au+Au
collisions at /snn = 200 GeV with jet cone sizes R = 0.2
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the full Eq. (13) in our current and future calculations.
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FIG. 28: (Color online) The ratio of the inclusive jet spectra
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at \/snn = 200 GeV from the LBT calculations as compared
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from Pythia simulation. The black dashed line, red solid line
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LBT results between minimal pr trigger bias of 5 GeV/c and
7 GeV/c for the leading parton, while the purple dashed line
represents the Pythia result for p 4+ p collisions.

B. Cone-size dependence of single inclusive jet
suppression

The most widely used observable that quantifies the
QGP effect on jets is their nuclear modification factor,
as first proposed in Ref. [33],

daj’z?
(Npin)dol’ (32)

jet

Baa =

where (Npiy) is the number of binary collisions in the
given centrality bin of A4+A collisions. The LBT model
was shown to describe the centrality and pr dependence
of Raa at the LHC energies and the effect of jet-induced
medium response is very important [62]. Shown in Fig. 27
is the jet Raa in 0-10% central Au+Au collisions at
/5NN = 200 GeV as compared to the recent STAR ex-
perimental data [$2]. From the top to bottom panel, we
present results for jets with cone sizes of R = 0.2, 0.3 and
0.4. In the STAR measurement, a high pr hadron (above
5 GeV) inside the jet is required to suppress the back-
ground. Since the hadronization process has not been
implemented in the LBT calculations presented in this
study, we select jet events with energetic partons and
vary the pr cut to study its effect on the jet Rap. As
shown in the figure, increasing the pr cut from 0 (de-
noted as “without trigger bias”) to 5 and 7 GeV/c ex-
cludes certain jet events at low pr. Since a large number
of jet events at low pr are generated in A+A collisions
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FIG. 29: (Color online) LBT results on the nuclear modifi-
cation factor Raa for single inclusive jets in 0-10% Pb-+Pb
collisions at /snn = 5.02 TeV, with different jet cone sizes
and two different values of as = 0.13 (red) and 0.15 (blue) as
compared to the CMS [84] and ATLAS [85] data.

after jet-medium interactions, effect of the trigger bias is
more significant in A+A than in p 4 p collisions. This
leads to a smaller jet Raa at low pr when the trigger pr
cut is increased. However, no visible effect is observed on
the jet Raa above pr = 20 GeV/c. With a strong cou-
pling constant set as s = 0.2, the LBT results (shown
by the pink band between 5 and 7 GeV/c cuts for the
leading hadron pr) are consistent with the experimental
data. Since the leading hadron usually comes from the
fragmentation of a higher pr parton, a slightly higher pr
cut for partons is expected compared to that used for
hadrons.

Shown in Fig. 28 is the ratio between the single in-
clusive jet spectra with cone size R = 0.2 and 0.4 at
the RHIC energy. As one uses a larger jet cone, more
particles are included in the jet reconstruction and thus
the yield of jets increases. Our LBT model result with
a lower pr cut on the triggered parton between 5 and
7 GeV/c agrees with the STAR data. Comparing p + p
and Au+Au collisions, we observe this ratio for the for-
mer is slightly higher than the latter at high pr, while
the opposite is seen at low pr. This cone-size dependence
of the jet spectrum in p+ p collisions affects the cone-size
dependence of the jet Raa shown in Fig. 27.

CMS experiment [34] has recently measured Raa of
large pr single inclusive jets at LHC with very large jet
cone size and found a weak jet cone-size dependence of
Raa which was not reproduced by many models, in-
cluding LBT. The jet Raa as a function of py from
LBT with different jet cone-sizes is shown in Fig. 29 to-
gether with the CMS data for central Pb+Pb collisions
at /syny = 5.02 TeV. The LBT results at LHC with
as = 0.15 (blue dashed lines) are tuned to reproduce the
ATLAS data [35, 86] on single inclusive jet suppression
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FIG. 30: (Color online) The nuclear modification factor Iaa
from LBT simulations for 7-triggered jets in 0-15% Au+Au
collisions at y/snn = 200 GeV with different jet cone sizes as
compared to the STAR data [90].

at both /syn = 2.76 and 5.02 TeV [62]. This value of
as at LHC is smaller than the value we used to fit the
STAR data at RHIC. A possible cause of this colliding
energy dependence is the lower average temperature of
the QGP and thus stronger jet-medium interactions at
RHIC than LHC. With this value of ag, LBT however
fails to reproduce the CMS data for R < 0.4.

In Fig. 29, we note that the jet Raa from LBT calcu-
lations increases as the jet cone becomes larger. This is a
general feature due to the jet-induced medium excitation:
when more recoil partons scattered into large angles are
included in jet reconstruction as one increases the cone
size, the jet Raa should increase. On the other hand,
such cone-size dependence becomes much weaker if one
only considers the medium-induced gluon emission pro-
cess which prefers small angle (shown in Fig. 8). Similar
conclusions have also been drawn by other model calcu-
lations, e.g. JEWEL [40, 50, 87, 88] and jet-fluid [39, 89],
that take into account of the effects of medium response
induced by jet-medium interaction.

We note that with the jet cone size R = 0.4, where
measurements are available from both CMS and AT-
LAS experiment, tension exists between CMS and AT-
LAS data: the jet Raa observed by CMS seems larger
than ATLAS. If we adjust the strong coupling constant
to g = 0.13 in LBT to fit CMS data with R = 0.4
instead, the agreement between LBT and CMS data im-
proves for R < 0.4. But LBT results are still about one
sigma blow the CMS data for small jet cone size R = 0.2.
It is clear that resolving the tension between ALTAS and
CMS data is necessary to draw a more solid conclusion
on the cone size dependence of the nuclear modification
on jets.
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FIG. 31: (Color online) Dijet asymmetry (z;) distribution in
p+ p (blue) and Pb+Pb collisions (red) at /snn = 5.02 TeV
from LBT calculations as compared to the ATLAS data [92].
The transverse momentum of the leading jet is selected within
158 < pr,1 < 178 GeV/c in the upper panel and 398 < pr,1 <
562 GeV/c in the lower panel.

