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Abstract

The study of high-energy heavy-ion collisions at the Relativistic Heavy Ion
Collider and the Large Hadron Collider has evolved from a qualitative
understanding to the precise extraction of the properties of the quantum
chromodynamics medium at extremely high temperatures. Jet quenching
has offered unique insights into the transport properties of the quark–gluon
plasma (QGP) created in these energetic collisions. Apart from medium
modification of jets, jet-induced medium excitation constitutes another cru-
cial aspect of jet–QGP interaction and is indispensable in understanding the
soft components of jets. We review recent theoretical and phenomenolog-
ical developments regarding medium response to jet energy loss, including
an overview of both weakly and strongly coupled approaches for describing
the thermalization and propagation of energy deposition from jets, effects
of medium response on jet observables, and exploration of its unique signa-
tures in jet–hadron correlations. Jet-induced medium excitation is shown to
be an essential component in probing the in-medium dynamics of jets and a
critical step toward precise extraction of the QGP properties.
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1. INTRODUCTION

Experimental data from high-energy nucleus–nucleus collisions performed at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) have revealed that the hot
and dense nuclear matter produced in these energetic collisions is a strongly interacting quark–
gluon plasma (QGP). Among various probes of the nuclear matter, jet quenching provides clear
evidence of the QGP (1–5). A jet is a spray of collimated particles (typically hadrons) that emanate
from hard scatterings between nucleons or nuclei. It starts with a highly virtual (off-shell) par-
ton produced in these collisions and then develops with successive splittings from this parton and
hadronization of the daughter partons (jet partons). Before hadronization, a (partonic) jet is com-
posed of a collection of jet partons. In heavy-ion collisions, high-energy jet partons suffer energy
loss via elastic and inelastic interactions with the QGP before being observed. Various theoretical
formalisms have been developed for studying collisional energy loss (6–9) and medium-induced
radiation (10–16) experienced by jet partons propagating through a dense nuclear matter. A direct
consequence of parton energy loss is the suppression of high-transverse-momentum (high-pT)
hadron and jet spectra compared with the expectation from independent proton–proton colli-
sions (17–20). In addition, parton energy loss can lead to modification of jet-related correlations,
such as dijet and γ /Z–jet asymmetries and dihadron and γ /Z–hadron correlations (21–29). Jet–
medium interactions can also change the internal structure of full jets, such as jet shape and jet
fragmentation function (30–37). One of the main goals in studying jet quenching is to understand
the detailed mechanisms of jet–medium interactions and ultimately to extract various properties
of the QGP produced in high-energy heavy-ion collisions.

Extensive studies on jet quenching in heavy-ion collisions have been performed in the past
decade and have rendered rich information about the hot and dense QGP (38–48). With a vast
quantity of experimental data available at RHIC and the LHC, jet quenching studies have entered
a precision era. For example, comprehensive efforts from the JET and JETSCAPECollaborations
have discovered that the jet transport coefficient q̂ in the QGP is about two orders of magnitude
larger than the value in cold nuclei (49, 50). Since q̂ can be written as the correlation of the gluon
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q̂: the rate of
transverse momentum
broadening (d⟨k2⊥⟩/dL)
via elastic scatterings

Specific viscosity:
the shear
viscosity–entropy
density ratio (ηv/s)

Parton shower:
successive splittings of
energetic partons
created in the initial
hard scatterings;
partons produced from
these splittings are
called shower partons

fields, its value can reflect the gluon density and other transport properties of the dense nuclear
medium (51). Interestingly, Reference 52 shows that the jet quenching parameter q̂/T 3 is also
related to the specific shear viscosity of the QGP, where T is the medium temperature. Therefore,
determining the temperature dependence of q̂ can shed light on how the QCD matter evolves
from a weakly interacting gas at sufficiently high temperature into a strongly coupled fluid at the
temperature range achieved at current RHIC and LHC experiments. Recently, exploration of q̂
has also been extended to finite chemical potential and shown to be a novel probe of the critical
point of the QCD phase diagram (53).

Apart from medium modification of jets, how the medium responds to the lost energy from
jets is another crucial aspect of jet–medium interactions. This response is known as jet-induced
medium excitation, or medium response. Since jet partons can travel much faster than the speed
of sound of the QGP, one expects a Mach cone–like structure of the medium response excited by
jet propagation (54–60). Earlier studies have shown that the detailed structure of a jet-induced
Mach cone is very sensitive to the equation of state and transport properties, such as the shear
viscosity, of the QGP. Therefore, if the jet-excited Mach cone can be observed in heavy-ion ex-
periments, it will provide a direct probe of these medium properties. However, there are many
complications with jet–medium interactions, which make the direct detection of jet-induced flows
and Mach cones extremely difficult. For example, the strong radial flow of the hydrodynamically
expanding medium can significantly distort the Mach cone structure (61–63). In addition, a jet
is not a single leading parton but contains many partons from a parton shower as well. While
the shower partons can serve as additional sources of energy deposition into the medium and
make stronger medium excitations than a single parton does (64, 65), the energy–momentum de-
position by shower partons typically has a broad distribution in both momentum and coordinate
spaces and also fluctuates from event to event (66, 67). Furthermore, the medium is also event-
by-event fluctuating, and therefore, one is searching for the medium response signal on top of a
large, fluctuating background.

Despite these difficulties, tremendous efforts have been devoted to studying jet-induced
medium response and seeking its unique signals in relativistic heavy-ion collisions. For exam-
ple, Reference 35 builds a coupled jet–fluid model to study jet propagation and medium response.
The model shows that jet-induced medium flow and excitations can diffuse to large angles with
respect to the jet direction. After the inclusion of medium response, the model can naturally ex-
plain the enhancement of the fractional energy of a jet within a given annulus, or jet shape, at large
radius (68). Similar findings have been obtained in other calculations from the linear Boltzmann
transport (Lbt), Jewel, and Martini models (28, 69, 70), in which parton transport approaches
are used to approximate the medium response effect. References 27 and 71 describe a compre-
hensive coupled Lbt and hydrodynamics (CoLbt-Hydro) model in which the evolution of jet
partons and that of the excited QGPmedium are simulated concurrently. By applying theCoLbt-
Hydro model to γ -triggered hadrons and jets, it is found that while parton energy loss usually
leads to the reduction of the high-pT hadron yield, jet-induced medium excitation can lead to the
enhancement of low-pT particles. Reference 71 predicts that the depletion of energy behind
the hard jet, known as the diffusion wake, can result in suppression of soft hadron production
on the side opposite to the jet’s direction. However, the CMS experiment has observed an en-
hancement of soft hadrons in both the Z and jet directions in Z boson–hadron correlations (72).
This can be caused by the multiparton interactions (MPIs) in nuclear collisions. Reference 73 has
proposed using the pT imbalance between the trigger particle and its associated jet to localize the
initial jet positions (23, 74, 75), which can enhance the signal of diffusion wake in Z/γ jet events.
The machine learning technique has also been introduced (76) to identify jets from specific loca-
tions and along particular paths, leading to a more direct search for signals of medium response.
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Milne coordinate:
(τ , x, y, ηs) with
τ =

√
t2 − z2 and ηs =

(1/2)ln [(t+ z)/(t− z)],
where (t, x, y, z) are the
Cartesian coordinates

Very recently, Reference 77 has proposed that the enhanced ratio of baryons to mesons at inter-
mediate pT around the quenched jets is a unique signature of jet-induced medium excitation. An
increase of jet flavors due to jet–medium scatterings is also found in Reference 78 using various
model calculations.

