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With our coupled jet-fluid model, we study the evolution of the full jet shower in quark-gluon

plasma (QGP) and calculate the observables related to the nuclear modification of jet energy and

jet structure in Pb+Pb collisions at 2.76 ATeV and 5.02 ATeV. The full jet shower evolution in

QGP medium is described by a set of coupled Boltzmann transport equations which includes the

effects of collisional energy loss, transverse momentum broadening and medium-induced splitting

process. The jet observed in heavy-ion collisions also includes the particles from the QGP

medium excitated by the energy and momentum transported from jet shower to QGP medium.

To take account of this effect, the dynamical evolution of QGP medium need to be simulated

by solving relativistic hydrodynamic equation with source terms which is provided by the jet

evolution equations. Our results can describe the experimental data of jet nuclear modification

factor RAA with different cone size and catch the features of jet shape modification for inclusive

jets and γ−jets. Our study demonstrates that the effect of medium response is essential for the

cone size dependence of jet energy loss and jet RAA, and becomes important for the modification

of jet shape function at large radius. For the different modification pattern of the jet shape function

in single inclusive jet events and γ-jet events observed by the CMS Collaboration, our results show

that the difference comes from the dependence on jet energy instead of the flavor of the parton

that initiates the jet. Our theory can be tested in the future by measuring the modification of jet

shape function over a wider range of jet energy in heavy-ion collisions.
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1. Introduction

Jet quenching is the main hard probe to study the properties of the quark gluon plasma (QGP)

created in ultra-relativistic heavy-ion collisions. In earlier studies people mainly focus on the

quenching of leading particles in jets, but since ten years ago full jets can be reconstructed from

the large fluctuating background, the study on the quenching of full jets has became the center of

this area. The reason is that full jets can provide us more observables and tell us more information

about the jet medium interactions than leading particles. The observables from leading particles

like the suppression of hadrons spectra can only reflect the energy loss of the leading partons in

jets. While the observables of full jets can not only reflect the energy loss of the full jets, like the

suppression of jet spectra, and also reflect the energy redistribution in jets, like the modification of

jet fragmentation function and jet shape function.

When a partonic jet shower passes through the QGP medium all partons in the shower suffer

elastic and inelastic scatterings with the medium partons. Our coupled jet-fluid model [1–3] takes

into account the effects of collisional energy loss and transverse momentum broadening caused by

elastic scatterings and the process of medium induced radiation due to inelastic scatterings. And

in the process of jet propagation, the energy transported from jets to medium evolves with the

medium hydrodynamically, may feed back to jets in the process of jet reconstruction. This effect is

called medium response, which is also included in our model because it may be important to the jet

energy distribution at large radius. The CMS collaboration measures the modification of jet shape

function in Pb+Pb collisions for single inclusive jets [4, 5] and for γ-jets [6], and the measurements

show different modification pattern which has attracted lots of attention. In this proceeding, we will

discuss this problem after presenting our framework and the results about jet energy loss.

2. Framework

In our coupled jet-fluid model [1–3], we simulate the jet shower evolution via solving the

coupled Boltzmann transport equations for f i (ωi, k
2
i⊥) = dNi (ωi, k

2
i⊥)/dωidk2

i⊥, which is the three-

dimensional momentum distribution of quarks and gluons in jets, with ωi the energy of parton i

and ki⊥ its transverse momentum with respect to the jet axis. With f i (ωi, k
2
i⊥) we can construct

many observables, such as jet energy and jet shape function in a defined cone size. The Boltzmann

transport equation reads,

d

dt
f i (ωi, k

2
i⊥, t) =

(

êi
∂

∂ωi
+

1

4
q̂i∇2

k⊥

)

f i (ωi, k
2
i⊥, t)

+

∑

j

∫

dω jdk2
j⊥

dΓ̃j→i (ωi, k
2
i⊥ |ω j, k

2
j⊥)

dωid2ki⊥dt
f j (ω j, k

2
j⊥, t)

−
∑

j

∫

dω jdk2
j⊥

dΓ̃i→j (ω j, k
2
j⊥ |ωi, k

2
i⊥)

dω jd2k j⊥dt
f i (ωi, k

2
i⊥, t), (1)

where the first and second terms represent the effects of collisional energy loss and transverse

momentum broadening due to elastic scatterings, the last two terms represent the generation and

disappearance of parton i due to medium induced radiations with
dΓ̃j→i

dωd2k⊥dt
the splitting kernel taken
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from the higher twist formalism [7]. In this study all splitting kernels are included, so quark and

gluon can convert into each other in the evolution, and the differential equations for quark and gluon

distribution must be solved simultaneously.

To solve the evolution equations, the initial parton distribution f i (ωi, k
2
i⊥) must be provided.

