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Coupled linear Boltzmann transport and hydrodynamic (CoLBT-hydro) model has been developed for 
simultaneous simulations of jet propagation and jet-induced medium excitation in heavy-ion collisions. 
Within this coupled approach, the final reconstructed jets in heavy-ion collisions include not only hadrons 
from the hadronization of medium modified jet shower partons from the linear Boltzmann transport 
(LBT) but also hadrons from the freeze-out of the jet-induced medium excitation in the hydrodynamic 
evolution of the bulk medium. Using the CoLBT-hydro model, we study medium modification of the 
fragmentation functions of γ -triggered jets in high-energy heavy-ion collisions at the Large Hadron 
Collider. The CoLBT-hydro model is shown to describe the experimental data not only on the suppression 
of leading hadrons within the jet cone at large momentum fraction zγ = phT /pγ

T relative to the transverse 
momentum of the trigger photon due to parton energy loss but also the enhancement of soft hadrons 
at small zγ and zjet = phT /pjet

T due to jet-induced medium excitation. There is no suppression of the 
fragmentation function, however, at large momentum fraction zjet relative to the transverse momentum 
of the reconstructed jet due to trigger bias and medium modification of quark to gluon jet fraction. For 
jets whose final transverse momenta are comparable to or larger than that of the trigger photon, the 
trigger bias can lead to enhancement of the jet fragmentation function at large zjet.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Experimental data at the Relativistic Heavy-Ion Collider (RHIC) 
have provided solid evidences for the formation of the strongly 
coupled quark-gluon plasma (QGP) in high-energy heavy-ion col-
lisions [1–3]. Exploration and extraction of transport properties of 
QGP at different energy scales through hard and soft probes have 
become the current focus of theoretical and experimental studies 
of heavy-ion collisions at both RHIC and the Large Hadron Collider 
(LHC). One of the hard probes that one can use to study QGP prop-
erties is jet tomography [4,5]. Such jet tomography is based on the 
early idea that parton energy loss due to interaction with the QGP 
medium can lead to suppression of high-energy jets and hadrons 
in heavy-ion collisions relative to elementary proton-proton col-
lisions at the same colliding energy. This phenomenon is often 
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referred to as “jet quenching” [6,7]. Theoretical calculations [8–18]
show that parton energy loss is directly related to the jet transport 
coefficient of the dense medium and one can extract the jet trans-
port coefficient through phenomenological study of experimental 
data on jet quenching [19].

Jet medium interaction is also shown to lead to medium mod-
ification of full jet production rate and jet substructures in high-
energy heavy-ion collisions [20–32]. Full jets are reconstructed 
from collimated clusters of hadrons within a given jet-cone in 
experimental measurements. In heavy-ion collisions, however, fi-
nal jets are not only modified by energy loss of leading partons 
through both elastic and inelastic collisions but are also influenced 
by the redistribution of the lost energy in the form of radiated 
gluons which must go through additional rescattering [33–36] and 
jet-induced medium response [37–39]. In the transport descrip-
tion of jet propagation in the QGP medium, jet-induced medium 
response is the result of the transport of recoil medium partons 
from jet-medium interaction. Part of the final hadrons from this 
jet-induced medium response will fall into the jet-cone and be 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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considered as part of the jet. These hadrons from recoil partons 
in jet-induced medium response will then contribute to the total 
energy within the jet-cone and affect the medium modification of 
the full jet production rate. Effects of jet-induced medium response 
have been clearly illustrated in the calculation of medium modifi-
cation of the single inclusive jet production rate [40] and γ /Z0-jet 
correlations [41,42] within the Linear Boltzmann Transport (LBT) 
model [33,43–46]. They should also affect the distribution of par-
ticles within the jet-cone and lead to some unique modification of 
the jet substructures such as the jet fragmentation functions [38]
and transverse jet profile [37].