In this article, we review recent developments in the study of jet-induced medium excitation in
relativistic heavy-ion collisions.We first provide a short review on how various models implement
medium response to jet quenching. Then we discuss how medium response manifests in the final-
state jet observables, including jet spectra, jet anisotropy, and jet structure/substructure. In the
last main section, we describe some recent searches for signals of medium response via jet–hadron
correlations.

2. MODEL IMPLEMENTATIONS OF MEDIUM RESPONSE

2.1. Hydrodynamic Response to Energy–Momentum Deposition

In ultrarelativistic heavy-ion collisions, baryons from projectile and target nuclei rapidly penetrate
each other, leaving a baryonic free QGP at midrapidity. In the absence of net baryon number, the
energy–momentum conservation requires

∂µT µν = 0, 1.

where Tµν = εuµuν − (P + 5)1µν + πµν is the energy–momentum tensor; ε, uµ, P, 5, and πµν

are the local energy density, fluid four-velocity, pressure, bulk pressure, and shear stress tensor,
respectively; and 1µν = gµν − uµuν is the projection operator orthogonal to the fluid velocity. By
convention, the metric tensor is taken as gµν = (1,−1,−1,−1) in the Cartesian coordinates, while
the Milne coordinates are widely used in relativistic nuclear collisions, with gµν = (1, −1, −1,
−τ 2). Based on Equation 1, hydrodynamic models (79–81) have been developed to describe the
space-time evolution profile of the QGP. In addition to studying the bulk properties of the hot
nuclear matter, these hydrodynamic models also provide essential information for investigating
jet–medium interactions, such as the temperature and flow velocity of a fluid cell through which
a jet parton plows at a given time.

Jet–medium interactions include both medium modification of jets and jet-induced medium
excitation. The latter is the focus of this review. With the assumption that the lost energy
from jet partons has reached local thermalization with the surrounding QGP, further evolution
of the medium with this energy–momentum deposition can be described by a hydrodynamic
equation with a source term Jν ,

∂µT µν (x) = Jν (x), 2.

where Jν (x) = [dE/d4x, d p⃗/d4x] represents the space-time distribution of energy (E) and momen-
tum ( p⃗ ) transferred from jets to the medium. If we assume that the energy–momentum deposition
is a small perturbation to the QGP, Equation 2 can be linearized as (54, 60, 82)

T µν ≈ T µν

0 + δT µν , ∂µT µν

0 = 0, ∂µδT µν = Jν , 3.

where T µν

0 represents the unperturbed energy–momentum tensor that still follows Equation 1,
while the variation part, δTµν , describes the medium response to jet energy loss.

To obtain the evolution of this perturbation in space-time, one may first decompose it as
δT00 a δϵ, δT 0i a gi, and δT i j = δi jc2s δϵ + 3

40s(∂ ig j + ∂ jg i + 2
3 δ

i j∇ · g⃗), where δϵ is the excess
energy density compared with the unperturbed medium, g⃗ is the momentum current, cs is the
speed of sound, and 0s a 4ηv/[3(ϵ0 + p0)] is the sound attenuation length where ϵ0 and p0 are the
unperturbed local energy density and pressure, respectively. Then, the last part of Equation 3 can
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Figure 1

Hydrodynamic response to energy deposition from (a) a single quark and (b) a quark-initiated jet shower. Figure adapted with
permission from Reference 64; copyright 2009 by the American Physical Society.

be solved algebraically with Fourier transformation into the momentum space (ω, k⃗). For instance,
the excess energy density reads

δϵ(ω, k⃗) = (iω − 0sk2 )J0(ω, k⃗) + ikJL(ω, k⃗)
ω2 − c2s k2 + i0sωk2

, 4.

in which the source term is decomposed into transverse and longitudinal components as J⃗ = J⃗T +
k̂JL. The momentum current g⃗ can be achieved in the same manner. In the end, these solutions
are Fourier transformed back to the coordinate space.

Based on this linearized hydrodynamics approach, the space-time structure of the jet-induced
medium excitation has been investigated in many earlier studies. Since high-energy partons travel
with supersonic speed, it has been proposed in Reference 54 that the lost energy of quenched
jets appears in the form of collective hydrodynamic motion similar to sonic booms, leading to
a Mach cone pattern of emitted particles around the quenched jets. As illustrated in Figure 1,
when a jet propagates along the ẑ direction, it induces a conic distribution of enhanced energy
around its path. Meanwhile, depletion of energy, known as the diffusion wake, can be observed
in the backward direction. This pattern has been further investigated in References 60 and 82
and is found to become weaker as the specific viscosity of the medium increases. An increasing
viscosity can reduce the jet energy loss rate and damp the sound propagation inside the medium,
and both of these effects suppress the Mach cone intensity.Within a mode-by-mode formalism of
solving the hydrodynamic response (83), the former effect has been found to be more dominant
compared with the latter. Different structures of jet-induced medium excitations inside weakly
and strongly coupled QGP are also compared in Reference 57. Thus, if measured, the Mach cone
structures may provide direct constraints on the transport parameters of the QGP, including its
shear viscosity and the speed of sound.

While most earlier studies constructed the source term using the energy–momentum depo-
sition from a single parton, extension to that from a full parton shower has been proposed in
References 64 and 65, in which each parton within jets is allowed to transfer energy into the
medium through a combination of elastic and inelastic processes. As shown in Figure 1, this
more realistic modeling of the source term (Figure 1b) leads to a significant enhancement of the
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Negative partons:
energy–momentum
depletion from the
quark–gluon plasma by
jet scatterings (also
called back-reaction in
the literature)

Mach cone structure (see the vertical scales) compared with earlier studies based on energy loss
from a single parton (Figure 1a). On the other hand, quantum interference between the primary
jet parton and its emitted gluons is found to suppress the multiparton source term in the forward
direction of jet propagation while causing an enhancement at large angles, and in the end it may
spoil the conic structure of the medium response (66).

The linear response approach (Equation 3) treats the energy deposition from hard partons as a
perturbation to the QGP, which may become invalid for high-energy jets and a low-temperature
medium. Full solutions to hydrodynamic equations with source terms (Equation 2) have been
developed using (1+1)-dimensional (84), (2+1)-dimensional (56), and (3+1)-dimensional (62, 85,
86) hydrodynamic models. Here, to isolate jet effects on the medium, one needs to subtract the
solution of hydrodynamic equations without the source term from the full simulation.

As wemove to lower-energy heavy-ion collisions, effects of finite baryon chemical potential be-
come important. Recently, jet-induced medium excitation has been extended to a baryon-charged
medium (87). In this case, conservation of the baryon charge, �µNµ(x) = ρB(x), should be solved
together with Equation 2, where ρB represents the baryon charge transferred from jets to the
medium. Within this framework, Mach cone and wake structures are observed for both the en-
ergy density and the baryon density disturbed by jet propagation, even with ρB set to zero. These
features can be reflected in the angular distributions of particle production in the transverse plane
with sizable differences observed between baryons and mesons as well as between baryons and
antibaryons.

