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Abstract
Jets serve as powerful tomographic probes of the quark-gluon plasma (QGP) cre-
ated in relativistic heavy-ion collisions. While the expanding landscape of jet
observables reveals multi-faceted aspects of jet-medium interactions, a precise
and simultaneous description of the nuclear modification factors of hadrons and
full jets still remains a challenge for theoretical models. In this work, we present
two essential improvements to the linear Boltzmann transport (LBT) model to
bridge this gap. First, instead of implementing in-medium parton transport af-
ter vacuum parton showers complete, we introduce a medium scale at which the
parton transport is inserted into the vacuum parton showers, providing a more
physical picture of parton-QGP interactions. Second, we incorporate color flow
information into the LBT model, enabling string connections between partons
whose configurations are correlated with the medium-modified parton showers
before hadronization. We demonstrate that both improvements alter the pre-
dicted ratio of hadron to jet quenching, leading to a satisfactory description of
the nuclear modification factors of hadrons and jets with different flavors within
a unified framework.
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Physics (MOE), Central China Normal University, Wuhan, 430079, China Jets
serve as powerful tomographic probes of the quark-gluon plasma (QGP) cre-
ated in relativistic heavy- ion collisions. While the expanding landscape of jet
observables reveals multi-faceted aspects of jet-medium interactions, a precise
and simultaneous description of the nuclear modification factors of hadrons and
full jets remains a challenge for theoretical models. In this work, we present
two essential improvements to the linear Boltzmann transport (LBT) model to
bridge this gap. First, instead of implementing in-medium parton transport
after vacuum parton showers complete, we introduce a medium scale at which
in-medium parton transport is inserted into the vacuum parton showers, provid-
ing a more physical picture of parton-QGP interactions. Second, we incorporate
color flow information into the LBT model, enabling string connections between
partons whose configurations are correlated with the medium-modified parton
showers before hadronization. We demonstrate that both improvements alter
the predicted ratio of hadron to jet quenching, leading to a satisfactory unified
description of the nuclear modification factors of hadrons and jets with different
flavors.
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INTRODUCTION
High-energy nuclear collisions conducted at the Relativis- tic Heavy-Ion Collider
(RHIC) and the Large Hadron Col-

lider (LHC) provide a unique opportunity to study the color- 4

deconfined Quantum Chromodynamics (QCD) matter, known as the quark-
gluon plasma (QGP) [ A smoking gun

signature of the QGP formation is the significant suppres- 7

sion of the high-transverse-momentum ( ) hadron yields in nucleus-nucleus (A A)
collisions relative to those in proton- proton ( ) collisions [ ], indicating strong
energy loss of high- quarks and gluons inside the QGP before frag- menting
into hadrons. This phenomenon is called jet quench- ing and serves as a pow-
erful probe of the microscopic struc- tures of the QGP [ ]. The jet quenching
parameter , char- acterizing the amount of in-medium deflection experienced

by high- p T particles, is found over an order of magnitude 16

larger in the QGP than in cold nuclei [ ], suggesting the

dense partonic degrees of freedom inside the QGP. 18

Various parton energy loss formalisms have been devel- oped based on different
assumptions of the QGP proper- ties and the kinematics of jet partons and their
emitted glu- ons [ ], and sophisticated Monte-Carlo event generators have been
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built to realize these energy loss formalisms in the dynamical environment of
heavy-ion collisions [ ]. There are two main categories of event generators for
jet quenching.

The first category introduces medium modifications into the vacuum showers of
high-virtuality partons; examples include the QPythia [ ], JEWEL [ ], Hybrid [
] and MAT- TER [ ] models. The second category comprises transport models,
which start from the final states of vacuum parton showers and simulate sub-
sequent parton interactions with the QGP at low virtuality scales, such as the
LBT [ ], MAR- TINI [ ] and LIDO [ ] models. The JETSCAPE frame- work is
developed to combine different energy loss mod-

els into a unified approach [ 44 , 45 ]. With the advances 35

in both theoretical calculations and experimental measure- ments over the past
two decades, studies on jet quenching have been extended from single inclusive
hadron suppres- sion [ ] to medium modification of di-hadron [