C. ~-jets and dijets

Electro-weak-boson-triggered jets are considered a
“golden channel” to quantify the nuclear modification
of jets, since these bosons do not participate in strong
interactions with the QGP and thus serve as a reliable
reference of the initial energy of its associated jets. Sup-
pression and modification of v/Z-triggered jets in Pb+Pb
collisions at the LHC energies can be described well by
the LBT model [41, 91]. In Fig. 30, we study the nuclear
modification factor of jets triggered by photons within
15 < B} <20 GeV (Iaa) in central Au+Au collisions at
RHIC. Two cone sizes, R = 0.2 and 0.5, are used for jet
reconstruction. Both the STAR experimental data [90].
and our LBT calculations indicate that a larger cone size
captures more energy in the reconstructed jets, thus re-
sults in a higher Ixa. This is consistent with our earlier
findings for the suppression factor R for single inclu-
sive jets in LBT simulations.



Similar to photon-triggered jets, one may also quantify
the jet energy loss by comparing the transverse momenta
of the subleading and leading jet in a dijet event [93].
In Fig. 31, we present the distribution of subleading-to-
leading-jet-pr ratio (x; = Ejvblead /plead) of dijets pro-
duced at the LHC energy, compared between p + p and
Pb+Pb collisions. One observes that while the zj dis-
tribution peaks around one in p + p collisions, it shifts
to lower xj values in Pb+PDb collisions due to the unbal-
anced energy loss between subleading and leading jets
as they travel through the QGP. As one increases the
pr range of the leading jet (from the upper to the lower
panel), dijets appear more symmetric in both p + p and
Pb+Pb collisions. Our Pythia simulations for p+ p colli-
sions and Pythia+LBT simulation for Pb+Pb collisions
agree well with the corresponding data from the ATLAS
collaboration.

VIII. CODE AVAILABILITY

The source code of the LBT model can be downloaded
from “https://github.com/Ibt-jet”, which includes the
main modules, the data tables for the elastic and inelastic
scattering rate, a sample data file of the hydrodynamic
profile and the modified version of the FASTJET package
that can take into account of the “negative” partons.

The LBT code is also embedded as a jet energy loss
module in the JETSCAPE framework, which can be
downloaded at “https://github.com/JETSCAPE”.

IX. SUMMARY

We have developed a linear Boltzmann transport
(LBT) model for studying jet-medium interaction in rel-
ativistic heavy-ion collisions. This article provides a de-
tailed description of the model structure, physics pro-
cesses, Monte Carlo implementation and numerical vali-
dation.

Both elastic and inelastic scatterings between jet par-
tons and the QGP are implemented in LBT. The former
is based on the leading-order pQCD scatterings between
a jet shower parton and a medium parton at the thermal
scale, while the latter is based on the medium-induced
gluon emission process within the higher-twist energy loss
formalism. With these scattering processes, we track the
phase space evolution of not only leading partons and
their emitted gluons, but also the thermal partons be-
ing scattered out of the QGP background known as re-
coil partons and the energy-momentum holes left inside
the medium (“negative” partons). This guarantees the
energy-momentum conservation in each scattering and
allows us to study both medium modification of jets
and jet-induced medium excitation. All partons from
the LBT simulations are fed into the FASTJET pack-
age for jet finding in the end for reconstructing partonic
jets. The FASTJET routine is modified such that the
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energy-momentum of “negative” partons is subtracted
from that of regular ones throughout the jet finding pro-
cedure. Within this framework, we present a systemati-
cal study on the evolution of energy and transverse mo-
mentum distributions of single hard partons, jet-induced
medium partons, and fully reconstructed jets inside a
static and uniform medium at a fixed temperature.

We show that the accumulated energy loss of a single
hard parton increases linearly with time (or path length)
in elastic scatterings, but increases quadratically at early
times after the gluon emission process is included, as they
should according to the formalism implemented in LBT.
As the parton energy decreases along its path, its en-
ergy loss rate (per unit length) first increases with time,
then saturates and decreases in our simulations, with
its inflection point becoming earlier in a hotter medium
and for a lower energy parton. These are all the con-
sequences of the energy dependence of the parton en-
ergy loss rate. A broadening in the transverse momen-
tum distributions is observed for the hard partons, with
the broadening being accelerated after the radiation pro-
cess is taken into account. By incorporating all partons
into the analysis, including leading partons, gluons from
medium-induced radiation and jet-induced medium exci-
tation (recoil and “negative” partons), a Mach-cone-like
structure can be clearly observed in the energy density
distribution of these partons with an enhanced wave front
when rescatterings between recoil partons and radiated
gluons with the medium are allowed. Propagation of ra-
diated gluons and recoil partons and their further interac-
tion with the medium convert the energy deposition from
jets into the wave front followed by a diffusion wake in
the direction opposite to the jet propagation due to the
energy depletion via “negative” partons. Compared to
the pure elastic scattering processes, the Mach-cone-like
structure is significantly enhanced when medium-induced
gluon emission is introduced. By analyzing the parton
spectra within different energy ranges, one can observe
the transport of energy from the hard parton at small
angle to soft partons at large angle with respect to the
initial parton. This energy flow results in the energy
loss of fully reconstructed jets, which is found to increase
approximately linearly with time. The energy flow also
causes the shift of the jet fragmentation function towards
the smaller momentum fraction region and the enhance-
ment of the jet shape at large radius. Rescatterings of
recoil partons and radiated gluons with the medium are
found essential in the nuclear modification of jets. They
significantly broaden the shock wave of the parton energy
density distribution, and accelerate the energy transport
from hard to soft partons and from small to large angles.
Similar features of nuclear modification are observed for
quark jets and gluon jets, except that the modification of
the latter is stronger due to its larger color factor in jet-
medium interaction. This documentation of the physics
implementations in the LBT model, in particular inelas-
tic processes, together with a thorough validation and a
detailed study of the contributions from different model



components to jet energy loss, momentum broadening
and its induced medium excitation, will help to advance
our understanding of jet evolution inside a dense QCD
medium.