Within the LBT model, both jet shower and recoil partons are 
assumed to interact with the QGP medium according to pertur-
bative QCD. This assumption becomes problematic for low energy 
shower and recoil partons whose interaction with the medium 
could become non-perturbative. If the number density of recoil 
partons becomes comparable to the bulk medium parton density, 
interaction among recoil partons can become important which is 
neglected in LBT. In the extreme limit of the strong interaction be-
tween recoil and medium partons, one can assume that all recoil 
and radiated partons become thermalized in the medium. Their 
further transport in the medium can be described by hydrody-
namics [37,47–52] with a source term provided by the energy and 
momentum that is deposited by the propagating jet. The recently 
developed coupled LBT and hydrodynamic (CoLBT-hydro) model 
[38] takes a middle approach in which only soft radiated and re-
coil partons below an energy scale are included in the source term 
for a viscous hydrodynamics while transport of energetic partons 
from induced radiation and recoil is described by LBT. Furthermore, 
both the bulk medium and the source term are updated simulta-
neously in LBT and CLVisc hydrodynamics in real time, therefore 
giving the name CoLBT-hydro. It has been applied to describe the 
experimental data on γ -hadron correlations in heavy-ion collisions 
[38].

In this paper, we will employ the CoLBT-hydro model to study 
medium modification of fragmentation functions of γ -triggered 
jets in high-energy heavy-ion collisions at LHC. We will specifi-
cally look at the influence of jet-induced medium response on the 
jet fragmentation functions. We will start with a brief introduc-
tion of the CoLBT-hydro model and discuss about the constraints 
on the initial conditions for the CLVisc hydrodynamics by the bulk 
hadron spectra. We will then report the CoLBT-hydro results on jet 
fragmentation functions in p+p and its medium modification I AA

in central and peripheral Pb+Pb collisions at 
√
sNN = 5.02 TeV as 

compared to data from CMS and ATLAS experiments at LHC.

2. CoLBT-hydro model

In the CoLBT-hydro model [38], jet propagation within LBT is 
coupled to the dynamic evolution of the bulk medium according to 
a (3+1)D relativistic hydrodynamic model in real time. In this cou-
pled approach, the energy and momentum lost by jet shower and 
recoil partons in each time step is transferred to the bulk medium 
through a source term in the hydrodynamic equations which in 
turn update the local temperature and fluid velocity of the bulk 
medium for the transport of jet shower and recoil partons in the 
next time step. It essentially combines the pQCD approach for the 
propagation of energetic jet shower and recoil partons with the hy-
drodynamic evolution of the strongly coupled QGP medium with 
real time coupling between the two.

The LBT model [33,43–46] is developed for jet propagation and 
transport in QGP with an emphasis on the transport of both jet 
shower and medium recoil partons on an equal footing. The ba-
sic building block of the LBT model is the interaction probability 
within a given time step of the parton propagation,
2

Pa
tot = Pa

el(1 − Pa
inel) + Pa

inel, (1)

which can be separated into the probability for pure elastic scat-
tering (first term) and that for inelastic scattering with at least one 
gluon radiation (the second term), where

Pa
el = 1− exp[−�τ�el

a (x)], (2)

and

Pa
inel = 1− exp[−�τ�inel

a (x)] (3)

are the probabilities for at least one elastic scattering and an in-
elastic process in a time step �τ during the propagation of parton 
a at the location x, respectively. Given the local medium infor-
mation such as the temperature T , parton density ρa and fluid 
velocity u, the elastic scattering rate �el

a for parton a is

�el
a = p · u

p0

∑
bcd

ρb(x)σab→cd, (4)

where the summation is over all possible parton flavors and chan-
nels of scattering with the cross section σab→cd . The gluon radia-
tion rate �inel

a is given by

�inel
a = 1

1+ δag

∫
dzdk2⊥

dNa
g

dzdk2⊥dτ
, (5)

where δag is the Kronecker delta function to account for the degen-
eracy of the final state for g → gg splitting. The differential gluon 
radiative spectra is assumed to follow that from the high-twist ap-
proach [16,17,53,54]

dNa
g

dzdk2⊥dτ
= 6αs Pa(z)k4⊥

π(k2⊥ + z2m2)4
· p · u

p0
q̂a(x) sin

2
(

τ − τi

2τ f

)
, (6)

where Pa(z) is the splitting function for the propagating par-
ton a to emit a gluon with the energy fraction z and trans-
verse momentum k⊥ , m is the mass of the propagating parton, 
τ f = 2p0z(1 − z)/(k2⊥ + z2m2) is the gluon formation time, τi is 
the time of the last gluon emission, and the jet transport parame-
ter,

q̂a(x) =
∑
bcd

ρb(x)

∫
dt̂q2⊥

dσab→cd

dt̂
, (7)

is defined as the transverse momentum transfer squared per unit 
length in the local comoving frame. Note that the parton den-
sity ρb(x) here includes the degeneracy factor. We refer readers 
to Refs. [33,43–46] for more details about the LBT model.

