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ABSTRACT: As the partons in a high energy jet propagate through the droplet of quark-gluon
plasma (QGP) produced in a heavy-ion collision they lose energy to, kick, and are kicked by
the medium. The resulting modifications to the parton shower encode information about
the microscopic nature of QGP. A direct consequence, however, is that the momentum and
energy lost by the parton shower are gained by the medium and, since QGP is a strongly
coupled liquid, this means that the jet excites a wake in the droplet of QGP. After freezeout,
this wake becomes soft hadrons with net momentum in the jet direction meaning that what
an experimentalist later reconstructs as a jet includes hadrons originating from both the
modified parton shower and its wake. This has made it challenging to find experimental
observables that provide an unambiguous view of the dynamical response of a droplet of
QGP to a jet shooting through it. Recent years have seen significant substantial advances
in the theoretical and experimental understanding of the substructure of jets, in particular,
using correlation functions, (£(71) - - - E(7ik)), of the energy flux operator in proton-proton
collisions and, recently, in heavy-ion collisions. So far, such studies have focused primarily
on the two-point correlator, which allows for the identification of the angular scale of the
underlying dynamics. Higher-point correlators hold the promise of mapping out the dynamics
themselves. In this paper we perform the first study of the shape-dependent three-point
energy-energy-energy correlator in heavy-ion collisions. Using the Hybrid Model to simulate
the interactions of high energy jets with the QGP medium, we show that the three-point
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correlator presents us with a striking new opportunity. We find that hadrons originating
from wakes are the dominant contribution to the three-point correlator in the kinematic
regime in which the three points are well-separated in angle, forming a roughly equilateral
triangle. This equilateral region of the correlator is far from the region populated by collinear
vacuum emissions, making it a canvas on which jet wakes are laid out, where experimentalists
can map their shapes. Our work provides a key step towards the systematic use of energy
correlators to image and unravel the dynamical response of a droplet of QGP that has been
probed by a passing jet, and motivates numerous experimental and theoretical studies.
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1 Introduction

The analysis of experimental measurements of the debris from the explosions of droplets
of big bang matter produced in ultra-relativistic collisions of heavy ions at RHIC and the
LHC led to the discovery that this primordial fluid, conventionally called quark-gluon plasma
(QGP), is a strongly coupled fluid [1-5]. This provides a unique opportunity to study
the properties and dynamics of matter governed by quantum chromodynamics (QCD) and
indeed there have been a plethora of QGP-related QCD phenomena that have been analyzed
with increasing incisiveness and precision over the past two decades via theoretical and
experimental investigations of heavy-ion collisions. (For reviews, see refs. [6-23].) Studies
of the bulk properties of QGP have led to numerous remarkable insights, building upon
the discovery that QGP behaves as a nearly perfect fluid, and have prompted numerous
theoretical developments in the study of strongly coupled QFTs and hydrodynamics.

As in many other domains of physics, after the discovery and bulk characterization
of a new form of strongly coupled matter, many of the most important routes to further
understanding involve interrogating it with some high-energy probe (think microscopy or
scattering experiments going back to Rutherford), studying how it deflects or reshapes the
probe and how it responds to being probed. For the droplets of QGP produced in a heavy-ion
collision the only possible probes are those produced in the same collision, including high
energy jets and heavy quarks. We shall focus here on jets, although the extension of the



methods that we are investigating and shall present here to (jets containing) heavy quarks
holds promise as well. In recent years, there have been rapid advances in the modeling
and experimental exploration of jets in heavy-ion collisions that plow through a droplet of
QGP and how they differ from jets in proton-proton collisions that form in vacuum. At
the same time, there have been rapid advances in the formulation and calculation of new,
more differential, more targeted, jet observables. The analysis of the modification to the
“shape” (in both energy and angle) of jets that have propagated through QGP provides
unique opportunities to probe the microscopic structure of QGP and to reveal its dynamical
response to the passage of a jet. The internal shape and structure of jets is referred to as
jet substructure; the experimental analysis of jet substructure and its ab initio calculation
from the collinear dynamics of QCD has been extensively developed for jets in vacuum.
See refs. [24-28] for reviews.