66 ] and 𝛾 -hadron [ 67 –70 ] correlations. Studies of hadronic 40

observables have also been extended to full-jet ], which are clusters of particles
at various energy scales, and thus are sensitive to not only the energy loss of
high- energy (hard) partons, but also the energy flow carried by low- energy
(soft) partons. As a result, apart from medium mod- ification of hard partons,
tremendous efforts have also been devoted to understanding how hard partons
modify the QGP evolution, leading to energy redistribution within a given jet
cone. The latter is known as jet-induced medium excitation, or medium response
[ ], which constitutes a crucial part of jet-medium interactions and affects al-
most all observables of full jets, such as the yield suppression and collective flow
of jets [ ], the transverse energy distribution relative to jet axes (jet shape) [
], the longitudinal momentum distributions of jet constituents (jet fragmenta-
tion function or splitting function) [ ], two- or multi-point energy correlators
of jets [ ], energy depletion in the di- rection opposite to jet propagation [ ],
and hadron chemistry inside medium-modified jets [ While the abundant jet ob-
servables above offer multi- faceted insights into jet-medium interactions, from
which properties of both jets and the QGP have been extracted [ ], it remains
necessary to re-examine whether the simplest quantity of jet quenching, the
nuclear modification factor ), has been precisely understood. The factor is de-
fined as the ratio of particle or jet spectrum in A A collisions

to that in collisions , properly normalized by the number of binary nucleon-
nucleon collisions . While many theoretical models provide satisfactory descrip-
tions of the hadron and jet ’s individually, only a few achieve a simultaneous
de- scription of both. By applying a global fit or the Bayesian interference,
simultaneous descriptions of the hadron and jet ’s have been obtained within
the Hybrid model [ and the Lido model [ ]. On the other hand, even with the
Bayesian calibration, the recent JETSCAPE study still en- counters tension
between the hadron and jet Similarly, within the linear Boltzmann transport
(LBT) model we developed earlier, different values of the strong coupling coef-
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ficient were used for studies on nuclear modification of hadrons [ ] and jets [ ].
Therefore, while state- of-the-art statistical tools are powerful for parameter fit-
ting, they are insufficient. A precise understanding requires dis- secting the key
physics ingredients that affect the quenching of hadrons relative to jets. This is
the main purpose of the

present work. Note that a unified framework of the hadron 85

and jet quenching also provides a baseline for understanding the recent puzzling
acoplanarity of hadron-triggered jets ob- served at RHIC [ ] and the LHC [ In
this work, we present two key improvements to the LBT

model. First, instead of initiating parton transport after the 90

completion of the vacuum parton showers, we interrupt the Pythia vacuum
shower [ ] at a scale characteristic of the QGP and insert the parton transport
in between. This creates a more realistic picture: highly virtual jet partons first
evolve toward the medium scale via vacuum-like split- tings, then scatter with
the QGP with their virtuality held at the medium scale, and finally exit the
medium and undergo

vacuum showers again towards the hadronization scale be- 98

fore turning into hadrons. We demonstrate that introducing 99

this medium scale significantly alters the predicted ratio of 100

hadron to jet quenching. Second, we incorporate color flow information into the
LBT model for both elastic and inelas- tic scatterings. This extension enables
the use of the Pythia

string fragmentation for hadronization of medium-modified 104

partons, allowing us, for the first time, to study full jets at

the hadronic level within the LBT framework. We find that 106

the final hadron-to-jet spectrum depends on this color infor- mation. The pri-
mary goal of this work is to identify essential

physics ingredients for a unified description of the hadron and 109

jet R AA ’s, rather than to perform a precise parameter tuning 110

to data. The rest of this paper is organized as follows. In 111

, we detail the improved Monte-Carlo framework for

jet production, in-medium evolution, and hadronization. In 113

, we analyze the impact of the medium scale and color flow on the quenching of
hadrons and jets. A summary is given in Sec.

