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Jet-medium interaction in heavy-ion collisions has been the subject of many studies over years. To
explore the phenomenon of jet quenching in detail, model builders have been focusing on the jet-
induced medium response with many theoretical approaches. In this short overview, two models
are introduced to illustrate the difference in two main theoretical approaches. The important
effect related to the medium response have been found for jet energy loss, jet substructure and
many other observables in different model calculations.
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1. Introduction

The study of the properties of quark-gluon plasma (QGP) is the main purpose of high-energy
heavy-ion collisions at the Relativistic Heavy-Ion Collider (RHIC) [1, 2] and the Large Hadron
Collider (LHC) [3]. One of the most dramatic phenomena observed so far is jet quenching [4–20].
As jets, sprays of particles which are correlated to initial hard scattering in the very beginning of
the collision, travel through the QGP, the high energy partons will interact with the hot and dense
medium and lose a large amount of energy through scattering and radiative processes. Part of the
lost energy propagates outside the jet cone and leads to jet energy loss. Another effect of the jet-
medium interaction is the jet-induced medium excitation. Some thermal partons from the medium
get excited by the scatterings with the jet constituent partons, and their average energy is higher
than that of the medium background.

The first question one may ask about jet energy loss is where does those energy go. In experi-
mental studies of dijet transverse momentum imbalance [21] in Pb-Pb collisions one observes that
the subleading jet when propagating through the medium loses a large amount of energy outside
the jet cone. However, the total transverse momentum balance gets restored after the inclusion of
soft particles at large angles relative to the jet axis. How does this happen? The answer is related
to the problem of thermalization in heavy-ion physics that we still do not fully understand.

As the medium absorbs the energy deposited by the jet, part of the medium becomes corre-
lated with the jet, both inside and outside the jet cone. Therefore it should not be subtracted as
background energy in the jet energy correction. The challenge is to find a method to distinguish the
jet correlated part from the huge background in heavy ion collisions. To study the parton energy
loss, many theories have been developed based on pQCD with the assumption of weak coupling
between the jet and medium, including BDMPS-Z, GLV, AMY, HT and SCETg. On the other hand
Ads/CFT theory assumes that the jet and medium are strongly coupled. Almost all of them can
describe the suppression of single hadrons and give a consistent temperature dependence of the
jet transport coefficient q̂ which informs about the general transport property of the medium [22].
Based on these theories, numerous models have been developed to achieve a more complete de-
scription of jet modification inside the medium.

2. Models

Various models have been developed for the study of jet-medium interaction. Some of the
models have especially taken into account the effect of medium response to insure the total energy
momentum conservation [23–25]. There are generally two ways to describe the jet induced medium
response. One is to follow the propagation of medium recoil partons like in JEWEL [26–28], LBT
[29–32], MARTINI [33]. The other is to treat the energy deposition from jets in hydrodynamics
simulations such as the Jet-fluid model [34], Hybrid model [24, 35] and CoLBT-hydro model [36].
These two approaches provide insights into the jet energy loss and the induced medium response
in different ways, which could be crucial for our understanding of the jet-medium interaction.

In this overview I will use two models as examples to present the details. The first one is the
Linear Boltzmann Transport (LBT) model which is based on a Boltzmann equation.

1



P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
1
8
)
0
3
6

Jet-medium interactions : theory overview Tan Luo

pa ·∂ fa =
γb

2

∫
∏

i=b,c,d
d[pi]( fc fd− fa fb)|Mab→cd |2S2(ŝ, t̂, û)(2π)4

δ
4(pa + pb− pc− pd)+ inelastic

(2.1)
where γb is the spin degeneracy for parton b, fi = 1/(epi·u/T ±1)(i = b,d) are the thermal distribu-
tions at local temperature T and fluid velocity u. The distributions of the partons before and after
scattering are fi = (2π)3δ 3(~p−~pi)δ