In order to simulate parton transport concurrently with a rel-
ativistic hydrodynamic model which is normally formulated in 
the Milne coordinates (τ , x, y, ηs), LBT is also reformulated in 
the same Milne coordinates in the CoLBT-hydro model, where 
τ = √

t2 − z2 and ηs = (1/2) ln[(t + z)/(t − z)] are the proper time 
and the space-time rapidity in terms of the Cartesian coordinates 
(t, x, y, z). The CoLBT-hydro model employs the CCNU-LBNL vis-
cous (CLVisc) (3+1)D hydrodynamic model [55,56] to solve the hy-
drodynamic equations,

∂μTμν = Jν, (8)

for the bulk medium evolution concurrently with LBT with a 
source term Jν updated in real time and a parametrized equation 
of state (EoS) s95p-v1 [57]. An energy cut-off p0

cut of parton energy 
in the comoving frame of the fluid cell is introduced to separate 
soft and hard partons in CoLBT-hydro. For hard partons with the 
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energy p · u > p0
cut, their transport through the medium is simu-

lated according to LBT. Soft partons with the energy p ·u < p0
cut are, 

however, assumed to become thermalized with the medium and 
their energy and momentum will be deposited into the medium 
as the source term in the hydrodynamic equations. In LBT, initial 
medium partons that participate in the jet-medium interaction are 
subtracted from the final state as “negative” partons according to 
the back-reaction in the Boltzmann transport equations. The en-
ergy and momentum of these “negative” partons (p ·u < 0) are also 
included in the source term in order to ensure energy-momentum 
conservation in CoLBT-hydro. With the above division between 
hard parton transport and soft parton evolution, the source term 
in CoLBT-hydro can be expressed as,

Jν =
∑
i

θ(p0
cut − pi · u)pν

τ (2π)3/2σ 2
r σηs�τ

e
− (�x⊥−�x⊥i )

2

2σ2
r

− (ηs−ηsi )
2

2σ2
ηs , (9)

with a Gaussian smearing in the Milne coordinates, where the 
summation is over all jet shower, medium recoil and “negative” 
partons. The Gaussian half widths σr = 0.2 fm and σηs = 0.2 are 
assumed here. These smearing parameters are the same as in the 
Gaussian smearing of the initial conditions in CLVisc. They are 
chosen as comparable to the grid sizes in the numerical implemen-
tation of the hydrodynamics [55,56]. This way one retains as much 
fluctuations in the initial condition and energy-momentum deposi-
tion by jets as can be accommodated by the hydrodynamic model. 
The energy cut-off p0

cut is an additional parameter in CoLBT-hydro 
that separates strongly-coupled (via hydro) and weak (via pQCD) 
jet-medium interaction. The final results on hadron spectra from 
jet-induced medium response, which includes both hydro response 
in CLVisc and recoil partons in LBT, are not sensitive to the value 
of p0

cut within the range of 1 < p0
cut < 4 GeV/c [38], since the vari-

ation in one contribution will be compensated by the other as one 
changes the value of p0

cut. In principle, p0
cut can be set to depend on 

the local temperature p0
cut ∼ 3T which should fall into the range 

of 1 < p0
cut < 4 GeV/c during the evolution of the QGP in high-

energy heavy-ion collisions at RHIC and LHC. In this study we will 
use a constant value of 2 GeV/c. We also assume instantaneous 
local thermalization of the deposited energy and momentum and 
neglect the causality violations whose effects should be negligible 
[58].

For each time step in the LBT transport model, the source term 
will be calculated according to Eq. (9) with which bulk medium 
evolution at the next time τ + �τ will be evaluated according to 
the hydrodynamic equations in Eq. (8). Hard partons will prop-
agate according to the LBT model in the updated bulk medium 
along their classical trajectories in the time step τ + �τ . This cou-
pled LBT parton transport and hydrodynamic evolution of the bulk 
medium are iterated until the end of hydrodynamic evolution.

The initial energy-momentum density distributions for event-
by-event CoLBT-hydro simulations are obtained from particles in A 
Multi-Phase Transport (AMPT) model simulations [59]. Both trans-
verse and longitudinal fluctuations are taken into account event-
by-event. The normalization factor of the initial energy-momentum 
density, the initial time τ0 = 0.2 fm/c and freeze-out temperature 
T f = 137 MeV are adjusted to reproduce the experimental data on 
the final charged hadron rapidity distribution in Pb+Pb collisions 
at 

√
sNN = 2.76 and 5.02 TeV [60,61], as shown in Fig. 1.