2.2. Weakly Coupled Approach for Medium Response

The hydrodynamic description of jet-induced medium excitation assumes thermal equilibrium
of the jet energy deposition with its surrounding QGP medium. However, for energy deposi-
tion much above the thermal scale, one may treat the energy deposition as a quasi-particle whose
evolution can be described within the perturbative picture in the same way as for jet partons.

For instance, an Lbt model (41, 88, 89) has been developed for studying scatterings of jet
partons through a hydrodynamic medium. The phase space distribution of jet partons (denoted
by a) evolves according to the Boltzmann equation as

pa · ∂ fa(xa, pa ) = Ea(Cel
a + C inel

a ), 5.

where xa = (ta, x⃗a ) and pa = (Ea, p⃗a ) are the four-position and four-momentum, respectively, and
Cel
a and C inel

a are the collision integrals for elastic and inelastic scatterings, respectively. In Lbt,
elastic scatterings include all possible ab→ cd channels at leading order, where the medium parton
b follows the thermal distribution inside the QGP, with its local temperature and flow velocity
provided by hydrodynamic calculations described in Section 2.1. Inelastic scatterings in Lbt are
associated with the medium-induced gluon bremsstrahlung process, where the spectra of emitted
gluons are calculated within the higher-twist energy loss formalism (90, 91).

Starting from hard partons produced by the initial energetic scatterings and their vacuum
showers, Lbt generates a tree of their daughter partons based on their elastic and inelastic scat-
terings with the medium. The final state (c) of an incoming parton (a), together with the emitted
gluons, constitutes so-called jet partons in the Lbt model. Meanwhile, thermal partons are scat-
tered out of the QGP by hard partons, causing a depletion of energy inside the medium.We call
the final state (d) of these thermal partons recoil partons, and we call the initial state (b) negative
partons. The latter is used to represent the energy depletion inside the QGP. In this approach,
recoil and negative partons constitute the jet-induced medium excitation. The recoil partons are
allowed to rescatter with the QGP in the same way that jet partons do, mimicking the further
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evolution of medium response within the perturbative picture, and their offspring partons are
also labeled recoil or negative partons. Note that to guarantee the energy–momentum conserva-
tion of the entire system, the energy–momentum of negative partons should be subtracted in the
end when analyzing jet observables.

Using this recoil method, one can also find theMach cone structure of the jet-induced medium
excitation. For instance, in Reference 92, a shock wave pattern of the parton energy distribution
has been observed around the propagation direction of a high-energy jet parton. This shock wave
diffuses quickly during its further interactions with the QGP because of the large value of shear
viscosity within a perturbative scattering picture. Besides the enhanced wave front, depletion of
the medium energy—diffusion wake—can also be seen behind the jet. These features exist only
when both recoil and negative partons have been taken into account, and they are in qualitative
agreement with results from hydrodynamic calculations of medium response, as shown above in
Figure 1.

The recoil description of medium response has also been applied in the Martini (70, 93) and
Jewel (94–96) event generators. Besides different modelings of inelastic scatterings, detailed im-
plementations of medium response are also slightly different. In Martini, only recoil partons
above a certain kinematic threshold (e.g., 4T ) are kept, and these are allowed to rescatter with the
QGP. Recoil partons below the threshold, together with negative partons, are considered part of
themedium background and are not traced in the transport simulation. In contrast, Jewel includes
both recoil and negative partons, although secondary scatterings between the recoil partons and
the medium have not been taken into account.

A similar method of medium response, though not the exact recoil approximation, has been
proposed in theHybridmodel (97). Instead of using a perturbative description of parton scatter-
ings with theQGP, this model modifies the energy–momentum of partons provided by the Pythia
vacuum shower according to the holographic calculations of parton energy loss in a strongly
coupled plasma (98). The corresponding energy–momentum loss from each jet parton is then
assumed to thermalize with the QGP instantaneously and is directly converted to hadrons using
the Cooper–Frye formalism.

These different implementations correspond to different limits in the evolution of medium
response. The Jewelmodel represents the noninteracting limit where recoil partons do not suffer
additional scatterings with the medium, while the Hybrid model represents the opposite limit of
extremely strong interactions in which energy–momentum transfer from jet to medium suddenly
thermalizes and hadronizes. The Lbtmodel is in between. It allows perturbative scatterings of the
recoil partons with the medium before they hadronize at the QGP phase boundary. Therefore,
while they provide qualitatively consistent conclusions on the effects of medium response on jet
observables, quantitative differences can be expected in the strength of these effects.

Besides the linear Boltzmann approach that implements parton transport inside a hydrody-
namic medium, full Boltzmann transport models have also been developed for simulating the
evolution of jet partons and medium partons within the same perturbative framework. Although
dispute remains about the applicability of weakly coupled approaches to the QGP evolution, it
is reasonable for interactions between jet and medium partons considering the large energy scale
of the former. These interactions transfer energy–momentum from jet to thermal partons, thus
naturally including effects of medium response to jet energy loss. For instance, the Ampt model
has been applied to study the effects of medium response on the dihadron and photon–hadron
correlations (61), the transport of the lost energy from hard jets to the lower-pT hadrons (99),
and the enhancement of the baryon-to-meson ratio at intermediate pT around the quenched
jets (77). Similarly, the Bamps model has been used to explore the viscous effect on the Mach
cone structure (100).
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2.3. Coupled Parton Transport and Hydrodynamic Evolution

Whether the strongly coupled hydrodynamic approach or the weakly coupled transport approach
provides a better description of medium response depends on the scale of the deposited energy
from jets. Recoil partons at a low energy scale are able to thermalize quickly, thus becoming a part
of the hydrodynamic medium. Contrarily, those at a large energy scale can still be approximated
with quasi-particles and are expected to scatter with the QGP perturbatively before they approach
thermal equilibrium.

To take into account the evolution of jet-induced medium excitation at different scales, various
coupled parton transport and hydrodynamics approaches have been developed in recent years. For
instance, Reference 35 has formulated a coupled jet–fluid model to study the evolution of both
a full jet shower and the traversed medium with energy–momentum exchange between them.
In this coupled approach, the full jet shower evolution is described by a set of transport equa-
tions that include both collisional and radiative processes,while themedium evolution is simulated
via relativistic hydrodynamic equations with source terms accounting for the energy–momentum
deposited from the jet shower.With the inclusion of jet-induced medium excitation, the jet–fluid
model can naturally explain the redistribution of energy around the quenched jets as measured by
the CMS Collaboration (68).

Recently, theCoLbt-Hydromodel (27) has been developed, in which jet partons at hard scales
evolve within Lbt while nuclear matter at the thermal scale evolves within CLVisc. To combine
these two approaches into a consistent framework, the Boltzmann equation in Lbt is rewritten
in the Milne coordinates. At each proper time step (τ , τ + 1τ ), CLVisc provides the medium
information, based on which Lbt simulates elastic and inelastic scatterings of jet partons inside
the QGP. Using the information of the final-state partons from these scatterings, the source term
for the energy–momentum deposition is constructed as

Jν =
∑
i

±i
θ (p0cut − pi · u)dpνi /dτ

τ (2π )3/2σ 2
r σηs

× exp

[
− (x⃗⊥ − x⃗⊥i )2

2σ 2
r

− (ηs − ηsi )2

2σ 2
ηs

]
, 6.

in which p0cut defines the separation scale1 between quasi-particles and the medium background.
Jet and recoil partons inside Lbt with energies (pi · u) below this scale in the local rest frame of
the medium are assumed to instantaneously thermalize with the QGP and constitute this source
term with the +i sign. Since all negative partons are originally sampled from the thermal back-
ground, their momenta are all subtracted from this source term as denoted by the −i sign. To
the contrary, jet and recoil partons with energy above p0cut are kept in Lbt for further perturba-
tive interactions with the medium. When constructing the source term, the energy–momentum
deposition or depletion (±idpνi /dτ ) from jets is smeared in the coordinate space with a Gaussian
function in Equation 6.The width parameters of the Gaussian are set as σ r = 0.2 fm and σηs = 0.2,
consistent with those for generating the initial energy density distribution of the medium by
smearing primordial partons from Ampt simulations in CLVisc. This source term then enters the
CLVisc evolution of the QGP at the next proper time step. Iteration of this algorithm provides a
simultaneous evolution of QGP, jets, and their interactions.