JET PARTON PRODUCTION, EVOLUTION, AND HADRONIZATION We
use the Pythia 8 event generator [ ] to simulate the hard parton production
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from nucleon-nucleon collisions and the subsequent vacuum parton showers. For
nucleus-nucleus collisions, the positions of the binary nucleon-nucleon scat- ter-
ing vertices are sampled according to the Monte-Carlo Glauber model [ ]. Unlike
in our earlier studies [ where jet partons start interacting with the QGP medium
after

they reach the hadronization scale in Pythia ( Q h = 0 . 5 GeV), 126

we introduce a medium scale ( ) at which the interactions commence. The
formation time of a parton ( ) is defined as the sum of the splitting times of
its ancestors before reached [ ]. For an splitting process, where the virtualities
of are much smaller than that of , the splitting time is given by [ the energy
of the parent parton the transverse momentum of daughter partons relative to
fractional energy of taken by , and i,j,k the rest masses of , and . Before its
formation time , a parton is assumed to stream freely from the production vertex
of its earliest an- cestor. The jet parton’s interaction with the QGP should also

start after the initial time of the hydrodynamic evolution of 140

the QGP ( 𝜏 0 = 0 . 6 fm). As discussed in Refs. [ 44 , 110 ], 𝜏 f 141

can exceed and is sensitive to both the parton energy and the medium scale:
soft partons usually reach a given scale later than hard partons, and raising
shortens the forma-

tion time. Therefore, varying Q M affects the relative magni- 145

tude of energy loss between soft and hard partons inside the After both are
reached, we use the LBT [ model to simulate the scatterings of jet partons with
the QGP medium. In the local rest frame of the medium, the phase space
distribution of jet partons, , evolves ac- cording to the Boltzmann equation as

with p a = ( E a , �p a ) the four-momentum of the jet parton a . 154

On the right hand side, represent the collision integrals of elastic and inelastic
scattering processes, respectively. From the former, one may extract the energy-
and temperature-dependent elastic scattering rate of a jet par- ton as

Γ el a ( E a , T ) = �

i = b,c,d

in which the sum is over all possible scattering channels , with representing a
medium constituent parton, the final state partons of , respectively. In addi-
tion, denotes the spin-color degeneracy of parton and thermal (Bose or Fermi)
distributions are taken for . In this work, we assume zero masses for light fla-

vor quarks and gluons, and take m c = 1 .

3 GeV
for charm 167
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quarks and m b = 4 .

2 GeV
for bottom quarks. Leading or- 168

der matrix elements ] are adopted,

with their possible divergence at regulated by a double- function , where are the
Mandelstam variables,

4 𝜋𝛼 s T 2 ( N c + N f / 2) / 3 is the Debye screening mass, with 173

the strong coupling parameter, the numbers of colors and flavors, respectively.

Scatterings with the medium can increase the virtuality of jet partons and induce
their additional splittings. These are known as medium-induced gluon emissions,
or inelastic scat- terings in the LBT model. Hence, the inelastic scattering rate
can be related to the average number of gluon emissions per

unit time ( t ) as 181

, T, t in which are the fractional energy and transverse momentum of an emitted
gluon relative to its parent parton.

The gluon spectrum is taken from the higher-twist energy loss calculation [

dN a g dzdk 2 � dt = 2 𝛼 s C A ˆ q a P a ( z ) k 4 � 𝜋 ( k 2 � + z 2 m 2 a ) 4
sin 2 � t − t init 2 𝜏 ′ f

where C A = N c = 3 , m a is the jet parton mass, P a ( z ) is the 188

splitting function given by

P q → qg ( z ) = (1 − z )[1 + (1 − z ) 2 ] z , (6) 190

P g → gg ( z ) = 2(1 − z + z 2 ) 3

Note that the Kronecker delta function in Eq. ( ) generates factor when con-
verting the final state gluon numbers process into the scattering rate of the
parent

gluon. Furthermore, t init denotes the production time of the 195

jet parton, or the time when its previous splitting happens; and according to
Eq. ( ), the formation time of a massless medium-induced gluon reads

𝜏 ′ f = 2 E a z (1 − z ) k 2 � + z 2 m 2 a . (8) 199

The jet transport coefficient characterizes the transverse

momentum broadening square of the jet parton a per unit 201

length (time), , which can be evaluated from

Eq. ( 3 ) by including a factor of p 2 � a = [ �p c − ( �p c ・ˆ p a )ˆ p a ] 2 in 203
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its integrand. In principle, the strong coupling coefficient is the only parameter
of the LBT model.