We employ the parton recombination model [62] developed 
within the JET Collaboration for the hadronization of hard partons 
from the LBT transport. Hadron spectra from jet-induced medium 
excitation are calculated as the difference between the bulk hadron 
spectra from CLVisc via Cooper-Frye [63] freeze-out of the bulk 
medium with and without the source term induced by jets. The fi-
nal hadron spectra from CoLBT-hydro include contributions from 
3

Fig. 1. Charged hadron pseudo-rapidity distributions for Pb+Pb collisions at √sNN =
2.76 TeV and 5.02 TeV from event-by-event CLVisc hydrodynamic simulations com-
pared to experimental data [60,61]. The centrality classes of heavy-ion collisions 
are defined according to the initial parton multiplicity distribution from AMPT 
model [59] in our simulations.

both hadronization of hard jet shower partons in LBT and soft 
hadrons from jet-induced medium excitation.

3. γ -jet fragmentation function in p+p collisions

Since photons do not participate in the strong interaction with 
the QGP medium, they can provide the best calibration of the 
transverse energy and direction of the initial hard partons in γ -
jet processes. One can then best study the medium modification 
of γ -jet fragmentation function and parton energy loss in QGP in 
heavy-ion collisions. In our first work with the CoLBT-hydro model 
[38], we carried out a study of the medium modification of γ -
hadron correlations in heavy-ion collisions at RHIC. CoLBT-hydro 
describes well the suppression of leading hadrons in γ -hadron 
correlation due to parton energy loss and predicts an enhance-
ment of soft hadrons due to jet-induced medium excitation. We 
will calculate in the following the medium modification of γ -jet 
fragmentation functions in heavy-ion collisions at LHC.

In this study, we use Pythia8 [64] to generate initial jet shower 
partons for γ -jet events in p+p collisions. Trigger photons in γ -jet 
events are selected according to the same kinematic cuts as in the 
experiments [65] to which we will compare. The transverse mo-
mentum and pseudo-rapidity of the trigger photon are restricted 
to the range pγ

T > 60 GeV/c and |ηγ | < 1.44. In p+p collisions, 
shower partons in Pythia8 are used for the jet reconstruction using 
FASTJET [66] with the anti-kT algorithm and jet zone size R = 0.3. 
Final-state particles within the jet-cone are used to calculate the 
jet fragmentation functions.

In order to provide a hadronization mechanism in heavy-ion 
collisions for both jet shower and thermal recoil partons, a par-
ton recombination model developed by the Texas A&M University 
group within the JET Collaboration is used. In our simulations for 
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Fig. 2. γ -jet fragmentation function as a function of ξγ
T (right panel) and ξ jet (left panel) in p+p collisions at √s = 5.02 TeV for different jet-cone sizes as compared to CMS 

data. The dashed lines are from calculations with the recombination model for the hadronization processes and the solid lines are from Pythia8 hadronization processes 
which include string fragmentation and secondary decays.
p+p collisions, the final partons generated from Pythia8 are used as 
input to the recombination model for hadronization processes, and 
jet reconstruction is carried out at the parton level in this case. Re-
constructed jets with |ηjet| < 1.6 and pjet

T > 30 GeV/c are selected 
for the analysis. The azimuthal angles between trigger photons and 
reconstructed jets are restricted to �φ jγ = |φjet − φγ | > 7π/8 as 
in the experimental analysis. Since the decay processes of neutral 
particles, such as π0 and K 0

s , are not taken into account in the 
recombination model, and final hadrons obtained from the recom-
bination model do not distinguish between charged and neutral 
particles, we empirically assume that charged particles account for 
2/3 of the total number of final hadrons.

Shown in Fig. 2 as dashed lines are the γ -jet fragmentation 
functions (right panel) as a function of

ξ
γ
T = ln(−pγ

T
2
/�p h

T · �p γ
T ), (10)

and (left panel)

ξ jet = ln(pjet2/�p h · �p jet) (11)

in p+p collisions at 
√
s = 5.02 TeV for different jet cone sizes 

(R = √
�η2 + �φ2 = 0.2, 0.3, 0.4) as compared to the CMS data 

for R = 0.3 [65], where �p γ
T and �p h

T are the transverse momenta of 
the direct photon and charged hadrons, while �p jet and �p h are the 
3-momentum of the reconstructed jets and charged hadrons, re-
spectively. The γ -jet fragmentation functions obtained with the re-
combination model are overall all consistent with the experimental 
data at large ξ > 3. They, however, underestimate the experimental 
data in the intermediate ξ range (1 < ξ < 3).