3(~x−~xi−~vit)(i = a,c). S2(ŝ, t̂, û) = θ(ŝ≥ 2µ2
D)θ(−ŝ+µ2

D ≤
−µ2

D) is the regulation condition where µ2
D = g2T 2(Nc +

N f
2 )/3 is the Debye screening mass. A

high-twist approach [37, 38] is used for the simulation of the radiated gluon emission,

dNa
g

dzdk2
⊥dt

=
6αsPa(z)k4

⊥
π(k2

⊥+ z2m2)4 ·
p ·u
p0

q̂a(x)sin2(
τ− τi

τ f
), (2.2)

where the mass of the mother parton a is denoted by m, energy fraction of the radiated gluon is de-
noted by z and k⊥ is the transverse momentum transfer of the splitting. Pa(z) the splitting function.
τ f = 2p0z(1−z)/(k2

⊥+z2m2) is the formation time of the radiated gluon, q̂a is transport coefficient
and the Deybe screening mass is used as an infrared cut-off. In this model, both the elastic scatter-
ing and radiation processes are considered and the medium recoil parton can also go through further
interactions with the medium along with the jet shower parton and the radiated gluon. In particular,
the propagation of the initial thermal parton is also tracked to account for the back reaction. The
interactions among the recoiled partons, shower partons and radiated gluons are not considered in
the calculation with the assumption of linear approximation. In this approach, all the interactions
are based on the pQCD description. During the LBT simulation, the medium background infor-
mation is read from a hydro profile. However, the feedback to the medium background has been
neglected even though the jet-medium interaction will modify the jet and the medium background
at the same time.

To overcome this limitation, another model is developed. The Coupled LBT hydro model
combines the LBT model and the Clviscs Hydro model together in real time. The initial parton
shower will first propagate according to the Boltzmann equation within LBT, after the interaction
with the medium, the partons are divided into two parts by a momentum cut p0

cut in the comoving
frame. The hard partons above p0

cut will keep propagating within LBT, and the soft partons below
p0

cut will be deposited into hydro as source terms according to the following formula [39, 40],

jν = ∑
i

θ(p0
cut − pi ·u)pν

i /∆τ

τ(2π)3/2σ2
r σηs

exp[−(~x⊥−~x⊥i)
2

2σ2
r

− (ηs−ηsi)
2

2σ2
ηs

] (2.3)

where σr and σηs are Gaussian widths for the smearing. Then by solving the hydro equation with
the source terms one can get the updated medium information for the next step. The hadronization
of the hard part (LBT) above p0

cut is carried on by a recombination model [41] and the hadronization
process of the soft part (hydro) is calculated with the Cooper-Frye formula [42]. The contribution
from the background calculated by the simulation without the jet source must be subtracted to get
the final result. Within this coupled approach, one can simulate the jet propagation and medium
evolution with feedback simultaneously. Fig. 1 (left) shows what the medium response looks like
in the CoLBT-hydro simulation with feedback. In this gamma-jet event, one can see that the energy
is carried away to large angles with respect to the jet axis by a Mach cone wave front followed by a
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Figure 1: (Color online) Left: Energy density (GeV/fm3) and γ-jet evolution in the transverse plane at
ηs = 0, τ = 2.0 (a,b) and 4.8 fm/c (c,d) in a 0-12% central Au+Au collision at

√
s = 200 AGeV. Straight

(wavy) lines represent parton (photon) momenta. Hydrodynamic background from the same event without
γ-jet is subtracted in the right panels. Right: Energy density of the medium response induced by a single
parton propagation in a static medium T = 0.4 GeV from the LBT calculation [36]

diffusion wake in which the energy density of medium excitation is negative. This diffusion wake
is essentially the depletion of the thermal parton density along the path of the jet parton and it is
also a part of the medium response. Even though there is no real-time feedback, the LBT model
and other models [34, 43, 44] show approximately the same feature as one can see in the Fig. 1
(right).