Following our earlier studies [ ], two forms of are implemented in this work. The
coupling coefficient at vertices connected to a high-energy jet parton is assumed
to run with both the parton energy and the medium tempera-

ture as 𝛼 s = 4 𝜋/ [9 ln(2 ET/ Λ 2 )] with Λ = 0 .

2 GeV
. For 210

vertices attached to thermal partons, a fixed is used. The value of this fixed
is treated as a model parameter to be constrained by the jet quenching data.
While the perturbative calculation has been shown successful in describing the
nu- clear modification of high- hadrons [ ], it is necessary to introduce non-
perturbative corrections to scatterings between low energy jet partons and the
QGP, especially for describ- ing the nuclear modification of low- heavy flavor
hadrons.

In the present work, we introduce a momentum-dependent factor, = 1 + , to
enhance the jet transport coefficient at low momentum. The amplitude

and width parameters are set as A p = 5 and 𝜎 p = 5 GeV 222

based on an earlier fit to the meson data at RHIC and the LHC [ ]. Although
the non-perturbative corrections for light partons, charm quarks, and bottom
quarks are expected to differ, we adopt the same factor for all of them as a min-
imal and simplifying assumption. More rigorous treatments of non-perturbative
effects, such as those developed for heavy quarks [ ], will be incorporated in our
future efforts.

Based on the rates of elastic and inelastic scatterings, we apply the Monte-
Carlo method to simulate the jet parton evo- lution through the QGP. The
local temperature and flow ve- locity profiles of the QGP medium is generated
by the (3+1)-

dimensional CLVisc hydrodynamic model [ 118 , 119 ].

At 234

each time step, jet partons are first boosted into the local rest frame of the
medium, in which their scatterings are simulated.

Afterwards, they are boosted back to the global frame and propagate to the
next time step. Details about numerical im- plementations can be found in Ref.
[ ]. In LBT, we track not only the jet partons fed from Pythia and their emitted
glu- ons, but also the thermal partons that are scattered out of the medium
background by jet partons, named “recoil partons”, and the energy holes left
inside the medium, named“neg- ative partons”or“back-reaction”. Recoil and
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negative par- tons constitute jet-induced medium excitation. Recoil partons
and medium-induced gluons are allowed to re-scatter with the medium in the
same way as the jet partons do. For conve-

nience, we call jet partons, medium-induced gluons, and re- 248

coil partons “positive partons”in our following discussions.

We assume the virtualities of jet partons maintain inside the QGP due to the bal-
ance between virtuality gain from scat- terings and virtuality loss from medium-
induced splittings.

Medium-induced gluons, recoil partons and negative partons are set on mass
shells once they are produced. After these partons travel outside QGP medium,
i.e., to locations with

temperature below T pc = 165 MeV, they are transferred back 256

to Pythia 8. Jet partons further evolve from

vacuum showers, after which they hadronize together with 258

other positive partons via string fragmentation into “positive hadrons”.

Negative partons are connected into strings by themselves and are converted
into “negative hadrons”, whose contributions need to be subtracted from all
jet observables calculated using positive hadrons.

In order to implement vacuum showers and string fragmen- tation on medium-
modified partons in Pythia 8, the color in- formation of these partons needs to
be properly tracked while they scatter with the medium.

We apply the large- color scheme [ ] as used in Pythia 8, where quarks (anti-
quarks) carry color (anti-color) charges, and gluons carry both. The color (anti-
color) charges are represented by numerical labels, and color-anti-color pairs
with matching labels are connected into strings. Since in LBT, an inelastic
scattering process is factorized into an elastic ( ) scattering followed by one

parton splitting processes. The numbers indicate color indices, and the arrows
pointing to the left represent anti-colors. parton scattering processes. or several
( ) parton splittings, we focus on the color flows in these two processes below.