Using the CoLbt-Hydro simulation (27), one can clearly observe the Mach cone pattern of
the wave fronts caused by the energy deposition from the jet, while there is a diffusion wake
behind the jet due to energy depletion. This leads to an enhanced particle yield in the forward
direction of jet propagation and, at the same time, a suppression in the backward direction, as

1It has been verified in Reference 27 that varying p0cut between 1 and 4 GeV has little impact on the final jet
spectra.
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discussed in detail below. Moreover, it has been noted that the energy density deposited by jets
can be as large as that of the unperturbed QGP background at an early time when jets are
sufficiently energetic. Therefore, instead of the linear response approximation, a full hydrody-
namic calculation is necessary for a quantitative investigation of jet-induced medium excitation.

Concurrent simulation of jets and QGP has also been implemented in Reference 101, where
the energy loss of minijets is calculated using a strongly coupled approach (98) and deposited into
the Music hydrodynamic model (102). Because of the abundance of minijets in heavy-ion colli-
sions, their energy deposition into the medium is found to affect the collective flow coefficients of
soft hadrons emitted from the QGP, which should be taken into account for a precise extraction
of the ηv/s of the medium. Furthermore, although jet partons can hardly be affected by the energy
they deposit themselves since they usually travel faster than the speed of sound, concurrent simu-
lation becomes necessary when multiple jets travel through the medium disturbed by each other
within the same event.

2.4. Thermalization of Energy–Momentum Deposition

Although instantaneous thermalization of jet energy deposition has been assumed inmany studies,
a sudden spatial smearing of the deposited energy can break causality. The thermalization process
of this deposited energy is a challenging problem that may help place additional constraints on
the interaction strength between off-equilibrium quasi-particles and the thermal medium.

This thermalization process has also been explored within both weakly coupled and strongly
coupled approaches. For the former, one may apply transport equations to study how jet partons
approach thermal equilibrium through elastic and inelastic scatterings. This has been conducted
for the first time in Reference 103, in which it is found that as jet partons approach a low en-
ergy scale that is comparable to the medium temperature, elastic scatterings start to overwhelm
the medium-induced splitting process for their further evolution and drive them toward thermal
equilibrium.

The competition between elastic and inelastic processes can be inferred from the Langevin
equation

dpi/dt = −ηDvi + ξ i, ⟨ξ i(t )ξ j (t ′ )⟩ = q̂
2
δi jδ(t − t ′ ), 7.

where ξ⃗ represents the thermal random force and ηD is the drag coefficient, which can be re-
lated to the momentum space diffusion coefficient (or jet quenching parameter) q̂ via detailed
balance q̂ = 4TηD. The thermalization time of a jet parton with energy E can then be estimated by
tth = E/ηD = (E/T)trel, in which trel = 4T 2/q̂ is defined as the relaxation time. Here, tth can be un-
derstood as the time for jet partons to approach the thermal scale, while trel gives the time to
approach thermal equilibrium for a parton at the thermal scale. For q̂/T 3 ∼ 5 (49) and medium
temperature T ∼ 0.3 GeV, trel is on the order of 1 fm. Combining with the relations between the
branching (or splitting) time of jet partons and their pT broadening q̂tbr = k2⊥ and an estimation of
this branching time tbr = 2E/k2⊥, one obtains tbr = √

2E/q̂, and thus, tbr/tth = √
T/(2E )

√
q̂/T 3/2.

Therefore, for high-energy partons, medium-induced splitting dominates (tbr j tth), while for
low-energy partons, thermalization takes a shorter time than forming new gluons. For q̂/T 3 ∼ 5,
these two times are comparable around T∼ E. For a gluon starting with an energy of 25T in the z
direction, it is found in Reference 103 that the parton distribution behind the leading parton by a
distance of trel is already close to equilibrium around a time of 2trel. The kinetic approach has also
been implemented in References 104 and 105 to study jet energy loss and thermalization within
a unified framework.
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Thermalization of jet energy deposition has recently been combined with a strongly coupled
medium in Reference 86. Before reaching thermal equilibrium, the energy deposition from jets
first evolves according to the causal relativistic diffusion equation (106)[

∂

∂t
+ τrel

∂2

∂t2
−Ddiff∇2

]
jνi (x) = 0, 8.

in which the energy deposition from parton i is initialized as jνi = ±i pνi δ
3(x⃗− x⃗idep ) and ∂ jνi /∂t = 0

at the deposition time t = tdepi . As in Section 2.3 above, pνi here denotes the four-momentum
of parton i, which can be a positive particle (indicated by a plus sign) above a certain energy
threshold (p0cut) in the local rest frame of the medium, or a negative particle (indicated by a minus
sign).Meanwhile, τ rel is the relaxation time andDdiff is the spatial diffusion coefficient; they satisfy
vsig = (Ddiff/τ rel)1/2 < 1 to respect causality. The solution of this jνi at its thermalization time
tth contributes to the source term for the subsequent hydrodynamic evolution—that is, Jν (x) =∑

i j
ν
i (x)δ(t − [tdepi + tth]). The model parameters above are set as p0cut = 2 GeV, τ rel = 1.0 fm,

Ddiff = 0.6 fm, and tth = 1.5 fm in Reference 86.Within this approach, effects of medium response
on the angular distribution of jet energy have been compared between different implementations
of medium response. It has been found that the difference between weakly coupled (recoil method
in Section 2.2) and strongly coupled (hydrodynamic response in Sections 2.1 and 2.3) approaches
depends on the evolution profile of the bulk medium. While their difference is moderate inside
a static medium, a sizable difference has been observed in the presence of a hydrodynamic flow.
This observation enables a first quantitative exploration of differences between various medium
response models and suggests the importance of accurate dynamical modeling of the soft medium
in studying jets.

3. EFFECTS OF MEDIUM RESPONSE ON JET OBSERVABLES

3.1. Jet Production

The most frequently used observable for quantifying medium effects on jets is the nuclear
modification factor defined as

RAA(pT, y,ϕ) ≡ 1
⟨Ncoll⟩

d2NAA/(dpTdydϕ)
d2Npp/(dpTdydϕ)

, 9.

which gives the ratio of hadron or jet spectra between nucleus–nucleus (AA) and proton–proton
(pp) collisions, where ⟨Ncoll⟩ is the average number of binary nucleon–nucleon collisions in each
AA collision. This RAA has been compared between nearly all jet energy loss calculations and
experimental data, from which one can extract the coupling strength between energetic partons
and the QGP, or the jet transport coefficient q̂ (49, 50, 107).