3. Results from recent theoretical calculations

There are many observables that are sensitive to medium response. The most simple one is the
jet energy loss. Fig. 2 shows the average transverse momentum loss as a function of the initial jet
pT for different jet cone sizes within LBT. By looking at the difference between calculations with
and without the medium response one can actually see how much energy inside the jet cone is con-
tributed from medium response. With the larger cone size, the relative contribution of the medium
response to the energy loss becomes more important. And that is also the case with the diffusion
wake which is also a part of medium response as we compare the calculations with the back reac-
tion and without it. The medium response changes the pT dependence of jet energy loss, which
will have a direct effect on single jet RAA especially when we look at the cone size dependence.
Calculations from JEWEL [28], LBT [45] and Jet-fluid model [34] all show that jet suppression
becomes smaller as one increases the jet cone size. This angular ordering is natural since with larg-
er cone size the jet recovers more lost energy, and the cone size dependence quantitatively depends
on the pT differential energy loss which could be modified by the medium response.

The jet-medium interactions will not only modify the energy of the jet but also change the
structure inside and outside the jet cone. The jet shape (left panel of Fig. 3) describes the angular
distribution of pT inside the jet cone. Generally the jet-medium interactions will lead to a broad-
ening of the jet shape which is essentially the enhancement of soft particles close to the edge of
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Figure 2: (Color online) LBT results on average pT loss 〈∆pT 〉 for jets in |y| < 2.1 as a function of the
vacuum jet pT with anti-kt algorithm and R = 0.3,0.4,0.5 for (left panel) hydrodynamic background in
central 0 - 10% Pb+Pb collisions at

√
s = 2.76 TeV and (right panel) static medium at T = 0.28 GeV with

fixed length L = 4 fm. Black lines are results without recoil and back reaction (“negative” partons), while
red lines are with recoil and back reaction and blue lines are with recoil but without back reaction [45].
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Figure 3: (Color online) Left: The ratio of transverse jet profile of γ-jets with (red) and without (blue)
contributions from jet-induced medium response at

√
s = 2.76 TeV. Right: Extended transverse jet profile of

γ-jets in central (0–30%) Pb+Pb collisions at
√

s = 2.76 TeV from LBT simulations. The solid circles show
contributions from jet-induced medium response (recoil and back reaction) [46].

the jet cone. Calculations from different models all show an important contribution from medium
response especially at large radius [25, 28, 33, 34, 46]. However, due to the different theory imple-
mentation, the effect is somehow different. The extended jet shape measurement allows us to look
at the pT distribution both inside and outside the jet cone. As one compares the medium response
effect between Jet-fluid [34, 47] and LBT (right panel of Fig. 3), one can see that in the jet-fluid
calculation the medium response completely dominates at large radius. But in the LBT calculation,
even at very large angle, there is a sizable contribution from large angle radiation, which could also
be caused by the different implementation of medium response. Looking at even larger angles,
the measurement of missing pT shows that the energy is recovered at large angles by soft particles
and the calculation using the Hybrid model [25] gives an example showing that adding medium
response to jets is essential to regain pT balance of the whole event.

The study of angular structure tells us that the medium response to jet generally leads to
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Figure 4: (Color online) Upper: The ratio of Mg/p jet
T in PbPb over pp from LBT, Lower: CMS data

compared to JEWEL(blue) and Q-PYTHIA(red) [48].

enhancement at large angles. However, this kind of enhancement could also be caused by large
angle radiation as we can see in many theoretical calculations which neglect medium response.
So it is important to find a way to separate the effects from medium response and large angle
radiation. In a recent groomed jet study, both calculations from JEWEL (lower panel of Fig. 4)
and LBT (upper panel of Fig. 4) show that the enhancement of the large groomed jet mass tail
comes from the medium recoil. Without contribution from the medium response, one actually can
see that there is a slight suppression instead of enhancement at the large groomed mass in Jewel
and LBT. However, another calculation from QPythia [49] (lower panel of Fig. 4) which has no
medium response effect can also present a similar feature. Further study is needed to see if one can
find some unique signal for the jet-medium recoil scattering in the groomed jet study.