As an alternative to the parton recombination model for 
hadronization, we use the hadronic information generated by 
Pythia8, in which hadronization processes include string fragmen-
tation and secondary and neutral hadron decays, to calculate the 
fragmentation function of γ -jet in p+p collisions under the same 
conditions for jet reconstruction. The results as shown in Fig. 2 as 
solid lines are in very good agreement with the experimental data 
from CMS.

The recombination model contains both the string fragmen-
tation and parton recombination for parton hadronization. String 
fragmentation is the dominant mechanism of hadron production 
in the small ξ region for leading shower partons while the recom-
bination contributes mostly to soft hadrons at large ξ . As shown 
in Fig. 2, the γ -hadron correlations from the recombination model 
4

are clearly smaller than both the data and the Pythia8 results in 
the small ξ region. This might be caused by the lack of a proper 
production mechanism for resonances and their decays in the 
string fragmentation as implemented in the recombination model. 
We assume the fragmentation of leading shower partons after los-
ing energy occurs outside the QGP medium in CoLBT-hydro. As we 
will show in the next section, the same deficiency in γ -hadron 
correlation from the recombination model in the small ξ region in 
p+p collisions will also show up in A+A collisions. Contributions 
from hadronization of medium recoil partons and hydro response 
become only dominant at large ξ > 3 where the recombination 
model and Pythia8 hadronization both agree with the experimental 
data in p+p collisions. To correct for such deficiencies in the frag-
mentation of leading shower partons in the recombination model, 
one can apply a correction factor

CPyth/Reco = dNPythia8
pp /dξ

dNReco
pp /dξ

, (12)

to the final γ -hadron correlation in both p+p and A+A collisions,

dNModReco
AA

dξ
= CPyth/Reco

dNReco
AA

dξ
. (13)

We will refer to these results as the (Pythia) modified recom-
bination (ModReco) model calculation. Under this approximation, 
the suppression factor which is defined as the ratio between the 
γ -triggered hadron spectra in A+A and p+p collisions should be in-
dependent of the correction factor CPyth/Reco if the ModReco model 
is used for hadronization in CoLBT-hydro for both p+p and A+A col-
lisions.

4. γ -jet fragmentation function in Pb+Pb collisions

In simulations of γ -jet in CoLBT-hydro model for Pb-Pb col-
lisions at 

√
sNN = 5.02 TeV, we set the effective strong coupling 

constant at αs = 0.16, which is the only parameter that controls 
parton energy loss in LBT. The initial positions of the γ -jet are 
sampled according to the spatial distribution of binary hard pro-
cesses from the same AMPT event that provides the initial condi-
tion for the hydrodynamic evolution of the bulk medium. These jet 
partons will propagate through the QGP medium and their lost en-
ergy will be transported in the QGP medium in the CoLBT-hydro 
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model after their formation time τ f = 2p0/p2
T or the QGP forma-

tion time τ0 whichever later.
In the jet reconstruction and calculation of jet fragmentation 

functions, we will include both hadrons from the hadronization 
of hard jet shower and medium recoil partons in LBT and soft 
hadrons from the jet-induced medium excitation (j.i.m.e.) from 
CLVisc hydrodynamics. The specific steps to calculate the jet frag-
mentation functions in Pb+Pb collisions are as follows:

• In each CoLBT-hydro simulation of a γ -jet event in Pb+Pb col-
lisions, we use the final hard partons from LBT to reconstruct 
jets using FASTJET [66] with anti-kT algorithm. Their trans-
verse momenta are denoted as pLBT

T .
• For each reconstructed jet, we calculate the contribution to the 

jet’s transverse momentum from the jet-induced medium ex-
citation by integrating the final hadron spectra of jet-induced 
medium excitation in CLVisc within the jet-cone. We neglect 
the uneven distribution of the jet-induced medium excitation 
in CLVisc within the jet-cone so that inclusion of j.i.m.e. in 
jet reconstruction will not change the jet direction (yjet, φjet)

which is determined by hard partons from LBT. The final jet 
transverse momentum is then pjet

T = pLBT
T + pj.i.m.e.