While the RAA of high-pT hadrons is mainly driven by the parton energy loss inside the QGP,
the RAA of fully clustered jets is much more complicated. Jet construction in heavy-ion collisions
requires subtracting the QGP background. In reality, signals of jet partons always overlap with
the medium background to some extent. Therefore, the clustered jets inevitably contain energy–
momentum brought from the medium. As a result, the jet RAA depends on both jet energy loss
and the energy gain brought by recoil partons excited from the medium background. It has been
confirmed in References 35, 108, and 109 that medium response has a non-negligible impact on
the jet RAA.

In Figure 2a, one can observe the effect of medium response on the jet RAA within the Lbt
model. In the most central 10% (denoted as 0–10%) of Pb+Pb collisions at

√
sNN = 5.02 TeV, a

good agreement in the jet RAA can be achieved by including medium response (recoil and negative
partons here) and setting αs = 0.15. Excluding medium response leads to an underestimation of
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Figure 2

(a) Jet RAA and (b) v2 in Pb+Pb collisions at
√
sNN = 5.02 TeV from Lbt calculations, compared between including and not including

effects of medium response, and the ATLAS data (110). Figure adapted from Reference 109 (CC BY 4.0).

the realistic jet energy and therefore a much smaller RAA when the same αs = 0.15 is applied. If
one refits the experimental data without medium response, a smaller value of αs = 0.13 is required.

Besides affecting the extracted jet transport coefficient,medium response can also influence the
cone size dependence of the jet RAA. Because recoil partons tend to be scattered to larger angles
with respect to the incoming jet parton compared with medium-induced gluons, as one increases
the cone for clustering jets, more energy–momentum from the medium response is included in
the jets, causing an enhancement in their RAA. As found in References 35 and 108, when medium
response is not taken into account, little separation is seen between the RAA of jets with different
cone sizes from R= 0.2 to 0.5. By contrast, after including medium response, a significant increase
is observed in the jet RAA from smaller to larger cone sizes. Similar cone size dependence has also
been observed in other model calculations that incorporate medium response, as summarized in
Reference 111. Although the current CMS data at large pT (111) seem to favor models without
including medium response over those with medium response, a discrepancy exists between the
ATLAS (110) and CMS data when the jet cone size is not very large, which needs to be resolved
before a firm conclusion can be drawn.

3.2. Jet Anisotropy

While the angular integrated RAA quantifies the average pT loss of jet partons or fully constructed
jets, their collective flow coefficients vn characterize the azimuthal asymmetry of their pT dis-
tribution. The vn of high-pT hadrons is mainly determined by the asymmetric parton energy
loss along different paths through a geometrically anisotropic QGP medium. At low pT, par-
tons can quickly thermalize with the QGP, and thus hadrons inherit the collective flow from
the medium. In between, intermediate-pT hadrons are affected by the hadronization process,
which includes both fragmentation from higher-pT partons and coalescence between lower-
pT partons (45). Unlike single inclusive hadrons, jets even at high pT include both high- and
low-energy constituent particles. As a result, their vn incorporates contributions from both
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parton energy loss and the QGP flow and therefore can be affected by jet-induced medium
excitation.

The jet vn can be evaluated using either the event plane (EP) method or the scalar product
(SP) method as

vjet,EP
n ≡ ⟨⟨cos[n(ϕjet − 9n )]⟩⟩, vjet,SP

n ≡ ⟨⟨vsoft
n cos[n(ϕjet − 9n )]⟩⟩√

⟨vsoft2
n ⟩

, 10.

in which the symbol ⟨⟨X⟩⟩ first averages X over jets within an event and then over different events,
ϕjet denotes the azimuthal angles of a jet, 9n is the nth-order event plane determined by soft
hadrons emitted from the QGP, and vsoft

n is the vn of soft hadrons. According to the definitions
above, event-by-event fluctuations of vsoft

n can affect v
jet,SP
n but not v

jet,EP
n . However, this effect is

found to be small because of the small values of δvsoft
n /vsoft

n from hydrodynamic calculations. These
two methods give consistent v2 and v3 of both inclusive hadrons and jets within Lbt (109, 112).

As shown in Figure 2b, a sizable effect of medium response has been found on the jet v2 (109).
With a fixed value of αs = 0.15, the jet v2 becomes smaller if medium response is excluded from
jet construction, which results from two competing effects. On the one hand, medium response
is stronger along a longer path of jet propagation than along a shorter path. Therefore, removing
medium response further increases the difference of the final jet pT between longer and shorter
paths, thus increasing the jet v2. On the other hand, within jets, the collective flow carried by soft
components close to thermal equilibrium with the QGP is larger than that of hard components
caused by asymmetric energy loss. Therefore, excluding contributions from medium response
reduces the jet v2.Overall, the second effect dominates, especially when themedium flow is strong.
Since v2 is more complicated thanRAA, it is conventional to study effects on the jet v2 while keeping
the RAA fixed. As demonstrated in Figure 2, while the RAA from Lbt excluding medium response
with αs = 0.13 agrees with that including medium response with αs = 0.15, the former exhibits a
20–40% smaller v2 than the latter. This difference increases as the jet cone becomes larger (109).

3.3. Jet Structures

Advances in theoretical calculations and experimental measurements allow us to extend jet studies
from the spectra of their total energy (or pT) to the energy distribution within jets. This is known
as the jet structure or substructure.

The jet fragmentation function (113, 114) measures the fractional momentum distribution of
particles within a jet, defined as

D(z) ≡ 1
Njet

dNtrack

dz
, 11.

where z = p⃗ track
T · p⃗ jet

T /| p⃗ jet
T |2 denotes the longitudinal momentum fraction of a particle with re-

spect to the jet. To increase the resolution of particle distribution at low pT, a variable ξ = ln (1/z)
is usually applied and dNtrack/dz is replaced by dNtrack/dξ in Equation 11. For γ /Z-triggered
jets (115, 116), the momentum fraction z can also be defined with respect to the pT of γ /Z as
z = p⃗ track

T · p⃗γ /Z
T /| p⃗γ /Z

T |2, considering that they are not modified by the QGP and thus serve as a
better reference for the initial jet energy.

As shown in References 27, 69, 71, 97, and 117, one can observe an enhancement of the jet
fragmentation function at small z (or large ξ ) in AA compared with pp collisions due to the soft
particle production from jet–medium interactions, among which the jet-induced medium excita-
tion has a considerable contribution. At large z (or smaller ξ ), an enhancement can also be seen for
single inclusive jets because the energy loss of jets can increase the momentum fraction of their
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high-pT constituents. This enhancement at large z does not appear in γ /Z-triggered jets when
γ /Z is used as the reference for defining z. The jet fragmentation function here is similar to the
distribution of the momentum fraction of hadrons relative to the triggered γ /Z, as discussed in
detail below in Section 4.

Apart from the momentum fraction distribution along the jet axis, we can also study the mo-
mentum distribution with respect to the opening angle relative to the jet axis. This is known as
the jet shape (31, 68), defined by

ρ(r) ≡ 1
1r

1
Njet

∑
jet

pjetT (r − 1r/2, r + 1r/2)

pjetT (0,R)
, 12.

in which r = √
(η − ηjet )2 + (ϕ − ϕjet )2 denotes the radius to the center of the jet (ηjet, ϕjet) in the

momentum space, and pjetT (r1, r2 ) represents the summed pT over particle tracks inside the circular
annulus within (r1, r2). This jet shape is first normalized by the total pT up to the cone size R used
for clustering the jet and is then normalized by the number of jets. Although jets are constructed
using R, the study of jet shape can be extended to r > R.