Medium-induced gluon emissions correspond to splittings, as illustrated in Fig.
. We follow the color scheme of vacuum parton showers in Pythia 8 to track the
color flows in these splittings. In Fig. , each colored line

is accompanied by a numerical index, with the flow direction 280

indicating color (rightward) or anti-color (leftward). For the

q → qg process, the color of the initial quark (101 as an ex- 282
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ample) is inherited by the emitted gluon. Meanwhile, a new color (102) is
generated for the final-state quark, with its as- sociated anti-color assigned to
the emitted gluon. In this way,

Q M = 0 . 5 G e V s = 0 . 1 Q M = 1 G e V s = 0 . 2 Q M = 2 G e V s = 0 .
4 4 A T L A S 2 0 1 9 i n c l u s i v e j e t

Q M = 0 . 5 G e V s = 0 . 1 Q M = 1 G e V s = 0 . 2 Q M = 2 G e V s = 0 .
4 4 C M S 2 0 1 7 c h a r g e d h a d r o n 0 - 5 % C M S 2 0 1 7 c h a r g e d h
a d r o n 5 - 1 0 %

• Pb collisions at √ s NN = 5 .

02 TeV
, compared between using different medium scales. Experimental data are taken
from the CMS [ 121 , 122 ] and ATLAS [ 123 ] Collaborations.

the quark changes its color state through the emission of a gluon. For the
process, the color and anti-color of

the initial gluon are inherited by the two final-state gluons re- 288

spectively, and an additional color-anti-color line is generated to connect the
two final-state gluons.

There are no scatterings in Pythia vacuum showers, and thus we design the color
flow assignments for them as illustrated in Fig. . In each scattering digram, the
upper left and right legs represent the incoming and outgoing jet par- tons,
respectively. The lower left and right legs represent the

initial (negative parton) and final (recoil parton) states of a 296

medium constituent. The color flows are assigned such that

the color charges are conserved between the initial and final 298

states of each scattering, thereby allowing the jet partons pro- duced by Pythia
8 to remain connected by complete string configurations after evolving through
the QGP.

Note that the scattering matrices of these processes in Eq. ( ) are evaluated
using the full color-flow information. The large-

scheme is only applied when assigning numerical indices for 304

the colors of partons, which is required for the vacuum show-

ers and hadronization of these partons after they transition 306

from LBT back to Pythia. Because the contributions from negative partons
must be subtracted from the positive parton contributions to jet ob-

s N N = 5 . 0 2 T e V
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s = 0 . 3 4

s = 0 . 4 4 C M S 2 0 1 7 c h a r g e d h a d r o n 0 - 5 % C M S 2 0 1 7 c h a
r g e d h a d r o n 5 - 1 0 %

s = 0 . 3 4

s = 0 . 4 4 A L I C E 2 0 2 3 c h a r g e d j e t

servables, the two types need to be hadronized separately. 310

Therefore, we replace the negative partons (lower left legs)

in Fig. 2 [Figure 2: see original paper] by“fake”partons with negligible momenta
( p x = 312

p y = p z = 0 . 1 GeV) when conducting string fragmentation 313

of positive partons. Finite, instead of zero, momenta are set 314

for fake partons here for avoiding possible unphysical results

from the Pythia string breaking. Similarly, finite masses, with 316

default values in Pythia 8, are used for light flavor partons in

hadronization. When being taken apart, negative partons can- 318

not form color neutral strings by themselves, because they are produced inde-
pendently at different locations inside the QGP.

For this reason, we use the colorless hadronization scheme 321

developed in Refs. [ ] to construct strings between

negative partons based on minimizing their relative distances 323

in the momentum space. QUENCHING OF HADRONS AND JETS In this
section, we first study how the medium scale affects the nuclear modification
factors of hadrons and jets.

Jets are reconstructed using hadrons via a modified Fastjet package [ ] in which
the momenta of negative hadrons are subtracted from those of positive ones [
]. The nuclear mod- ification factor is defined as the ratio of the hadron (or
jet) spectrum in A A collisions to that in collisions: the average number of
nucleon-nucleon binary collisions in each A A collision.

s = 0 . 3 4

s = 0 . 4 4 C M S 2 0 2 1 B ±
s N N = 5 . 0 2 T e V

s = 0 . 3 4

s = 0 . 4 4 A T L A S 2 0 2 3 b j e t
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Shown in Fig. are the nuclear modification factors of in- clusive jets and charged
hadrons in central (0-10%) Pb

collisions at √ s NN = 5 .