To simulate jet-medium interactions in realistic heavy-
ion collisions, the LBT model is further combined with
the Pythia 8 generator for the initial jet production in
nucleon-nucleon collisions, the AMPT model for the spa-
tial distribution of the hard scattering vertices in nucleus-
nucleus collisions, and the CLVisc hydrodynamic model
for the space-time evolution profile of the QGP with the
initial conditions from the same AMPT model calcula-
tions. Complimentary to jet observables presented in our
earlier publications, we calculate the jet cone-size depen-
dence of the jet suppression factor in different collision
systems at different beam energies, the ~-jet suppression
factor and dijet asymmetry within different kinematic
ranges in the present study, and compare to more recent
experimental data at RHIC and LHC.
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Appendix A: Energy-momentum conservation of the
2 — 24+ n process

In this Appendix, we explain the procedure to guar-
antee energy-momentum conservation for a general 2 —
2 4+ n process in LBT.

For a 2 — 3 process, as illustrated in Fig. 32, we first
sample a 2 — 2 process according to Eq. (2) which by
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FIG. 32: Illustration of a 2 — 3 process.

itself respects the energy-momentum conservation. Then
we sample a medium-induced gluon “5” from parton “3”
in Fig. 32 based on Eq.(7). To maintain the energy-
momentum conservation of the entire 2 — 3 process, we
choose to adjust the energy-momentum of partons “3”
and “4”.

For convenience, we assume parton “1” travels along
the z-direction with four-momentum (E4,pi, = 0,p1, =
0,p1:), and fix the momentum of parton “2” from the
2 — 2 process as (E2,pas, P2y, P2-), and the momen-
tum of “5” from the medium-induced gluon spectrum as
(ko, kg, ky, k>). The momentum of the exchanged gluon
between “1” and “2”, (qo, ¢z, 4y, ¢-), can also be calcu-
lated from the 2 — 2 process. However, since the di-
rection of this exchanged gluon can be correlated with
that of the emitted gluon, we only keep the magnitude

qL =
verse plane with respect to parton “1”. Components
qo and ¢, will be re-evaluated to recover the energy-
momentum conservation of this 2 — 3 process. With
this setup, the momenta of “3” and “4” are then

\/42 + ¢2 and re-sample its direction in the trans-

km7 Py — 4y — kya
(A1)
(A2)

p3 = (E1 — qo — ko, p1z — Gz —
P1z — 4z — kz)a
b4 = (E2 + qo, P2z + qa D2y + Qys P2z + QZ)v

respectively. The two on-shell conditions for “3” and “4”,

-
p

BN Www

m?, (A3)
0, (A4)

will be solved to determine ¢qp and ¢q,. We require that the
exchanged gluon is space-like (¢? < 0) for the solutions of
qo and g.. If there is no solution for Egs. (A3) and (A4),
or their solutions do not satisfy the space-like condition,
we re-sample the direction of ¢, or the four-momentum
of the emitted gluon “5”. This process is iterated until an
appropriate solution is found or the number of trials ex-
ceeds a given large value. For the latter case, we consider
the gluon emission process is not kinematically allowed
by the associated 2 — 2 process and reject its formation.
Note that there could be two solutions from Eqs. (A3)
and (A4) which both satisfy the space-like condition of
q. In this situation, we currently select the solution with



a smaller ¢g, assuming that the energy exchange between
“1” and “2” is small when they exchange momentum.
One may verify that the same procedure here is also ap-
plicable for the scenario where the momentum exchange
(g) occurs between the emitted gluon “5” and the ther-
mal parton “2”.

&

FIG. 33: Illustration of multiple gluon emissions.

For a multiple gluon emission process, we first deter-
mine a 2 — 3 process as described above and fix the
energy-momentum of the recoil parton “4” in Fig. 32. As
illustrated by Fig. 33, if one more gluon “6” is emitted,
we need to adjust the energy-momentum of the previous
gluon “5” and the final state jet parton “3” to respect
the energy-momentum conservation of this 1 — 3 split-
ting process. This is sufficient to guarantee the energy-
momentum conservation of the entire 2 — 4 process.

We denote the energy-momentum of “1”” (state of the
jet parton before emitting the previous gluon “57) as
(Eo,P01. = 0,poz). This is determined from the 2 — 3
process as described earlier and rotated into the coordi-
nate where “1’” travels along the z-direction for conve-
nience. The energy-momentum of the new gluon “6” is
sampled using Eq. (7) from “3” (before adjusting its mo-
mentum here) as (kge, ke 1,k62). The energy-momentum
of the previous gluon is represented by (k5e,E5 1, ks2).
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Although it is already given by the 2 — 3 process, we
choose to only keep the value of k5. but re-calculate the
ks, component. The transverse component is then re-

evaluated as ks, = \/k2, — k2, given ks, and its direc-

tion is sampled randomly with respect to EG 1-

Within this setup, the energy-momentum conservation
of the 1 — 3 splitting process is achieved using the on-
shell condition for the final state jet parton “3”,

p3s = (Eo— kse — koe, —ks1 — ko, oz — ksz — kez),
ps = m? (A5)

which can be further expanded as

(Eo — kse — kee)® — (k2 + kg + 2ks 1 ke 1 cos0)

— (poz — ksz — k6z)2 =m?. (A6)
Using a randomly sampled 6, we solve the above equa-
tion for ks.. Two conditions are examined for the solu-
tion: (1) kse > |ks.| and (2) the intermediate jet par-
ton between the two emitted gluons (“1”” in Fig. 33)
is time-like: p{? > m?2. If both solutions of Eq. (A6)
satisfy these conditions, we choose the solution ks, that
is closer to its original value obtained from the previous
2 — 3 process. If there is no appropriate solution, we
iterate the procedure above by re-sampling the angle 6
or the four-momentum of “6” until the solution is found
or the number of trials exceeds a preset large value.