Figure 3 shows the jet shape inAA and pp collisions (Figure 3a) and the corresponding nuclear
modification factor (Figure 3b) from a jet–fluid model calculation (35). In Figure 3a, contribu-
tions from different sources are compared for single inclusive jets in central Pb+Pb collisions at√
sNN = 2.76 TeV. At small r, the jet shape is dominated by energetic partons initiated from jets

(labeled “shower” in Figure 3a); however, at large r, it is dominated by hydrodynamic response to
parton energy loss (labeled “hydro” in Figure 3a). Compared with medium-induced gluon emis-
sion, elastic scattering together with hydrodynamic expansion has a wider angular distribution and
thus is more effective in transporting jet energy to large r. In Figure 3b, one observes a signifi-
cant enhancement of the nuclear modification factor at large r after taking into account medium
response. Similar findings have also been confirmed in References 28, 69, 70, 97, and 117 for both
inclusive jets and γ -triggered jets. For high-pT jets, a small enhancement can also be observed in
the jet shape at small r due to the enhanced medium-induced splitting together with jet energy
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Figure 3

(a) The jet shape and (b) its nuclear modification factor in central Pb+Pb collisions at
√
sNN = 2.76 TeV from the jet–fluid model

calculation, compared between contributions from parton shower and hydrodynamic response, and the CMS data (31). Figure adapted
with permission from Reference 35; Copyright 2017 by the American Physical Society.
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loss in AA compared with pp collisions. However, such an enhancement at small r will disappear
for lower-pT jets (34, 36).

The effect of the medium on the parton splitting function is the key to understanding the
medium modification of parton showers. Direct measurements of the parton splitting function
become available with the introduction of the soft drop jet grooming algorithm (118, 119). In
experiments (120, 121), for a jet constructed using the anti-kT algorithm with radius R, one may
first recluster it using the Cambridge–Aachen algorithm and then decluster it in the reverse or-
der by dropping the softer branch until two hard branches are identified with zg > zcut(1R/R)β ,
where zg = min (pT1, pT2)/(pT1 + pT2) is the fractional pT of the softer branch. This jet grooming
procedure suppresses contamination of soft hadrons from hadronization and underlying events in
pp collisions, thus connecting the perturbative calculation of the parton splitting function to the
self-normalized zg distribution

p(zg) ≡ 1
Nevt

dNevt

dzg
. 13.

References 122–126 have shown that inAA collisions, a satisfactory description of this p(zg) can
be obtained within perturbative calculations of the medium-modified splitting function.However,
it has also been suggested in References 69 and 127 that soft hadrons contributed by jet-induced
medium excitation cannot be entirely removed using jet grooming and therefore still have an
impact on p(zg) in AA collisions. As shown in Figure 4a, in central Pb+Pb collisions at

√
sNN =

5.02 TeV, using the parameters zcut = 0.1, β = 0, and 1R = 0.1 for jets constructed with R =
0.4 and pT > 140 GeV, one finds that medium response significantly enhances p(zg) at small zg
within the Jewelmodel. Since p(zg) is self-normalized, this enhancement leads to a faster decrease
of its nuclear modification factor as zg increases. Contributions from the medium response may
be suppressed by adjusting the parameters of the jet grooming algorithm. Impacts from these
parameters and different reclustering algorithms on p(zg) have been discussed in Reference 128.
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The (a) zg distribution and (b) mass distribution of groomed jets in central Pb+Pb collisions at
√
sNN = 5.02 TeV, compared between

including and not including medium response, and the CMS data (131). Panel a adapted from Reference 127 (CC BY 4.0). Panel b
adapted with permission from Reference 132.
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Medium effects on jets can also be reflected in the jet mass (129), defined as

M =
√
E2 − p2T − p2z, 14.

where E, pT, and pz are the total energy, transverse momentum, and longitudinal momentum of
a given jet, respectively. As studied in References 69, 70, and 130, the nuclear modification of
jet mass comes from two competing effects. Jet energy loss in AA collisions reduces their mass
compared with jets with the same pT in pp collisions. On the other hand, jet-induced medium
excitation introduces more soft components into jets and thus increases their mass. Overall, an
enhancement of the average jet mass in AA compared with pp collisions can be seen after medium
response is included. The enhancement becomes more prominent for jets with higher pT. Besides
full jets, the mass of groomed jets has also been studied in References 131 and 132. As shown
in Figure 4b, effects of jet-induced medium excitation could be large for jets with large masses.
Without the contribution from recoil partons inLbt, a suppression of themass distribution is seen
at large groomed jet mass due to jet energy loss. By contrast, taking into account recoil partons
leads to an enhancement.

Although we find that medium response has noticeable effects on many jet observables, it is
not the sole explanation of these observables. Even without medium response, large angle scat-
tering and radiation (133–135) and color coherence and decoherence effects (136) also provide
reasonable descriptions of these observables. Therefore, it is necessary to further explore unique
features of medium response, as discussed in Section 4.

4. SIGNATURES OF MEDIUM RESPONSE IN JET–HADRON
CORRELATIONS

While jet-induced medium excitation in relativistic heavy-ion collisions has been the subject of
many recent studies, it is still a long-standing unresolved issue to search for the decisive signa-
tures of medium response. The identification, isolation, and detailed study of medium response
signals are of paramount significance for a comprehensive understanding of jet–medium inter-
actions and precise determination of the bulk properties of the strongly interacting QGP. Since
the lost energy from jet shower partons is redistributed via rescattering with medium partons,
medium-induced radiation, and jet-induced medium excitation, the medium response to jet en-
ergy loss should influence the production of soft and hard hadrons associated with the quenched
jets. Therefore, detailed analysis of hadron yields, spectra, and distribution correlated with the
triggered quenched jets should shed light on the signature of medium response.

4.1. Jet-Correlated Hadron Production

To investigate the jet propagation and medium response concurrently in real time, Reference 71
has developed the coupled Lbt and hydrodynamics model, CoLbt-Hydro. In this approach,
interactions of jet partons with the QGP are described by the Lbt model, while relativis-
tic hydrodynamics is used to simulate the QGP evolution, with a source term describing the
energy–momentum transferred from jets into the medium.

Based on the CoLbt-Hydro model, Reference 71 studies the effect of jet-induced medium
excitation on soft hadron production associated with the suppression of leading hadrons due to
energy loss of hard partons in heavy-ion collisions.Figure 5 shows the γ -triggered fragmentation
function D(z), with z = phT/pγT, in pp collisions and central Au+Au collisions at

√
sNN = 200 GeV

(Figure 5a), together with their ratio IAA = DAA/Dpp (Figure 5b). The triggered photon is set
as 12 < pγT < 20 GeV, |η| < 1, and the associated hadrons are taken within |1ϕγ h − π | < 1.4.
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(a) The γ -triggered jet fragmentation function D(z) as a function of momentum fraction z = phT/pγT for
pγT ∈ (12, 20) GeV, |η| < 1, and |1ϕγ h − π | < 1.4, in pp and 0–12% Au+Au collisions at

√
sNN = 200 GeV.