T .
• With the information of final charged particles from LBT and 

the hadron spectra from jet-induced medium excitation within 
the jet zone,

dN

dξγ
T

= ∫ dN
dydpT dφ

δ(ξ
γ
T − ln

−|�p γ
T |2

�p h
T ·�p γ

T
)dpT dydφ

×θ(R − √
(y − yjet)2 + (φ − φjet)2), (14)

one can calculate the hadron distribution or jet fragmentation 
function as a function of ξγ

T within the jet cone. One can sim-
ilarly calculate the jet fragmentation function as a function of 
ξ jet.

Shown in Fig. 3 are CoLBT-hydro results for the γ -jet fragmen-
tation function as a function of ξ jet in different centralities (0-10%, 
10-30% and 30-50%) of Pb+Pb collisions at 

√
sNN = 5.02 TeV and 

the corresponding ratios of the fragmentation functions in Pb+Pb 
to that in p+p collisions. Charged hadrons are required to have 
a minimum transverse momentum phT > 1 GeV/c. The calculated 
γ -jet fragmentation function is normalized by the total number 
of photon-jet pairs N jet

γ satisfying the kinematic cuts imposed by 
the experiment. CoLBT-hydro with (Pythia) modified recombina-
tion (ModReco) (solid histograms) can describe well the overall 
features of the medium modification of the γ -jet fragmentation 
function as observed in the CMS data [65]. The original recombina-
tion (OrgnReco) model (dotted histograms) under-predicts hadron 
yields in small and intermediate 0.5 < ξ jet < 2.5 similarly as in 
the p+p collisions in Fig. 2. This region of small ξ jet is dominated 
by fragmentation of leading shower partons (after losing energy). 
As we have discussed in the last section, the under-prediction of 
the fragmentation function in the small ξ jet region is the same for 
both p+p and A+A collisions. Such deficiency in the hadron yield in 
small ξ jet from the original recombination (OrgnReco) model will 
be cancelled out in the ratio of the fragmentation functions be-
tween Pb+Pb and p+p collisions when OrgnReco is used in both 
systems. We see slight suppression or no modification of leading 
hadrons at small ξ jet . There is, however, a significant enhancement 
of soft hadrons at large ξ jet > 2.5 mainly due to the contribution 
from jet-induced medium excitation as compared to the CoLBT-
hydro results without the jet-induced medium excitation (dashed 
histograms). This enhancement increases from peripheral to central 
collisions according to CoLBT-hydro results. This centrality depen-
dence is, however, not statistically clear in the CMS data within the 
5

Fig. 3. γ -jet fragmentation function as a function of ξ jet in Pb+Pb collisions at √
sNN = 5.02 TeV for different centrality classes (upper panel) and the correspond-

ing ratio of the Pb+Pb to p+p results (lower panel) as compared to CMS data [65]. 
The solid (dotted) histograms are CoLBT-hydro results with jet-induced medium ex-
citations and ModReco (the original [OrgnReco]) parton recombination model for 
hadronization. The dashed histograms are results with ModReco but without jet-
induced medium excitations.

experimental errors. The modification of the fragmentation func-
tion at small ξ jet is very small or close to nonexistence. This is 
because of the trigger bias in the calculation of the momentum 
fraction zjet (ξ jet = ln(1/zjet)) for fixed jet transverse momentum 
pjet
T . The transport of soft partons to the outer side of the jet cone 

will lead to the dominance of the leading hadrons in the jet find-
ing algorithm, even though the leading parton and jet both lose 
energy during the jet propagation through the medium.

The energy loss of the leading jet partons will be better il-
lustrated in the medium modification of the γ -jet fragmentation 
function as a function of ξγ

T = ln(1/zγ ) in which the momentum 
fractions of the final hadrons are defined relative to the transverse 
momentum of the direct photon pγ

T regardless of the final trans-
verse momentum pjet

T of the reconstructed jet. In this case, energy 
loss of the leading jet partons will lead to a strong suppression of 
the jet fragmentation functions at small ξγ

T or large zγ as shown 
in Fig. 4 where CoLBT-hydro results with ModReco for the γ -jet 
fragmentation functions as a function of ξ

γ
T in Pb+Pb collisions 

at 
√
sNN = 5.02 TeV and their ratios to that in p+p collisions are 

compared with CMS experimental data [65]. Again, the original re-
combination (OrgnReco) model (dotted histograms) under-predicts 
hadron yields in small and intermediate 0.5 < ξ