If more gluons are emitted, we repeat the procedure
above to sample the four-momentum of the last gluon
from Eq. (7) and adjust that of the second to last gluon to
ensure the energy-momentum conservation of the entire
2 — 2+ n process.

[1] E. Shuryak, Rev. Mod. Phys. 89, 035001 (2017),
arXiv:1412.8393 [hep-ph] .

[2] J. Adams et al. (STAR), Nucl. Phys. A 757, 102 (2005),
arXiv:nucl-ex/0501009 .

[3] K. Adcox et al. (PHENIX), Nucl. Phys. A 757, 184
(2005), arXiv:nucl-ex/0410003 .

[4] B. Muller, J. Schukraft, and B. Wyslouch, Ann. Rev.
Nucl. Part. Sci. 62, 361 (2012), arXiv:1202.3233 [hep-ex]

[5] Y. Akiba et al., (2015), arXiv:1502.02730 [nucl-ex] .

[6] Y. Mehtar-Tani, C. A. Salgado, and K. Tywoniuk, Phys.
Lett. B 707, 156 (2012), arXiv:1102.4317 [hep-ph] .

[7] N. Armesto, H. Ma, Y. Mehtar-Tani, C. A. Salgado,
and K. Tywoniuk, JHEP 01, 109 (2012), arXiv:1110.4343
[hep-ph] .

[8] J. Casalderrey-Solana and E. Iancu, JHEP 08, 015
(2011), arXiv:1105.1760 [hep-ph] .

[9] A. Kumar, A. Majumder, and C. Shen, Phys. Rev. C
101, 034908 (2020), arXiv:1909.03178 [nucl-th] .

[10] M. Connors, C. Nattrass, R. Reed, and S. Salur, Rev.
Mod. Phys. 90, 025005 (2018), arXiv:1705.01974 [nucl-
ex] .

[11] X.-N. Wang and M. Gyulassy, Phys. Rev. Lett. 68, 1480
(1992).

[12] A. Majumder and M. Van Leeuwen, Prog. Part. Nucl.
Phys. 66, 41 (2011), arXiv:1002.2206 [hep-ph] .

[13] G.-Y. Qin and X.-N. Wang, Int. J. Mod. Phys. E24,
1530014 (2015), arXiv:1511.00790 [hep-ph] .

[14] J.-P. Blaizot and Y. Mehtar-Tani, Int. J. Mod. Phys. E
24, 1530012 (2015), arXiv:1503.05958 [hep-ph] .

[15] S. Cao and X.-N. Wang, Rept. Prog. Phys. 84, 024301
(2021), arXiv:2002.04028 [hep-ph] .

[16] S. Cao and G.-Y. Qin, Ann. Rev. Nucl. Part. Sci. 73, 205
(2023), arXiv:2211.16821 [nucl-th] .

[17] K. M. Burke et al. (JET), Phys. Rev. C 90, 014909
(2014), arXiv:1312.5003 [nucl-th] .

[18] S. Cao et al. (JETSCAPE), Phys. Rev. C 104, 024905
(2021), arXiv:2102.11337 [nucl-th] .

[19] M. Xie, W. Ke, H. Zhang, and X.-N. Wang,
arXiv:2206.01340 (2022), arXiv:2206.01340 [hep-ph] .

[20] C. Park, C. Shen, S. Jeon, and C. Gale, Nucl. Part. Phys.
Proc. 289-290, 289 (2017), arXiv:1612.06754 [nucl-th] .

[21] W. Zhao, C. M. Ko, Y.-X. Liu, G.-Y. Qin, and H. Song,
Phys. Rev. Lett. 125, 072301 (2020), arXiv:1911.00826


http://dx.doi.org/10.1103/RevModPhys.89.035001
http://arxiv.org/abs/1412.8393
http://dx.doi.org/ 10.1016/j.nuclphysa.2005.03.085
http://arxiv.org/abs/nucl-ex/0501009
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://arxiv.org/abs/nucl-ex/0410003
http://dx.doi.org/10.1146/annurev-nucl-102711-094910
http://dx.doi.org/10.1146/annurev-nucl-102711-094910
http://arxiv.org/abs/1202.3233
http://arxiv.org/abs/1502.02730
http://dx.doi.org/10.1016/j.physletb.2011.12.042
http://dx.doi.org/10.1016/j.physletb.2011.12.042
http://arxiv.org/abs/1102.4317
http://dx.doi.org/ 10.1007/JHEP01(2012)109
http://arxiv.org/abs/1110.4343
http://arxiv.org/abs/1110.4343
http://dx.doi.org/10.1007/JHEP08(2011)015
http://dx.doi.org/10.1007/JHEP08(2011)015
http://arxiv.org/abs/1105.1760
http://dx.doi.org/10.1103/PhysRevC.101.034908
http://dx.doi.org/10.1103/PhysRevC.101.034908
http://arxiv.org/abs/1909.03178
http://dx.doi.org/ 10.1103/RevModPhys.90.025005
http://dx.doi.org/ 10.1103/RevModPhys.90.025005
http://arxiv.org/abs/1705.01974
http://arxiv.org/abs/1705.01974
http://dx.doi.org/10.1103/PhysRevLett.68.1480
http://dx.doi.org/10.1103/PhysRevLett.68.1480
http://dx.doi.org/10.1016/j.ppnp.2010.09.001
http://dx.doi.org/10.1016/j.ppnp.2010.09.001
http://arxiv.org/abs/1002.2206
http://dx.doi.org/10.1142/S0218301315300143
http://dx.doi.org/10.1142/S0218301315300143
http://arxiv.org/abs/1511.00790
http://dx.doi.org/10.1142/S021830131530012X
http://dx.doi.org/10.1142/S021830131530012X
http://arxiv.org/abs/1503.05958
http://dx.doi.org/10.1088/1361-6633/abc22b
http://dx.doi.org/10.1088/1361-6633/abc22b
http://arxiv.org/abs/2002.04028
http://dx.doi.org/10.1146/annurev-nucl-112822-031317
http://dx.doi.org/10.1146/annurev-nucl-112822-031317
http://arxiv.org/abs/2211.16821
http://dx.doi.org/ 10.1103/PhysRevC.90.014909
http://dx.doi.org/ 10.1103/PhysRevC.90.014909
http://arxiv.org/abs/1312.5003
http://dx.doi.org/10.1103/PhysRevC.104.024905
http://dx.doi.org/10.1103/PhysRevC.104.024905
http://arxiv.org/abs/2102.11337
http://arxiv.org/abs/2206.01340
http://dx.doi.org/ 10.1016/j.nuclphysbps.2017.05.066
http://dx.doi.org/ 10.1016/j.nuclphysbps.2017.05.066
http://arxiv.org/abs/1612.06754
http://dx.doi.org/ 10.1103/PhysRevLett.125.072301
http://arxiv.org/abs/1911.00826

[nucl-th] .