Another way to search for unique properties of medium response is to look at jet-hadron cor-
relations. The recent calculation of the gamma hadron fragmentation function using the CoLBT-
hydro model [36] shows agreement with the experiment data (left panel of Fig. 5). Since soft
hadrons from jet induced medium excitation carry an average thermal energy that is independent of
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Figure 5: Left: Modification factor for γ-hadron correlation as a function of ξ = log(1/z) for |ηh,γ |< 0.35
and different pγ

T in 0-40% and 0-12% Au+Au collisions at
√

s = 200 GeV with (solid) and without jet
induced medium excitation (dashed) as compared to the STAR [50] and PHENIX data [51]. Right: γ-hadron
azimuthal correlation for |ηh,γ | < 1.0, 12 < pγ

T < 20 GeV/c and different ph
T in p+p (triangle) and 0-12%

central Au+Au collisions with (circle) and without (diamond) jet induced medium excitation at
√

s = 200
AGeV. The half width σ is obtained via a Gaussian fit within |∆φhγ −π|< 1.4 [36].

the jet energy, an important feature of the CoLBT-hydro results is that the transition point from the
hard suppression to the soft hadron enhancement due to medium excitation appears at a constant
pT range. The γ-hadron angular correlation shows another feature of medium response. As we can
see in Fig. 5(right) the angular distributions for the enhanced soft hadrons around the jet direction
get significantly broadened. However the most interesting feature is the depletion of soft hadrons
in the near γ side due to the diffusion wake, which is a unique identification of medium response.

4. Discussion

The medium response is crucial to understand the full story of jet quenching. Currently, to
carry out such studies there are two ways like LBT (recoil particles) and Hydro (Hydro response).
The important effect of jet induced medium response has been observed in various jet observables
including jet energy loss, jet substructure and jet-hadron correlation. Many model calculations
show that medium response generally leads to the enhancement of soft particles at large angles
around jets. However, challenges have been presented on distinguishing the effects from large
angle radiation and medium response. Therefore it is important to search for the unique signals of
medium response such as the diffusion wake. The recent measurement of jet chemistry might give
us more significant signals. The medium response inside the jet cone leads to the enhancement of
the baryon/meson ratios inside jets in AA collisions compared to pp collisions. One can imagine
that if we look at the angular dependence of baryon/meson ratios, we might be able to identify the
evidence of medium response at large angle. However, this represents a huge challenge for the jet
hadronization in any theoretical calculation.

6



P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
1
8
)
0
3
6

Jet-medium interactions : theory overview Tan Luo

5. Acknowledgement

The author would like to thank Shanshan Cao, Wei Chen, Yayun He, Guang-You Qin, Yasuki
Tachibana and Xin-Nian Wang for helpful discussions and comments. This work is supported in
part by the National Science Foundation of China under Grant No. 11221504, the Major State
Basic Research Development Program in China(No. 2014CB845404).

References

[1] STAR Collaboration, Nucl. Phys. A 757, 102 (2005).

[2] PHENIX Collaboration, Nucl. Phys. A 757, 184 (2005).

[3] B. Muller, J. Schukraft, and B. Wyslouch, Annu. Rev. Nucl. Part. Sci. 62, 361 (2012).

[4] X. -N. Wang, Nucl. Phys. A750, 98-120 (2005).

[5] I. Vitev and M. Gyulassy, Phys. Rev. Lett. 89, 252301 (2002).

[6] X. N. Wang, Phys. Lett. B 595, 165 (2004).

[7] T. Renk, Phys. Rev. C 74, 024903 (2006).

[8] H. Zhang, J. F. Owens, E. Wang and X. N. Wang, Phys. Rev. Lett. 98, 212301 (2007).

[9] G. Y. Qin, J. Ruppert, C. Gale, S. Jeon, G. D. Moore and M. G. Mustafa, Phys. Rev. Lett. 100, 072301
(2008).

[10] T. Renk, Phys. Rev. C 74, 034906 (2006).