γ
T < 2.5 similarly 

as in the p+p collisions in Fig. 2. We can see that both CoLBT-
hydro results and CMS data show strong suppression of the jet 
fragmentation function at small ξγ

T . Similarly, we also see a strong 
enhancement of low pT hadrons at large ξ

γ
T while the CoLBT-

hydro results without jet-induced medium excitation (dashed his-
tograms) show little enhancement. The magnitudes of suppression 
at small ξγ

T due to parton energy loss and the enhancement at 
large ξγ due to contributions from jet-induced medium excitation 
T



W. Chen, S. Cao, T. Luo et al. Physics Letters B 810 (2020) 135783
Fig. 4. γ -jet fragmentation function as a function of ξ
γ
T in Pb+Pb collisions at √

sNN = 5.02 TeV for different centrality classes (upper panel) and the correspond-
ing ratio of the Pb+Pb to p+p results (lower panel) as compared to CMS data [65]. 
The solid (dotted) histograms are CoLBT-hydro results with jet-induced medium ex-
citations and ModReco (the original [OrgnReco]) parton recombination model for 
hadronization. The dashed histograms are results with ModReco but without jet-
induced medium excitations.

both increase from peripheral to central collisions due to the in-
crease of average medium parton density and propagation length.

We also observe that the values of ξ jet and ξγ
T at the onset 

of the soft hadron enhancement depend slightly on the collision 
centrality and the corresponding phT is in the range 2 < phT < 3
GeV/c, which is consistent with the conclusion we obtained from 
the study of γ -hadron correlation in Au+Au collisions at the RHIC 
energy. The hydrodynamic response from CLVisc and hadrons from 
the hadronization of the hard recoil partons both contribute to the 
soft hadron enhancement at large ξ jet and ξγ

T which are domi-
nated by hadrons with phT < 2 GeV/c [38]. The value of phT at the 
onset of the soft hadron enhancement should reflect this average 
thermal energy of hadrons from the jet-induced medium excita-
tion and therefore should be independent of the initial jet energy. 
This is why ξγ

T of the onset is larger than ξ jet in Fig. 3 because the 
pγ
T > 60 GeV/c of the trigger photon is larger than that of the fi-

nal jet pjet
T > 30 GeV/c on the average according to the kinematic 

selection of the events in both CoLBT-hydro simulations and CMS 
experiment. One should be able to verify this further by varying 
the transverse momentum of the trigger photon or the final recon-
structed jets in future experimental measurements.

The enhancement of the fragmentation function at large ξ
γ
T

is seen to be more pronounced than that at large ξ jet as shown 
in Fig. 3. This can be understood as another trigger bias effect. 
By selecting events with given pjet

T as in the calculation of the 
fragmentation function in ξ jet, the selected jets are biased to-
ward those that are initially produced close to the surface of the 
QGP medium. The net energy loss of the jet and corresponding 
jet-induced medium excitation are therefore smaller than that in 
events without restriction on the final jet energy as in the calcula-
tion of the fragmentation function in ξγ .
T

6

Fig. 5. Fragmentation function (FF) in γ -tagged jets in p+p and Pb+Pb (with Mod-
Reco parton recombination) events in different centralities (0-30% and 30-80%) as 
a function of charged-particle longitudinal momentum fraction z (upper panel) and 
the corresponding ratio of the Pb+Pb to p+p results (lower panel) as compared to 
ATLAS data [67].

To examine the kinematic dependence of the medium modifi-
cation of jet fragmentation functions, we also carried out CoLBT-
hydro simulations of γ -jet events in two different centrality (0-
30% and 30-80%) bins of Pb+Pb collisions at 

√
sNN = 5.02 TeV 

according to the ATLAS experimental analysis [67]. In these sim-
ulations, jet-cone size is set to R = 0.4 in the jet reconstruction 
using anti-kT algorithm. The transverse momentum of the trigger 
photon is 80 < pγ

T < 126 GeV/c while the final reconstructed jets 
are restricted to 63 < pjet

T < 144 GeV/c in pseudo-rapidity range 
|ηjet| < 2.1 and the azimuthal angle |φjet − φγ | > 7π/8.