[22] Y.-F. Liu, W.-J. Xing, X.-Y. Wu, G.-Y. Qin, S. Cao,
and H. Xing, Phys. Rev. C 105, 044904 (2022),
arXiv:2107.01522 [hep-ph] .

[23] S.-Q. Li, W.-J. Xing, X.-Y. Wu, S. Cao, and G.-Y. Qin,
Eur. Phys. J. C 81, 1035 (2021), arXiv:2108.06648 [hep-
ph] .

[24] L. Adamczyk et al. (STAR), Phys. Rev. Lett. 121,
032301 (2018), arXiv:1707.01988 [nucl-ex] .

[25] J. Wu, S. Cao, and F. Li, arXiv:2208.14297
arXiv:2208.14297 [nucl-th] .

[26] J. D. Bjorken, FERMILAB-PUB-82-059-THY (1982).

[27] E. Braaten and M. H. Thoma, Phys. Rev. D44, 2625
(1991).

[28] M. Djordjevic, Phys. Rev. C 74, 064907 (2006),
arXiv:nucl-th/0603066 .

[20] G.-Y. Qin et al., Phys. Rev. Lett. 100, 072301 (2008),
arXiv:0710.0605 [hep-ph] .

[30] R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigne, and
D. Schiff, Nucl. Phys. B483, 291 (1997), hep-ph/9607355

(2022),

[31] B. G. Zakharov, JETP Lett. 63, 952 (1996), arXiv:hep-
ph/9607440 .

[32] M. Gyulassy, P. Levai, and I. Vitev, Nucl. Phys. B571,
197 (2000), arXiv:hep-ph/9907461 .

[33] U. A. Wiedemann, Nucl. Phys. B588, 303 (2000),
arXiv:hep-ph/0005129 .

[34] P. Arnold, G. D. Moore, and L. G. Yaffe, JHEP 06, 030
(2002), hep-ph/0204343 .

[35] X.-N. Wang and X.-F. Guo, Nucl. Phys. A696, 788
(2001), arXiv:hep-ph/0102230 .

[36] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Phys. Lett. B 777, 86 (2018), arXiv:1704.03648 [nucl-th]

[37] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Phys. Lett. B 810, 135783 (2020), arXiv:2005.09678 [hep-
ph] .

[38] J. Casalderrey-Solana, D. Gulhan, G. Milhano, D. Pab-
los, and K. Rajagopal, JHEP 03, 135 (2017),
arXiv:1609.05842 [hep-ph] .

[39] Y. Tachibana, N.-B. Chang, and G.-Y. Qin, Phys. Rev.
C95, 044909 (2017), arXiv:1701.07951 [nucl-th] .

[40] R. Kunnawalkam Elayavalli and K. C. Zapp, JHEP 07,
141 (2017), arXiv:1707.01539 [hep-ph] .

[41] T. Luo, S. Cao, Y. He, and X.-N. Wang, Phys. Lett.
B782, 707 (2018), arXiv:1803.06785 [hep-ph] .

[42] C. Park, S. Jeon, and C. Gale, Proceedings, 27th
International Conference on Ultrarelativistic Nucleus-
Nucleus Collisions (Quark Matter 2018): Venice, Italy,
May 14-19, 2018, Nucl. Phys. A982, 643 (2019),
arXiv:1807.06550 [nucl-th] .

[43] S. Chatrchyan et al. (CMS), Phys. Rev. C 84, 024906
(2011), arXiv:1102.1957 [nucl-ex] .

[44] Z. Yang, W. Chen, Y. He, W. Ke, L. Pang, and
X.-N. Wang, Phys. Rev. Lett. 127, 082301 (2021),
arXiv:2101.05422 [hep-ph] .

[45] Z. Yang, T. Luo, W. Chen, L.-G. Pang, and X.-N. Wang,
arXivi2203.03683 (2022), arXiv:2203.03683 [hep-ph] .

[46] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Nucl. Phys. A 1005, 121934 (2021).

[47] A. Luo, Y.-X. Mao, G.-Y. Qin, E.-K. Wang, and
H-Z. Zhang, Phys. Lett. B 837, 137638 (2023),
arXiv:2109.14314 [hep-ph] .

[48] C. Sirimanna, I. Soudi, G. Vujanovic, W.-J. Xing,

26

S. Cao, and A. Majumder, arXiv:2211.15553
arXiv:2211.15553 [hep-ph] .

[49] N. Armesto, L. Cunqueiro, and C. A. Salgado, Eur. Phys.
J. C63, 679 (2009), arXiv:0907.1014 [hep-ph] .

[50] K. C. Zapp, J. Stachel, and U. A. Wiedemann, JHEP
07, 118 (2011), arXiv:1103.6252 [hep-ph] .

[61] J. Casalderrey-Solana, D. C. Gulhan, J. G. Milhano,
D. Pablos, and K. Rajagopal, JHEP 10, 019 (2014),
[Erratum: JHEP09,175(2015)], arXiv:1405.3864 [hep-ph]

(2022),

[62] S. Cao and A. Majumder, Phys. Rev. C 101, 024903
(2020), arXiv:1712.10055 [nucl-th] .

[63] B. Schenke, C. Gale, and S. Jeon, Phys. Rev. C80,
054913 (2009), arXiv:0909.2037 [hep-ph] .