(b) The nuclear modification factor IAA for the γ -triggered D(z). The STAR data (137) are compared.
Abbreviations: JIME, jet-induced medium excitation; visc-cor, viscous correction. Figure adapted from
Reference 27 (CC BY 4.0).

To compare with the STAR data, the zero-yield-at-minimum (ZYAM) method has been used to
subtract a constant background. One sees that at intermediate and large z, CoLbt-Hydro can
describe the STAR data on the suppression of leading hadrons due to parton energy loss. At small
z (<0.1), a significant enhancement is obtained for the soft hadrons contributed by jet-induced
medium excitation.

In another work (138), the production of jet-induced charged particles around the quenched
jets is investigated using the Ampt model (139, 140). The Ampt model provides a versatile tool
to simulate the dynamical evolution of the bulk matter and jet–medium interactions for rela-
tivistic heavy-ion collisions. To systematically subtract the background contribution and extract
the jet-induced particle yield up to a very large distance from the jet direction, Reference 138
uses the jet–particle correlation method following the CMS work (68, 141). The mixed-event
method is used to correct the limited acceptance effect for jet–particle correlations, and the side-
band method is employed to subtract the background contribution from uncorrelated pairs and
long-range correlations.

Figure 6 shows the associated charged-particle spectra dN/dpT around the hard jets in pp and
Pb+Pb collisions at

√
sNN = 5.02 TeV.The lower panels in Figure 6 show the difference between

Pb+Pb and pp events. The triggered jet is set as pjetT > 120 GeV, R = 0.4, and |ηjet| < 1.6, and the
associated particles are taken within 1r =

√
(1ϕ)2 + (1η)2 < 1 with respect to the jet direction.
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Upper panels show the jet-correlated charged-particle spectrum within 1r < 1 around triggered jets in pp and Pb+Pb collisions at√
sNN = 5.02 TeV. Lower panels show the corresponding difference between Pb+Pb and pp collisions. The CMS data (142) are

compared. Figure adapted from Reference 138 (CC BY 4.0).

One can see that the Ampt calculation gives a reasonable description of the CMS data (142) on
the jet-correlated charged-particle spectra. Compared with pp collisions, the yield of associated
high-pT particles around the triggered jets in Pb+Pb collisions is suppressed due to energy loss of
leading partons of jets. In contrast, the yield of the associated low-pT particles around the triggered
jets in Pb+Pb collisions is enhanced compared with pp collisions, which can be understood as the
effect of medium response to parton energy loss. This effect is more pronounced in more central
collisions because of stronger jet quenching. The above result from Ampt is very similar to that
from CoLbt-Hydro. Thus, the general observation is that while parton energy loss leads to the
suppression of hard particle production, jet-induced medium excitation enhances the soft particle
production around quenched jets.

4.2. Diffusion Wake

Jet-inducedmedium excitation consists of two typical phenomena: the wave front and the diffusion
wake. The wave front is the transport of recoil partons that are excited by hard jets from the
medium, while the diffusion wake is the depletion of energy behind hard jets and recoil partons.
As shown in Section 4.1, the wave front leads to an enhancement of soft hadrons around the axis
of a quenched jet. In this subsection, we show that the diffusion wake can lead to a depletion of
soft hadrons in the opposite direction of the propagating jet. This has been extensively explored
in References 71, 73, and 143.

Reference 71 studies the γ -triggered hadron yield as a function of the azimuthal angle 1ϕγ h

in pp collisions and central Au+Au collisions at
√
sNN = 200 GeV without the ZYAM background

subtraction. First, the hadron yield at large phT is found to be significantly suppressed because of
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parton energy loss. A more interesting finding concerns the angular distribution of soft hadrons.
On the near side of the jet direction [i.e.,1ϕγ h ∼ (π/2,π )], one observes a significant enhancement
of soft particle production. In the meantime, a depletion of soft particle production is observed on
the opposite side of the jet direction [i.e., around the triggered γ direction (1ϕγ h ∼ 0).While the
enhancement on the near side of the jet is due to the wave front excited by the hard jet as discussed
in Section 4.1, the depletion in the γ direction (i.e., the away side of the jet) is due to the diffusion
wake left behind the propagating hard jet inside the QGP. This is a unique signal of jet-induced
medium excitation that cannot be achieved using models without considering medium response.

Although it was predicted in Reference 71 that the diffusion wake can lead to a depletion of
soft hadrons on the opposite side of the jet direction (138), recent CMS data on Z boson–hadron
correlations showed an enhancement of soft hadrons in both the Z and jet directions (72) instead.
To decipher this intriguing result, Reference 73 has performed a detailed analysis of Z boson–
hadron correlations within the framework ofCoLbt-Hydro by considering the MPI effect in the
initial nuclear collisions.

Figure 7a shows the Z-triggered charged-hadron yield as a function of the azimuthal an-
gle 1ϕhZ in pp and 0–30% Pb+Pb collisions at

√
sNN = 5.02 TeV, together with their difference,

compared with the CMS data (72). The triggered Z boson satisfies pZT > 30 GeV, and the asso-
ciated hadrons satisfy phT > 1 GeV. One can clearly see a peak in the jet direction (1ϕhZ ∼ π ),
which is enhanced and broadened in Pb+Pb collisions relative to pp collisions. In the Z direction
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(a) The Z boson–hadron correlation as a function of the azimuthal angle for pZT > 30 GeV and phT > 1 GeV in pp and 0–30% Pb+Pb
collisions at

√
sNN = 5.02 TeV. The CMS data (72) are compared. (b) The difference in photon–hadron correlation as a function of

1ϕh−jet between 0–10% Pb+Pb and pp collisions. Abbreviations: CoLbt-Hydro, coupled linear Boltzmann transport and
hydrodynamics; MPI, multiparton interaction. Figure adapted from Reference 73 (CC BY 4.0).
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(1ϕhZ ∼ 0), we observe a sizable hadron yield in pp collisions; it is also enhanced in Pb+Pb colli-
sions.This is a puzzling result because the jet-induced diffusion wake is expected to deplete hadron
production in the opposite direction of jet propagation. More detailed analysis in Reference 73
reveals that hadrons in the Z directionmainly come from theMPI effect, such as independent pro-
duction ofminijets, associatedwith triggered hard processes,which typically gives rise to a uniform
distribution in the azimuthal angle for Z boson–hadron correlations. Because of the interaction
of these minijets with the medium, there is an enhancement of soft hadrons together with a sup-
pression of hard hadrons from the MPI effect. After subtracting the contribution from the MPI
effect with a mixed event procedure, the signal of the jet-induced diffusion wake becomes visible,
as shown by a slight depletion on the near side of the Z boson–hadron correlation (1ϕhZ ∼ 0).