[11] H. Zhang, J. F. Owens, E. Wang and X.-N. Wang, Phys. Rev. Lett. 103, 032302 (2009).

[12] G. Y. Qin, J. Ruppert, C. Gale, S. Jeon and G. D. Moore, Phys. Rev. C 80, 054909 (2009).

[13] X. -F. Chen, T. Hirano, E. Wang, X. -N. Wang and H. Zhang, Phys. Rev. C 84, 034902 (2011).

[14] A. Buzzatti and M. Gyulassy, Phys. Rev. Lett. 108, 022301 (2012).

[15] A. Majumder and C. Shen, Phys. Rev. Lett. 109, 202301 (2012).

[16] G. -Y. Qin and B. Muller, Phys. Rev. Lett. 106, 162302 (2011); 108, 189904 (2012).

[17] C. Young, B. Schenke, S. Jeon and C. Gale, Phys. Rev. C 84, 024907 (2011).

[18] Y. He, I. Vitev and B. -W. Zhang, Phys. Lett. B 713, 224 (2012).

[19] T. Renk, Phys. Rev. C 85, 064908 (2012).

[20] W. Dai, I. Vitev and B. -W. Zhang, Phys. Rev. Lett. 110, 142001 (2013).

[21] S. Chatrchyan, et al., Phys. Rev. C C84, 024906 (2011).

[22] JET Collaboration, Phys. Rev. C 90, no. 1, 014909(2014).

[23] S. Chatrchyan, et al., Phys. Rev. C C90, 021902 (2014).

[24] J. Casalderrey-Solana, D. Gulhan, G. Milhano, D. Pablos, K. Rajagopal, [arXiv: 1609.05842].

[25] Z. Gao, A. Luo, G.-L. Ma, G.-Y. Qin, H.-Z. Zhang, Phys. Rev. C C97, 044903 (2018).

[26] K. C. Zapp, F. Krauss, U. A.Wiedemann, JHEP 1303, 080 (2013).

[27] K. C. Zapp, Eur. Phys. J. C 74 (2), 2762 (2014).

7



P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
1
8
)
0
3
6

Jet-medium interactions : theory overview Tan Luo

[28] R. Kunnawalkam Elayavalli, K. C. Zapp, JHEP 07, 141 (2017).

[29] H. Li, F. Liu, G. l. Ma, X. N. Wang and Y. Zhu, Phys. Rev. Lett. 106, 012301 (2011).

[30] X. N. Wang and Y. Zhu, Phys. Rev. Lett. 111, no. 6, 062301 (2013).

[31] Y. He, T. Luo, X. N. Wang and Y. Zhu, Phys. Rev. C 91, 054908 (2015) Erratum:[Phys. Rev. C 97, no.
1, 019902 (2018)].

[32] S. Cao, T. Luo, G. Y. Qin and X. N. Wang, Phys. Lett. B 777, 255 (2018).

[33] C. Park, S. Jeon, C. Gale, Nucl.Phys. A 982, 643-646 (2019).

[34] Y. Tachibana, N.-B. Chang, G.-Y. Qin , Phys. Rev. C C95, 044909 (2017).

[35] Z. Hulcher, D. Pablos, K. Rajagopal, JHEP 03, 010 (2018).

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

[37] X. F. Guo and X. N. Wang, Phys. Rev. Lett. 85,3591 (2000).

[38] X. N. Wang and X. F. Guo, Nucl. Phys. A 696, 788 (2001).

[39] A. K. Chaudhuri, U. Heinz, Phys. Rev. Lett 97, 062301 (2006).

[40] B. Betz, J. Noronha, G. Torrieri, M. Gyulassy, D. H. Rischke, Phys. Rev. Lett 105, 222301 (2010).

[41] K. C. Han, R. J. Fries and C. M. Ko, Phys. Rev. C 93, no. 4, 045207 (2016).

[42] F. Cooper, G. Frye, Phys. Rev. D 10, 186 (1974).

[43] H. Stoecker, Nucl. Phys. A 750, 121ĺC147 (2005).
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