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In this Research Perspective, we briefly review the diffusion wake, a distinctive consequence of the Mach-
cone wake induced by the supersonic jets in ultrarelativistic heavy-ion collisions. The diffusion wake
depletes soft hadrons in the direction opposite to the propagating jet. According to coupled transport
and hydrodynamic simulations, a valley in the 2-dimensional jet-hadron correlation in azimuthal angle
and rapidity arises on the top of the multiple-parton interaction ridge as an unambiguous signal of the
diffusion wake induced by y-jets in heavy-ion collisions. In dijet events with a finite rapidity gap, the rapidity
asymmetry of the jet—hadron correlation has been shown to be a robust signal of the diffusion wake. The
same rapidity asymmetry can also be applied to y-jet events, and both are background-free. Experimental
measurements of these signals can provide valuable insights into the properties of the quark-gluon
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plasma formed in high-energy heavy-ion collisions.

Jets are collimated sprays of particles emerging from energetic
quarks and gluons in high-energy collisions. Jet quenching due
to jet-medium interaction and parton energy loss [1,2] is an
important phenomenon that can be used to probe the proper-
ties of the quark-gluon plasma (QGP) formed in high-energy
heavy-ion collisions. Jet-medium interaction also gives rise to
amedium response induced by the supersonic jet whose veloc-
ity (velocity of light) is much faster than the sound velocity
inside the QGP. The jet-induced medium response consists of
a Mach-cone-like wake [3] in the jet direction followed by a
diffusion wake in the opposite direction of the jet, leading to
perturbations in the soft hadron spectra from the bulk medium
and modification of various jet substructures such as the jet
shape [4], jet fragmentation functions [5,6], and jet energy-
energy correlators [7,8], among others. Since these perturba-
tions evolve together with the QGP medium, experimental
measurements can provide valuable insights into the intrinsic
and transport properties of the QGP [9].

Microscopically, jet-medium interaction transports a medium
particle into a recoil particle along the jet direction and leaves
behind a particle “hole” in the original phase space of the
medium particle. Further propagation of the recoil particles
and their interaction with the medium lead to a Mach-cone-like
wake, while the evolution of the perturbation due to the particle-
hole offset by some of the recoil particles leads to a diffu-
sion wake. (Note that the terms “Mach-cone-like wake” and
“diffusion wake” that we use here refer to the general medium
response along the jet direction that carries energy and momen-
tum deposited by the jet and the depletion of medium behind
the jet, respectively. They are not the same as the “sound mode”
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and “diffusion mode” in the linear hydrodynamics response
study of jet-induced wakes [10].) In the direction of a propagat-
ing jet, the Mach-cone-like wake can lead to the enhancement
of correlated soft hadrons. However, medium-induced gluon
radiation also enhances soft hadrons along the jet direction [2],
making it difficult to isolate the contribution from the Mach-
cone wake in the final state. As a companion of the Mach-cone-
like wake, the diffusion wake, on the other hand, depletes soft
hadrons in the opposite direction of the propagating jet [11,12]
which is a unique consequence of a Mach-cone-like wake
induced by supersonic jets. If identified and measured in high-
energy heavy-ion collisions, the signals of the diffusion wake
can help us confirm the existence of a jet-induced Mach-cone-
like wake and study the properties of the QGP medium.

Early investigations have shown that a diffusion wake leads
to a small amount of suppression of jet-hadron azimuthal angle
correlations in the y direction of y-jet events in Au + Au colli-
sions compared to p + p at Relativistic Heavy Ion Collider
(RHIC) energy [11]. However, hadrons from initial multiple-
parton interactions (MPIs) with a uniform azimuthal distribu-
tion, which are negligible at RHIC energy, can overwhelm the
signal of the diffusion wake in Pb + Pb collisions at the Large
Hadron Collider (LHC) [4]. Separating and subtracting the
MPI contribution is then critical.

Since jets are 3-dimensional structures, it is natural to extend
the jet-hadron correlation in azimuthal angle to a 2-dimensional
(2D) distribution in both azimuthal angle and rapidity to look
for signals of the diffusion wake. Such a 2D jet-hadron correla-
tion has been investigated in y-jet events [4] in which the pho-
ton does not interact with the QGP and therefore does not
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interfere with the signal of the diffusion wake in the photon
direction or the opposite direction of the jet. In this study, the
y-jet production in p + p is simulated with the PYTHIA 8 [13]
model and in central 0% to 10% Pb + Pb collisions within the
CoLBT-hydro model [11], respectively, at 4/syn = 5.02 TeV.
The linear Boltzmann transport (LBT) model [14-16] is based
on Boltzmann equations for the evolution of both jet shower
partons and the recoil partons. The collision kernels contain
the complete set of leading-order elastic 2 — 2 scattering pro-
cesses, while inelastic processes 2 — 2 + nwith multiple-gluon
radiation are described by the high-twist formula [17,18] for
induced gluon emission that contains Landau-Pomeranchuk-
Migdal interference. The CoLBT-hydro model couples the LBT
model and event-by-event (3+1)D CCNU-LBNL viscous hydro-
dynamic (CLVisc) model [19] for a concurrent evolution of
parton shower and QGP medium. The coupling is through a
source term in the hydrodynamic equations made of soft partons
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including particle holes or “negative” partons from LBT while
energetic partons propagate through the hydrodynamic medium,
which are updated in real time. Jets are reconstructed from final
hadrons using the FastJet algorithm [20].