02 TeV
, compared between using 338

different values of the medium scale . For each value of , we adjust the strong
coupling coefficient, the fixed parameter discussed in the previous section, to fit
the jet data in Fig. (a), and examine how the hadron varies in

Q M = 0 .

5 GeV
(red solid lines) cor- 343

responds to the settings in earlier versions of the LBT model,

where jet partons evolve down to the hadronization scale Q h 345

in Pythia before entering LBT. This setup significantly under- 346

estimates the hadron R AA data when 𝛼 s = 0 . 1 is tuned to 347

describe the jet data. As is raised to 1 GeV (green dashed lines) and 2 GeV
(blue dash-dotted lines), much bet- ter simultaneous descriptions of the jet and
hadron ’s are achieved. In the LBT model, the energy loss of a high-energy
parton depends weakly on its energy, leading to the following two effects when
is raised. First, weak energy depen- dence of parton energy loss implies the
energy loss of a full jet increases with the number of constituent partons inside
the

jet. A higher Q M interrupts the initial stage of vacuum par- 356

ton showers earlier, resulting in fewer jet constituent partons and thus reducing
the jet energy loss. This explains why a larger is required to re-fit the jet in
Fig. (a) when is raised. Second, a higher also causes less energy loss of leading
partons. Vacuum parton showers can be ef- fectively viewed as an“energy loss”
process for a leading parton, where the fractional energy loss –represented by
in the vacuum splitting function –depends weakly on the parton energy in the
high-energy limit. Consequently, this “energy loss”increases with the parton
energy. Shifting the in-medium parton transport to a higher then reduces the
mesons, (c) mesons, (d) charged jets, (e) -tagged jets, and (f) -tagged jets in Pb
Pb collisions at
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02 TeV
, compared to experimental data from the CMS [ ATLAS [ ] and ALICE [ ]
Collaborations.

parton energy before vacuum showers occur between , thereby decreasing the
effective “energy loss”in vacuum.

On the other hand, this shift has only a mild effect on the in- medium energy
loss of a leading parton, because the energy dependence of its in-medium energy
loss is weak. These ex- plain why the hadron in Fig. (b), which is driven by
the leading parton energy loss, increases with even though a larger is applied
at higher . Although both jet and hadron suppression are reduced at higher ,
the reduction is weaker for jets than for hadrons. One may understand this as
follows. Raising extends the interaction time between

jet partons and the QGP, and the extension is more significant 379

for lower energy partons than for higher energy partons, be- cause partons with
higher energies usually form earlier and both the parton formation time ( ) and
the QGP formation time ( ) should be reached before a parton starts interact-
ing with the QGP. Considering that the hadron suppression is dominated by the
energy loss of leading partons, while the jet suppression is affected by medium
modification of partons at different energies, increasing reduces suppression less
for jets than for hadrons. Finally, as we re-fit the jet data by increasing ,
the hadron becomes larger. In other words, raising reduces the hadron-to-jet
quenching ratio (or increases the hadron-to-jet ratio), improving the simultane-
ous description of the hadron and jet We further present the nuclear modification
factors of dif- ferent species of hadrons and jets in Fig. . The left column show
the ’s of (a) charged hadrons and (d) charged jets, the middle column for (b) )
mesons and (e) -tagged jets, and the right column for (c) mesons and (f) -tagged
jets. We count jets that contain hadrons as -tagged jets in our calculation. Here,
we use the medium

scale at Q M = 2 GeV and show the uncertainty bands for 400

between 0.34 and 0.44, illustrating the sensitivity of the hadron and jet ’s to
the strong coupling coefficient. In general, our improved LBT model provides a
consistent de- scription of the nuclear modification factors across hadrons