For a more clear observation of the diffusion wake, Reference 73 further proposes using the
longitudinal and transverse gradient jet tomography (23, 74, 75) to localize the initial positions of
the Z/γ jet events. Figure 7b shows the nuclear modification of the associated soft hadron yield
as a function of 1ϕh−jet in γ jet events in 0–10% Pb+Pb collisions at

√
sNN = 5.02 TeV. Here the

triggered γ is chosen to emit primarily in the −ŷ direction. In the upper panel in Figure 7b, one
selects γ jet events with a transverse asymmetry cut Ax < −0.2 that biases the initial transverse
positions of γ jet events toward the −x̂ direction. For this biased case, the enhancement of soft
hadrons at 1ϕh−jet < 0 is more pronounced while the depletion of soft hadrons at the 1ϕh−jet > 0
region is deeper. Such an asymmetric feature is due to the fact that jet-induced medium excitation
is stronger in the denser region of the medium while, at the same time, the diffusion wake is
stronger in the opposite direction (the less dense region). One can also select γ jet events with
small values of the pT asymmetry (e.g., pjetT /pγT < 0.8) to bias toward longer jet path lengths. This
selection further enhances the signal of the diffusion wake, which can now be clearly seen even
without subtracting the MPI background.

Furthermore, Reference 143 has explored the three-dimensional structure of the diffusion
wake induced by γ -triggered jets in Pb+Pb collisions using theCoLbt-Hydromodel. The result
is presented in Figure 8. Figure 8a,b shows the γ -triggered jet–hadron correlation as a function
of rapidity and azimuthal angle in pp collisions and 0–10% Pb+Pb collisions at

√
sNN = 5.02 TeV.

One can observe a double-peak structure in the rapidity distribution of soft hadrons in the opposite
direction of jets. More detailed analysis in Reference 143 reveals that this double-peak structure
is a combined effect of a valley caused by the diffusion wake and a ridge from the MPI effect, as
shown in Figure 8c,d. By selecting different values of the γ jet asymmetry pjetT /pγT, it is found that
the depth of the diffusion wake increases with the jet energy loss. This is another signature of
diffusion wake without subtracting the MPI background.

4.3. Hadron Chemistry Around Jets

As shown above in this review, jet-induced medium excitation may flow to very large angles with
respect to the jet direction and change the energy redistribution around the quenched jets. In
particular, it can enhance the production of soft hadrons at a very large angle (1r ∼ 1) away from
the jet direction. In this subsection, we explore the hadron chemistry around the quenched jets.
Since the lost energy from jets is deposited into medium partons, the relative yields or chemical
compositions of particles produced from jet-excited partons around the quenched full jets should
be different from those produced from the vacuum jets. This phenomenon has been explored in
References 77, 78, and 144.

Figure 9a shows the jet-correlated π , K, p, and 3 spectra dN/dpT around the triggered jets
within 1r =

√
(1η)2 + (1ϕ)2 < 1 for pp collisions and Pb+Pb collisions at

√
sNN = 5.02 TeV,

calculated using the Amptmodel.Figure 9b shows the corresponding jet-correlated p/π and3/K
ratios around the triggered jets within 1r < 1 as a function of the associated particles’ pT. First,
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(a,b) The γ -triggered jet–hadron correlation as a function of 1η and 1ϕ in pp and 0–10% Pb+Pb collisions at
√
sNN = 5.02 TeV.

(c,d) The diffusion wake valley and the multiparton interaction ridge in the γ -triggered jet–hadron correlation as a function of 1η

within |1ϕ| > π/2 for different ranges of pjetT /pγT in Pb+Pb collisions. Figure adapted from Reference 143 (CC BY 4.0).

the yields of low-pT particles in Pb+Pb collisions are enhanced compared with pp collisions. This
enhancement is more pronounced in more central collisions because of the stronger jet quenching
effect.This is consistent with the previous finding that a significant amount of the lost energy from
the quenched jets is carried by low-pT particles at large angles away from the jet direction (35,
138). Another extremely interesting observation is that the jet-correlated baryon-to-meson ratio
in the intermediate-pT region around the triggered jets is strongly enhanced in Pb+Pb collisions
relative to pp collisions.This is a unique signature of medium response to jet quenching and can be
naturally explained by parton coalescence (77). Because of interactions between hard jets and the
QGPmedium, the energy is deposited from jets to medium partons.The coalescence between jet-
excited medium partons tends to increase the relative yield of baryons to mesons at intermediate
pT around the quenched jets.

Since the lost energy can diffuse to very large angles with respect to the jet direction, the
above jet-correlated baryon-to-meson enhancement at intermediate pT around the quenched
jets should have a strong dependence on the relative distance 1r, which has been explored in
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(a) Jet-correlated π , K, p, and 3 spectra around the triggered jets within 1r < 1 in pp and Pb+Pb collisions at
√
sNN = 5.02 TeV.

(b) The corresponding jet-correlated p/π and 3/K ratios around the triggered jets. Figure adapted from Reference 77 (CC BY 4.0).

Reference 77. The nuclear enhancement (AA− pp) of jet-correlated baryon-to-meson ratios is
found to be stronger for larger 1r (within 1r < 1). This is because the lost energy from the
quenched jets can flow to large angles, where the production of baryons relative to mesons is
more enhanced because of parton coalescence. Note that the parton coalescence mechanism,
regardless of the details of various model implementations, has been very successful in explaining
the number-of-constituent-quark scaling of elliptic flow and the enhanced baryon-to-meson
ratios in the intermediate-pT region for the bulk matter in relativistic heavy-ion collisions (145–
148). Therefore, the above qualitative prediction of the baryon-to-meson enhancement around
the quenched jets should be robust. Experimental confirmation of this prediction will provide
unambiguous evidence regarding medium response to jet quenching.

SUMMARY POINTS

1. Jets serve as an energetic probe of the quark–gluon plasma (QGP) created in relativis-
tic heavy-ion collisions and can reveal information on the transport properties and the
underlying microscopic structures of the QCD matter.

2. Jet–medium interactions include both medium modification of jets and jet-induced
medium excitation. Recent developments in theory and experiment allow us to extend
jet studies from the former to the latter.

3. Both the weakly coupled transport approach and the strongly coupled hydrodynamic
approach have been developed to study medium response to the energy–momentum
deposition from jets and the thermalization process of this deposition.Coupled transport
and hydrodynamic models have been built for concurrent simulation of jet showers and
QGP expansion, which is found to be successful in a simultaneous description of hard
and soft components within jets.
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4. Sizable effects of medium response have been observed on the nuclear modification
factor and anisotropic flow coefficients of jets, as well as their fragmentation function,
shape, splitting function, and mass, indicating the essential role of medium response in
the precise extraction of the QGP properties from jet observables.

5. Jet–hadron correlations, including the diffusion wake on the opposite side of jet prop-
agation and the enhanced baryon-to-meson ratio around the quenched jets, have been
suggested as unique signatures of medium response, which can hardly be understood
using theories without considering medium response.

FUTURE ISSUES

1. A detailed comparison of various model implementations of medium response is neces-
sary for a quantitative constraint on the systematic uncertainties in the effects of medium
response on jet observables.

2. Searches for the diffusion wake and measurement of the hadron chemistry from the
experimental side are urgently needed to confirm the presence of jet-induced medium
excitation in heavy-ion collisions.

3. Because of the fragile signal of medium response alongside the large, fluctuating QGP
background, more precise calculations and measurements are desirable to understand
the detailed mechanisms of medium response. Such needs include improvements to
the hadronization model and the baseline of jet structures in pp collisions in theoreti-
cal calculations, and resolution of existing discrepancies in the jet data from different
experimental measurements.

4. Developing schemes to enhance signals of medium response, such as the longitudinal
and transverse gradient jet tomography and application of machine learning techniques,
will be helpful for a more direct extraction of the QGP properties (e.g., density, shear
viscosity, speed of sound) from these signals.
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