The jet and soft hadron correlations in azimuthal angle and
rapidity from y-jets in p + p collisions (a) and 0% to 10% Pb +
Pb collisions (b) at \/E =5.02 TeVfrom Yang et al. [4] are shown
in the upper panels of Fig. 1. In p + p collisions, a peak in the jet
direction originates from jet hadronization on top of a ridgelike
structure along the azimuthal angle direction. This ridge can be
attributed to hadrons from MPIs, which are uniform in azi-
muthal. In central Pb + Pb collisions, the jet peak is enhanced
compared to p + p due to jet-induced medium response and
medium-induced gluon radiation. In the direction of the trigger
photon or the opposite side of the jet peak, a valley on top of the
MPI ridge is formed, resulting from the depletion of soft hadrons
by the jet-induced diffusion wake. This valley on top of the MPI
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Fig.1(A) Jet-hadron correlation in azimuthal angle and rapidity in y-jets in p + p and (B) 0% to 10% Pb + Pb collisions and (C) in dijets in 0% to 10% Pb + Pb collisions
at \/5 =5.02 TeV. (D) Rapidity asymmetry of near-side (lower) and away-side (upper) jet-hadron correlation in dijets in 0% to 10% Pb + Pb collisions.
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ridge provides a clear and unambiguous signal of the diffusion
wake in central Pb 4 Pb collisions. Projecting this 2D distribution
onto the rapidity direction within the azimuthal angle range
|A@| < 7 /2, one obtains a double-peak structure in the jet—
hadron rapidity correlation. This provides a theoretical basis for
experimental search for the diffusion wake signal by the Compact
Muon Solenoid (CMS) and A Toroidal LHC Apparatus (ATLAS)
experiment. Both experiments have observed such structures in
Z-jet [21] and y-jet [22] events, respectively, providing the first
direct experimental observation of jet-induced medium response
in high-energy heavy-ion collisions.

y- and Z-jets are relatively rare in current heavy-ion experi-
ments at the LHC with the limited beam luminosity, leading
to large uncertainties in CMS and ATLAS measurements. It
is therefore essential to explore the signal of a jet-induced dif-
fusion wake in dijet events, which are substantially more abun-
dant at the LHC. The challenge in identifying the signal of the
diffusion wakes induced by back-to-back dijets without a rapid-
ity gap lies in the overlap of the diffusion wake induced by one
jet with the soft hadron enhancement from the Mach-cone
wake and the induced gluon radiation of the other jet in azi-
muthal angle. In this case, the diffusion wake primarily reduces
the medium-induced hadron enhancement in the jet-hadron
correlation of both jets, resulting in no clear signal of the dif-
tusion wake. However, if one selects dijets with a finite rapid-
ity gap, the diffusion wake valley of one jet will shift away from
the Mach-cone wake of the other jet [23], leading to an asym-
metrical jet-hadron rapidity correlation. In a recent study
[24], the 2D jet-hadron azimuthal angle and rapidity cor-
relations were calculated in dijet events as in y-jet events. The
2 back-to-back jets are required to have a finite rapidity gap
|A}1jet1’jet2 Mjet, —Mjet, | > 1 as shown in Fig. 1C. The jet-
hadron correlation in central Pb + Pb collisions exhibits 2 dis-
tinct peaks: one at A¢ =0 corresponding to the near-side
correlation for hadrons from the leading (trigger) jet and the
other at A¢p = & corresponding to the away-side correlation for
hadrons from the sub-leading jet. Since one requires a rapidity
gap between the 2 jets, these 2 peaks are not located in the same
rapidity region. Similar to y-jets, these 2 peaks are enhanced
relative to p + p collisions due to jet-induced medium response
and medium-induced gluon radiation. Furthermore, the near-
side jet-hadron rapidity correlation reveals a clear dip around
An = -2, which is absent in p + p collisions, due to the diffusion
wake valley from the sub-leading jet. To further reveal the effect
of the diffusion wakes in dijets, one can project the correlations
onto the rapidity in both the near- (A¢ < 7 /2) and away-side
(A¢ > 7 /2) regions of the leading jet and focus on the differ-
ence or rapidity asymmetry between medium modifications of
the projected jet-hadron correlations in dijets with a rapidity
gap AN, and without a rapidity gap AN, » (|Any,| <0.5) as
shown in Fig. 1 for both near-side and away-side jets. One can
see a depletion of soft hadrons in the shifted rapidity region of
the diffusion wake and an enhancement in the rapidity region
of the other jet whose soft hadron enhancement is no longer or
less reduced by the diffusion wake as in dijets without a rapidity
gap. This rapidity asymmetry is a direct consequence of the diftu-
sion wakes induced by dijets. Note that contributions to jet-hadron
correlations from the uncorrelated background of the bulk medium
completely cancel in the rapidity asymmetry. This removes the
need for background subtraction and the associated uncertainties
in direct measurement of the jet-hadron correlations.
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In summary, 2D jet-hadron correlations in azimuthal and
rapidity have been proposed recently to search for the signal of
the jet-induced diffusion wake in high-energy heavy-ion colli-
sions. In y-jet events, a clear diffusion wake valley on top of an
MPI ridge has been identified as the signal of the jet-induced
diffusion wake in theoretical simulations. This has led to the
first direct experimental observation of the jet-induced medium
response in central Pb + Pb collisions at the LHC by the CMS
and ATLAS Collaborations. A unique rapidity asymmetry in
the jet-hadron correlations that is background-free is also pro-
posed as a robust signal of the diffusion wake induced by dijets
with a finite rapidity gap. With a large amount of dijet events at
the LHC and RHIC, more accurate measurements of the diffu-
sion wakes through such asymmetry in rapidity become pos-
sible. Combined with the measurement of the diffusion wakes
in Z/y-jets, these studies are expected to advance our under-
standing of the jet-induced medium response and the properties
of the QGP in high-energy heavy-ion collisions.
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