and jets with different flavors. The remaining deviations from 405

the experimental data, especially for mesons, mainly result from the rough
treatment of the non-perturbative effects at low momenta. Rigorously, non-
perturbative effects should be stronger for partons with heavier masses [ ], which
may not be approximated by the same factor across all fla- vors of partons. In
addition, while the string fragmentation effectively contains the coalescence be-
tween jet partons (in-

cluding emitted gluons and recoil partons) in hadronization, 413
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coalescence between jet partons and the QGP constituents has not been fully
incorporated, which should have a siz- able impact on the hadron spectra at low
to intermediate ]. For these reasons, we confine our study to understanding the
uncertainties introduced by different model parameters, rather than to precisely
extracting their values.

In the end, we investigate how the string fragmentation is affected by the color
flow configurations of jet partons. In ’s of hadrons and jets between including
and not including color flow (CF) information in the Pythia string fragmentation.
The former, shown by the solid lines, corresponds to our default setting, in which
the

• Pb collisions at √ s NN = 5 .

02 TeV
, compared between including and not including the color flow (CF) information
in the Pythia string fragmentation. The experimental data are taken from the
CMS [ 121 , 122 ] and ATLAS [ 123 ] Collabo- rations.

color configurations of positive partons are correlated with the medium-modified
parton shower history, as described in . For the latter, shown by the dashed
lines, we use

the colorless hadronization model [ 131 ] to convert positive 429

partons into hadrons, in which the colors of positive par- tons are re-assigned
based on their relative distances in mo-

mentum space upon hadronization. Negative partons are 432

hadronized using the colorless model in both cases. While 433

these two setups provide similar jet ’s, the hadron

obtained from the colorless hadronization model is apparently 435

larger than that from the color-tracking model. Compared to our color-tracking
model where a leading parton can be fre- quently connected to a medium re-
sponse particle at the ther-

mal energy scale, a leading parton in the colorless hadroniza- 439

tion model is connected to a nearby parton in the momen- tum space. It is
likely that the latter configuration produces hadrons with higher energies via
string breaking. Hence, for a fixed parton sample, color configurations affect
the momen- tum distribution of hadrons. Although the total jet energy remains
largely unaffected, we expect that the jet fragmenta- tion function should also
depend on this color configuration.

There are other color flow channels for scatterings be- sides those presented
in Fig. . We have verified that varying the assumed color configurations for -
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channel scatterings –for instance, by connecting the red lines between the top-left
and bottom-left partons and the green lines between the top- right and bottom-
right partons in the upper row of Fig. –has negligible impact on the ’s of hadrons
and jets. A more rigorous treatment, however, would necessitate implementing
all possible color flow channels weighted by their individual probabilities, a
refinement planned for future work.

SUMMARY
We improve the LBT model to enable a simultaneous de- scription of the nuclear
modification factors of hadrons and

jets. A medium virtuality scale ( ) is introduced, at which the Pythia vacuum
showers are interrupted by the LBT model for parton-QGP interactions. The
vacuum showers resume when jet partons exit the QGP, and evolve jet partons
to the

hadronization scale. We introduce color flows for both elas- 464

tic and inelastic scatterings, allowing jet partons, medium- induced gluons, and
medium response particles to be con- nected by strings that encode the infor-
mation of the medium- modified parton shower history. Final state partons are
con- verted into hadrons via the Pythia string fragmentation.

Within this improved framework, we find that raising reduces the quenching of
both hadrons and jets if is fixed.

However, this reduction is weaker for jets than for hadrons.

Raising extends the interaction time between jet partons and the QGP. Since
softer jet partons typically form later than harder ones, this extension enhances
the medium modifica- tion of softer partons more than that of harder ones.
Because the high- hadron spectrum is dominated by leading par- tons in jets,
while the full jet spectrum depends on both hard and soft components, a larger
leads to a larger ratio of jet to hadron quenching, or a smaller ratio between
jets and hadrons. By adjusting , a simultaneous description of hadron and jet
quenching can be achieved around

2 GeV
. Furthermore, in string fragmentation, hadrons

are found to be more sensitive to partonic color configura- 484

tions than jets are. While including and not including the W. Busza, K. Ra-
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