[64] X.-N. Wang and Y. Zhu, Phys. Rev. Lett. 111, 062301
(2013), arXiv:1302.5874 [hep-ph] .

[65] S. Cao et al. (JETSCAPE), Phys. Rev. C 96, 024909
(2017), arXiv:1705.00050 [nucl-th] .

[56] A. Kumar et al. (JETSCAPE), arXiv:2204.01163 (2022),
arXiv:2204.01163 [hep-ph] .

[67] Y. He, W. Chen, T. Luo, S. Cao, L.-G. Pang,
and X.-N. Wang, Phys. Rev. C 106, 044904 (2022),
arXiv:2201.08408 [hep-ph] .

[58] Y. Tachibana, C. Shen, and A. Majumder, Phys. Rev.
C 106, L021902 (2022), arXiv:2001.08321 [nucl-th] .

[59] Y. He, T. Luo, X.-N. Wang, and Y. Zhu, Phys. Rev.
C91, 054908 (2015), arXiv:1503.03313 [nucl-th] .

[60] S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, Phys. Lett.
B777, 255 (2018), arXiv:1703.00822 [nucl-th] .

[61] W.-J. Xing, S. Cao, G.-Y. Qin, and H. Xing, Phys. Lett.
B 805, 135424 (2020), arXiv:1906.00413 [hep-ph] .

[62] Y. He, S. Cao, W. Chen, T. Luo, L.-G. Pang, and X.-N.
Wang, Phys. Rev. C99, 054911 (2019), arXiv:1809.02525
[nucl-th] .

[63] J. H. Putschke et al., (2019), arXiv:1903.07706 [nucl-th]

[64] J. Auvinen, K. J. Eskola, and T. Renk, Phys. Rev. C82,
024906 (2010), arXiv:0912.2265 [hep-ph] .

[65] X.-F. Guo and X.-N. Wang, Phys. Rev. Lett. 85, 3591
(2000), arXiv:hep-ph/0005044 .

[66] B.-W. Zhang, E. Wang, and X.-N. Wang, Phys. Rev.
Lett. 93, 072301 (2004), arXiv:nucl-th/0309040 [nucl-th]

[67] A. Majumder, Phys. Rev. D85, 014023 (2012),
arXiv:0912.2987 [nucl-th] .

[68] B.-W. Zhang and X.-N. Wang, Nucl. Phys. A720, 429
(2003), arXiv:hep-ph/0301195 .

[69] A. Schafer, X.-N. Wang, and B.-W. Zhang, Nucl. Phys.
A793, 128 (2007), arXiv:0704.0106 [hep-ph] .

[70] Z-W. Lin, C. M. Ko, B.-A. Li, B. Zhang, and S. Pal,
Phys. Rev. C72, 064901 (2005), arXiv:nucl-th/0411110
[nucl-th] .

[71] J. S. Moreland, J. E. Bernhard, and S. A. Bass, Phys.
Rev. C 92, 011901 (2015), arXiv:1412.4708 [nucl-th] .

[72] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput.
Phys. Commun. 178, 852 (2008), arXiv:0710.3820 [hep-
ph] .

[73] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr,
S. Schumann, F. Siegert, and J. Winter, JHEP 02, 007
(2009), arXiv:0811.4622 [hep-ph] .

[74] Z. Yang, Y. He, I. Moult, and X.-N. Wang, Phys. Rev.
Lett. 132, 011901 (2024), arXiv:2310.01500 [hep-ph] .

[75] C. Andres, F. Dominguez, R. Kunnawalkam Elayavalli,
J. Holguin, C. Marquet, and I. Moult, Phys. Rev. Lett.