Shown in Fig. 5 are CoLBT-hydro results for γ -jet charged frag-
mentation functions as a function of the momentum fraction zjet
with the above kinematic constraints in p+p and Pb+Pb collisions 
(in two centrality bins 0-30% and 30-80%) at 

√
sNN = 5.02 TeV 

and their ratios as compared to ATLAS experimental data [67]. 
The medium modification of the γ -jet fragmentation functions in 
zjet with the ATLAS kinematic cuts are distinctly different from 
that with the CMS experimental cuts in Fig. 3. While the aver-
age final jet energy in CMS analysis is smaller than the trigger 
photon, it is closer to or sometimes larger than that of the trigger 
photon in the ATLAS analysis. As a result, the fragmentation func-
tions in the ATLAS kinematic range fall off more rapidly at large 
zjet. Consequently, the trigger bias effect for the leading hadrons 
in the fragmentation function in zjet is stronger and leads even 
to an enhancement at large zjet due to medium modification in 
the central Pb+Pb collisions. With larger pγ

T for the trigger pho-
tons and pjet

T for the final jets in the ATLAS analysis, the fraction 
of quark jets in the γ -jet events is larger than that in the CMS 
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kinematic range. The medium modification of the relative ratio be-
tween quark and gluon jet yield at high transverse momentum due 
to flavor dependence of jet energy loss [40] is another reason for 
the enhancement of the jet fragmentation function at large zjet in 
Pb+Pb relative to p+p collisions. This might also be the reason for 
a modest suppression of the fragmentation function in the inter-
mediate zjet region.

The degree of the suppression and enhancement in the (30-
80%) peripheral Pb+Pb collisions is smaller than that in the central 
Pb+Pb collisions according to CoLBT-hydro simulations due to the 
shorter effective path length and in-medium effective temperature 
experienced by hard partons. We do not observe statistically im-
portant modification at intermediate and large zjet in the (30-80%) 
peripheral Pb+Pb collisions. This is in contrast to the ATLAS data 
which show similar or more significant medium modification at 
intermediate and large zjet than that in the central Pb+Pb colli-
sions. Understanding this aspect of ATLAS data on the centrality 
dependence need further investigation.

5. Summary

The CoLBT-hydro model has been developed to simultaneously 
describe the transport of hard partons and the space-time evolu-
tion of the QGP medium, including jet-induced medium excitation, 
by solving the hydrodynamic equations coupled with the LBT jet 
transport model with a source term to account for the parton en-
ergy lost to the medium. We carry out CoLBT-hydro simulations 
of γ -jet production in Pb+Pb collisions at the LHC energy in which 
the final reconstructed jets contain both hard jet shower and recoil 
medium partons and particles from jet-induced medium excitation. 
The CoLBT-hydro model is shown to provide a good prediction 
of medium modifications of the γ -jet fragmentation functions in 
Pb+Pb collisions at 5.02 TeV with different centralities as a func-
tion of two different variables ξ jet and ξγ

T .
We show that soft hadrons from jet-induced medium response 

lead to enhancement of fragmentation functions at both large ξ jet

and ξγ
T . The onset of the enhancement occurs at a constant trans-

verse momentum phT ∼ 2 − 3 GeV/c reflecting the thermal nature 
of the jet-induced medium excitation. The corresponding values of 
ξ jet and ξγ

T will increase with the increase of the transverse mo-

mentum of jet pjet
T or trigger photon pγ

T . Parton energy loss of the 
leading jet shower partons in medium leads to the suppression of 
the jet fragmentation at small ξγ

T (large zγ ). The jet fragmentation 
functions at small ξ jet

T (large zjet), however, show little medium 
modification and even enhancement when pjet

T is comparable or 
larger than pγ

T due to trigger bias and medium modification of the 
quark to gluon jet fraction, which also leads to a modest suppres-
sion of the fragmentation function at intermediate zjet . We have 
also shown the centrality dependence of the medium modifica-
tion of the fragmentation function which decreases from central 
to peripheral collisions. However, the ATLAS data on the centrality 
dependence at intermediate and large zjet need further investiga-
tion.

As we have shown in our earlier study of γ -hadron correla-
tion at the RHIC energy, the CoLBT-hydro results on hadron spectra 
from jet-induced medium excitation have a weak dependence on 
the shear viscosity of the QGP medium. This is also true for the jet 
fragmentation functions at larger ξ jet and ξγ

T where jet-induced 
medium excitation dominates. We will study this dependence on 
the shear viscosity in detail in the future, in particular the medium 
modification of the jet transverse profile which should be more 
sensitive to the transport properties of the bulk medium.
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