We generate it using PYTHIA and tune the parameters to make sure the experimental data of

jet shape function in p+p collisions can be described. There are two parameters in the evolution

equation, ê and q̂, which are assumed to have the relation q̂ = 4Tê for simplicity. q̂ can be calculated

from the local temperature and flow velocity of the QGP medium, q̂(τ,~r) = q̂0 · T
3 (τ,~r )

T 3
0

(τ0,
~0)
· p ·u(τ,~r )

p0
,

with q̂0 the parameter to be fixed by experimental data.

In the process of jet evolution, jets exchange energy and momentum with the QGP medium

via elastic scatterings, which also modifies the evolution of the QGP medium and in turn affects

the jet reconstruction process because the background is modified. To calculate the contribution

of medium response to jets, we firstly solve the the hydrodynamic equation with source term [2],

∂µT
µν

fluid
(x) = Jν (x), with

Jν (x) =
∑

i

∫

dωidk2
i⊥dφi

2π
δ(3)

(

x − x
jet

0
− ki

ωi
t

)

× kνi

(

êi
∂

∂ωi
+

1

4
q̂i∇2

k⊥

)

f i (ωi, k
2
i⊥, t) , (2)

calculated using the first two terms in Eq. (1). Then we solve the hydrodynamic equation without

source term, and calculate the difference of the hadron spectra from the hadronization of the QGP

medium with and without the source term. From the hadron spectra induced by the source term,

we can calculate their contribution to jet energy and jet shape function.

3. Results

At first step, we calculate the nuclear modification factor of jet spectra, i.e., jet RAA to fix the

value of q̂0. With the experimental data of jets with cone size R = 0.3, we obtain that the value of

q̂0 in central Pb+Pb collisions is 1.7 GeV2/fm at 2.76 ATeV and 1.8 GeV2/fm at 5.02 ATeV [2, 3].

Then we calculate the jet RAA with different cone size. As shown in Fig. 1 we calculate the ratio

of jet RAA with cone size 0.3-0.5 to that of 0.2 at 2.76 ATeV, and calculate the jet RAA with cone

size 0.2-0.4 at 5.02 ATeV. From Fig. 1 one can find that only when the effect of medium response

is included, there’s cone size dependence in the theoretical results. At 2.76 ATeV our theoretical

results can describe the ATLAS data [8] better. At 5.02 ATeV though the results with medium

response are closer to the center points of the ALICE data [9], the error bar of the data is too large

to draw a conclusion.

Jet RAA reflects the total energy loss of full jets, and its dependence on cone size implies that

medium response is important at large radius. The modification of jet shape, on the other hand, can

tell us how energy is redistributed in radial direction and show the effect of medium response more

directly. Fig. 2 shows the comparison of our results with the experimental data from CMS [4–6].

From Fig. 2 we can see that the modification in inclusive jet events and γ−jet events show different

modification pattern. For inclusive jets there is a dramatic dip at middle radius r while for γ−jets

the modification factor increases almost monotonically as r . Our results can catch the features of

the measurements and one can find that the effect of medium response becomes important at large

r . But why our results can describe two different modification pattern simultaneously?

3
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Figure 1: (Left) Ratio of RAA at 2.76 ATeV. (Right) RAA with different cone size at 5.02 ATeV. Note that

‘with/without hydro.’ means with or without the effect of medium response. Experiment data comes from

Refs. [8, 9].
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Figure 2: Modification of jet shape for inclusive jets at 2.76 ATeV (left) and 5.02 ATeV (middle), and that

for γ−jets at 5.02 ATeV (right). Experiment data comes from Refs.[4–6].

There are two main differences between the inclusive jets and γ−jets shown in Fig. 2, the flavor

constituents and the range of jet transverse momentum (pT ). To test which factor determines the

modification pattern, we calculate the modification of jet shape with medium response for γ−jets

and inclusive jets with two pT cut, 30 GeV and 100 GeV, at two collision energies, as shown in Fig. 3.

One can see that in all cases, the modification factor for jets with pT > 30 GeV is a monotonic

function of r and for jets with pT > 100 GeV an non-monotonic function, no matter the jet flavor

and collision energy. The reason is that as jet energy decreases the jet core becomes softer and

earlier to be modified [1, 3].
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Figure 3: Modification of jet shape for γ−jets or inclusive jets with jet pT cut 30 GeV and 100 GeV, at

2.76 ATeV and 5.02 ATeV.
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4. Summary

In this proceeding, we present the results of full jet modifications in Pb+Pb collisions at 2.76

ATeV and 5.02 ATeV using our coupled jet-fluid model. In this model the effect of collisional

energy loss, transverse momentum broadening and medium induced radiation are included by the

coupled Boltzmann transport equations, and the energy and momentum transported from jets to

QGP medium is considered as the source term of hydrodynamic evolution to calculate the effect of

medium response. Our numerical results can describe jet RAA with different cone size well. The

effect of medium respond is important to cone size dependence of jet RAA and jet shape modification

at large r . For the different modification pattern of jet shape observed by CMS for inclusive jets

and γ−jets, we find that actually the dependence on jet energy determines the modification pattern.

Further measurements with wider energy range can test our theory.
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