http://arxiv.org/abs/1911.00826
http://dx.doi.org/ 10.1103/PhysRevC.105.044904
http://arxiv.org/abs/2107.01522
http://dx.doi.org/ 10.1140/epjc/s10052-021-09833-y
http://arxiv.org/abs/2108.06648
http://arxiv.org/abs/2108.06648
http://dx.doi.org/10.1103/PhysRevLett.121.032301
http://dx.doi.org/10.1103/PhysRevLett.121.032301
http://arxiv.org/abs/1707.01988
http://arxiv.org/abs/2208.14297
http://dx.doi.org/10.1103/PhysRevD.44.2625
http://dx.doi.org/10.1103/PhysRevD.44.2625
http://dx.doi.org/10.1103/PhysRevC.74.064907
http://arxiv.org/abs/nucl-th/0603066
http://dx.doi.org/10.1103/PhysRevLett.100.072301
http://arxiv.org/abs/0710.0605
http://arxiv.org/abs/hep-ph/9607355
http://dx.doi.org/10.1134/1.567126
http://arxiv.org/abs/hep-ph/9607440
http://arxiv.org/abs/hep-ph/9607440
http://dx.doi.org/10.1016/S0550-3213(99)00713-0
http://dx.doi.org/10.1016/S0550-3213(99)00713-0
http://arxiv.org/abs/hep-ph/9907461
http://dx.doi.org/10.1016/S0550-3213(00)00457-0
http://arxiv.org/abs/hep-ph/0005129
http://arxiv.org/abs/hep-ph/0204343
http://dx.doi.org/10.1016/S0375-9474(01)01130-7
http://dx.doi.org/10.1016/S0375-9474(01)01130-7
http://arxiv.org/abs/hep-ph/0102230
http://dx.doi.org/ 10.1016/j.physletb.2017.12.015
http://arxiv.org/abs/1704.03648
http://dx.doi.org/ 10.1016/j.physletb.2020.135783
http://arxiv.org/abs/2005.09678
http://arxiv.org/abs/2005.09678
http://dx.doi.org/ 10.1007/JHEP03(2017)135
http://arxiv.org/abs/1609.05842
http://dx.doi.org/10.1103/PhysRevC.95.044909
http://dx.doi.org/10.1103/PhysRevC.95.044909
http://arxiv.org/abs/1701.07951
http://dx.doi.org/10.1007/JHEP07(2017)141
http://dx.doi.org/10.1007/JHEP07(2017)141
http://arxiv.org/abs/1707.01539
http://dx.doi.org/ 10.1016/j.physletb.2018.06.025
http://dx.doi.org/ 10.1016/j.physletb.2018.06.025
http://arxiv.org/abs/1803.06785
http://dx.doi.org/ 10.1016/j.nuclphysa.2018.10.057
http://arxiv.org/abs/1807.06550
http://dx.doi.org/10.1103/PhysRevC.84.024906
http://dx.doi.org/10.1103/PhysRevC.84.024906
http://arxiv.org/abs/1102.1957
http://dx.doi.org/10.1103/PhysRevLett.127.082301
http://arxiv.org/abs/2101.05422
http://arxiv.org/abs/2203.03683
http://dx.doi.org/ 10.1016/j.nuclphysa.2020.121934
http://dx.doi.org/ 10.1016/j.physletb.2022.137638
http://arxiv.org/abs/2109.14314
http://arxiv.org/abs/2211.15553
http://dx.doi.org/10.1140/epjc/s10052-009-1133-9
http://dx.doi.org/10.1140/epjc/s10052-009-1133-9
http://arxiv.org/abs/0907.1014
http://dx.doi.org/10.1007/JHEP07(2011)118
http://dx.doi.org/10.1007/JHEP07(2011)118
http://arxiv.org/abs/1103.6252
http://dx.doi.org/ 10.1007/JHEP09(2015)175, 10.1007/JHEP10(2014)019
http://arxiv.org/abs/1405.3864
http://dx.doi.org/10.1103/PhysRevC.101.024903
http://dx.doi.org/10.1103/PhysRevC.101.024903
http://arxiv.org/abs/1712.10055
http://dx.doi.org/10.1103/PhysRevC.80.054913
http://dx.doi.org/10.1103/PhysRevC.80.054913
http://arxiv.org/abs/0909.2037
http://dx.doi.org/10.1103/PhysRevLett.111.062301
http://dx.doi.org/10.1103/PhysRevLett.111.062301
http://arxiv.org/abs/1302.5874
http://dx.doi.org/10.1103/PhysRevC.96.024909
http://dx.doi.org/10.1103/PhysRevC.96.024909
http://arxiv.org/abs/1705.00050
http://arxiv.org/abs/2204.01163
http://dx.doi.org/10.1103/PhysRevC.106.044904
http://arxiv.org/abs/2201.08408
http://dx.doi.org/10.1103/PhysRevC.106.L021902
http://dx.doi.org/10.1103/PhysRevC.106.L021902
http://arxiv.org/abs/2001.08321
http://dx.doi.org/ 10.1103/PhysRevC.91.054908
http://dx.doi.org/ 10.1103/PhysRevC.91.054908
http://arxiv.org/abs/1503.03313
http://dx.doi.org/ 10.1016/j.physletb.2017.12.023
http://dx.doi.org/ 10.1016/j.physletb.2017.12.023
http://arxiv.org/abs/1703.00822
http://dx.doi.org/ 10.1016/j.physletb.2020.135424
http://dx.doi.org/ 10.1016/j.physletb.2020.135424
http://arxiv.org/abs/1906.00413
http://dx.doi.org/10.1103/PhysRevC.99.054911
http://arxiv.org/abs/1809.02525
http://arxiv.org/abs/1809.02525
http://arxiv.org/abs/1903.07706
http://dx.doi.org/10.1103/PhysRevC.82.024906
http://dx.doi.org/10.1103/PhysRevC.82.024906
http://arxiv.org/abs/0912.2265
http://dx.doi.org/10.1103/PhysRevLett.85.3591
http://dx.doi.org/10.1103/PhysRevLett.85.3591
http://arxiv.org/abs/hep-ph/0005044
http://dx.doi.org/10.1103/PhysRevLett.93.072301
http://dx.doi.org/10.1103/PhysRevLett.93.072301
http://arxiv.org/abs/nucl-th/0309040
http://dx.doi.org/10.1103/PhysRevD.85.014023
http://arxiv.org/abs/0912.2987
http://dx.doi.org/10.1016/S0375-9474(03)01003-0
http://dx.doi.org/10.1016/S0375-9474(03)01003-0
http://arxiv.org/abs/hep-ph/0301195
http://dx.doi.org/10.1016/j.nuclphysa.2007.06.009
http://dx.doi.org/10.1016/j.nuclphysa.2007.06.009
http://arxiv.org/abs/0704.0106
http://dx.doi.org/ 10.1103/PhysRevC.72.064901
http://arxiv.org/abs/nucl-th/0411110
http://arxiv.org/abs/nucl-th/0411110
http://dx.doi.org/10.1103/PhysRevC.92.011901
http://dx.doi.org/10.1103/PhysRevC.92.011901
http://arxiv.org/abs/1412.4708
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/0710.3820
http://dx.doi.org/ 10.1088/1126-6708/2009/02/007
http://dx.doi.org/ 10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://dx.doi.org/ 10.1103/PhysRevLett.132.011901
http://dx.doi.org/ 10.1103/PhysRevLett.132.011901
http://arxiv.org/abs/2310.01500
http://dx.doi.org/ 10.1103/PhysRevLett.130.262301

130, 262301 (2023), arXiv:2209.11236 [hep-ph] .

[76] M. Cacciari, G. P. Salam, and G. Soyez, Eur. Phys. J.
C72, 1896 (2012), arXiv:1111.6097 [hep-ph] .

[77] L. Pang, Q. Wang, and X.-N. Wang, Phys. Rev. C86,
024911 (2012), arXiv:1205.5019 [nucl-th] .

[78] L.-G. Pang, Y. Hatta, X.-N. Wang, and B.-W. Xiao,
Phys. Rev. D91, 074027 (2015), arXiv:1411.7767 [hep-
ph] .

[79] L.-G. Pang, H. Petersen, and X.-N. Wang, Phys. Rev. C
97, 064918 (2018), arXiv:1802.04449 [nucl-th] .

[80] X.-F. Chen, C. Greiner, E. Wang, X.-N. Wang, and
Z. Xu, Phys. Rev. C81, 064908 (2010), arXiv:1002.1165
[nucl-th] .

[81] F-L. Liu, W.-J. Xing, X.-Y. Wu, G.-Y. Qin, S. Cao,
and X.-N. Wang, Eur. Phys. J. C 82, 350 (2022),
arXiv:2107.11713 [hep-ph] .

[82] J. Adam et al. (STAR), Phys. Rev. C 102, 054913 (2020),
arXiv:2006.00582 [nucl-ex] .

[83] X.-N. Wang, Phys. Rev. C58, 2321 (1998), arXiv:hep-
ph/9804357 [hep-ph] .

[84] A. M. Sirunyan et al. (CMS), JHEP 05, 284 (2021),
arXiv:2102.13080 [hep-ex] .

27

[85] M. Aaboud et al. (ATLAS), Phys. Lett. B 790, 108
(2019), arXiv:1805.05635 [nucl-ex] .

[86] G. Aad et al. (ATLAS), Phys. Rev. Lett. 114, 072302
(2015), arXiv:1411.2357 [hep-ex] .

[87] K. C. Zapp, F. Krauss, and U. A. Wiedemann, JHEP
03, 080 (2013), arXiv:1212.1599 [hep-ph] .

[88] K. C. Zapp, Eur. Phys. J. C74, 2762
arXiv:1311.0048 [hep-ph] .

[89] N.-B. Chang, Y. Tachibana, and G.-Y. Qin, Phys. Lett.
B801, 135181 (2020), arXiv:1906.09562 [nucl-th] .

[90] D. Anderson (STAR), Acta Phys. Polon. Supp. 16, 55
(2023), arXiv:2212.09202 [nucl-ex] .

[91] S.-L. Zhang, T. Luo, X.-N. Wang, and B.-W. Zhang,
Phys. Rev. C98, 021901 (2018), arXiv:1804.11041 [nucl-
th] .

[92] G. Aad et al. (ATLAS), Phys. Rev. C 107, 054908 (2023),
arXiv:2205.00682 [nucl-ex] .

[93] G.-Y. Qin and B. Muller, Phys. Rev. Lett. 106, 162302
(2011), [Erratum: Phys. Rev. Lett.108,189904(2012)],
arXiv:1012.5280 [hep-ph] .

(2014),


http://dx.doi.org/ 10.1103/PhysRevLett.130.262301
http://arxiv.org/abs/2209.11236
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://dx.doi.org/10.1103/PhysRevC.86.024911
http://dx.doi.org/10.1103/PhysRevC.86.024911
http://arxiv.org/abs/1205.5019
http://dx.doi.org/10.1103/PhysRevD.91.074027
http://arxiv.org/abs/1411.7767
http://arxiv.org/abs/1411.7767
http://dx.doi.org/10.1103/PhysRevC.97.064918
http://dx.doi.org/10.1103/PhysRevC.97.064918
http://arxiv.org/abs/1802.04449
http://dx.doi.org/ 10.1103/PhysRevC.81.064908
http://arxiv.org/abs/1002.1165
http://arxiv.org/abs/1002.1165
http://dx.doi.org/ 10.1140/epjc/s10052-022-10308-x
http://arxiv.org/abs/2107.11713
http://dx.doi.org/ 10.1103/PhysRevC.102.054913
http://arxiv.org/abs/2006.00582
http://dx.doi.org/10.1103/PhysRevC.58.2321
http://arxiv.org/abs/hep-ph/9804357
http://arxiv.org/abs/hep-ph/9804357
http://dx.doi.org/10.1007/JHEP05(2021)284
http://arxiv.org/abs/2102.13080
http://dx.doi.org/10.1016/j.physletb.2018.10.076
http://dx.doi.org/10.1016/j.physletb.2018.10.076
http://arxiv.org/abs/1805.05635
http://dx.doi.org/ 10.1103/PhysRevLett.114.072302
http://dx.doi.org/ 10.1103/PhysRevLett.114.072302
http://arxiv.org/abs/1411.2357
http://dx.doi.org/10.1007/JHEP03(2013)080
http://dx.doi.org/10.1007/JHEP03(2013)080
http://arxiv.org/abs/1212.1599
http://dx.doi.org/10.1140/epjc/s10052-014-2762-1
http://arxiv.org/abs/1311.0048
http://dx.doi.org/10.1016/j.physletb.2019.135181
http://dx.doi.org/10.1016/j.physletb.2019.135181
http://arxiv.org/abs/1906.09562
http://dx.doi.org/ 10.5506/APhysPolBSupp.16.1-A55
http://dx.doi.org/ 10.5506/APhysPolBSupp.16.1-A55
http://arxiv.org/abs/2212.09202
http://dx.doi.org/ 10.1103/PhysRevC.98.021901
http://arxiv.org/abs/1804.11041
http://arxiv.org/abs/1804.11041
http://dx.doi.org/ 10.1103/PhysRevC.107.054908
http://arxiv.org/abs/2205.00682
http://dx.doi.org/10.1103/PhysRevLett.108.189904, 10.1103/PhysRevLett.106.162302
http://dx.doi.org/10.1103/PhysRevLett.108.189904, 10.1103/PhysRevLett.106.162302
http://arxiv.org/abs/1012.5280

	Introduction
	The linear Boltzmann transport model
	The inelastic process
	Inelastic scattering rate
	Medium-induced gluon spectra

	Parton energy loss and transverse momentum broadening
	Parton energy loss
	Transverse momentum broadening

	Jet induced medium excitation
	Conic structures in jet-induced medium excitation
	Energy distribution
	Angular distribution

	Jet modification in a static medium
	Jet energy loss
	Jet fragmentation function
	Jet shape

	Nuclear modification of jets in heavy-ion collisions
	Simulating jet quenching event-by-event
	Cone-size dependence of single inclusive jet suppression
	-jets and dijets

	Code availability
	Summary
	Acknowledgments
	Energy-momentum conservation of the 22+n process
	References