To extract information about the underlying microscopic interactions of quarks and
gluons in a jet with those in a droplet of QGP from macroscopic measurements of the
energy flux within high energy jets, in a way that allows us to infer conclusions about the
microscopic structure of QGP, and to understand how a strongly coupled liquid emerges
from asymptotically free quarks and gluons is a highly non-trivial problem. This is due
to the complexity of the perturbative parton shower and its interaction with the strongly
coupled medium, as well as the non-perturbative hadronization process. The goal of fully
exploiting the information about QGP and its structure and dynamics encoded in jets in
heavy-ion collisions will require both theoretical and experimental developments and is already
invigorating interactions between the theoretical and experimental communities. Our goal in
this paper is only one element of this larger ambition, albeit one that presents substantial
opportunity and challenge and thus motivation.

The most direct consequence of the passage of a jet through a droplet of QGP is that
the partons in the jet shower lose momentum and energy. Where does this momentum and
energy end up? Very close (in time and space) to the jet parton itself, this question is hard
to answer. But, noting that the droplet of QGP through which the jet passes is a strongly
coupled liquid, and reflecting upon the fact that this hydrodynamic liquid itself forms very
rapidly (within 1fm/c) after the initial collision [29-51] (for reviews, see refs. [17, 52-54]),
the most natural answer to this question is that the momentum and energy lost by the jet
is carried by hydrodynamic excitations of the droplet of QGP, namely by a wake that the
jet excites in the droplet. The earliest versions of this idea go back decades [55] and from a
theoretical perspective this is well established both in strongly coupled gauge theory plasmas
where rigorous calculations can be done via holography [56—65] and in many approaches
to modeling heavy-ion collisions [19, 66-84]. However, by momentum conservation the soft
hadrons originating from a jet wake (as the droplet of QGP with the wake in it freezes out)
carry momentum in the same direction as the parton shower that excited the wake. Thus, in
a detector they are part and parcel of what an experimentalist calls a jet. For this reason,
the experimental investigation of this idea has proved to be a challenge. The question we
ask here — and answer affirmatively! — is whether the new tools that have been developed
(with different goals in mind) for the analysis of jet substructure in vacuum can be deployed
on jets in heavy-ion collisions in such a way as to yield a clean arena in which to visualize
jet wakes unambiguously and explore their dynamics.



The theoretical problem that we are faced with in heavy-ion collisions is not so different
in spirit from that in cosmology. In cosmology, we wish extract from subtle correlations
in the cosmic microwave background (CMB), the microscopic details of the underlying
inflationary model that created these correlations. In heavy-ion collisions, our goal is to
extract, from the high multiplicities of hadrons produced in the collision and in the jets
therein, features of the underlying microscopic interactions of QGP and of its dynamics
as it responds to a jet. In the context of cosmology, following the seminal calculation of
the three-point function [85] as a function of angles on the sky, there has been tremendous
effort to understand the structure of correlation functions in the CMB, and to map out the
“shapes” of inflationary models. See, e.g., refs. [86-88]. In the context of collider physics
experiments one can measure correlations in the energy flux (£(7i1) - - - (7)) as a function
of the angles of the 7 vectors. These observables were proposed early on in the study of
ete™ collisions [89-93] and were given operator definitions, and shown to be interesting
observables in generic theories, in ref. [94]. More recently, they were introduced [95-97] as
practical jet substructure observables, which have since been proposed as tools by which
to study many aspects of high energy QCD [98-106], the Standard Model [107-109], and
nuclear physics [110-127]. The experimental measurement of these observables at hadron
colliders is now underway [128-130], and has already yielded the most precise determination
of the strong coupling constant from measurements of jet substructure [130].

Energy correlator observables are particularly appealing in the context of heavy-ion
collisions, where, much like in the cosmological context, we do not understand the underlying
microscopic model of the interactions of high energy quarks and gluons with QGP. A natural
approach is to therefore map out the “shapes” in the space of correlators that result from
different models for elements of the dynamics of jets in QGP. A primary advantage of the
energy correlator observables, in a general context, is that due to their operator definition,
they can be computed at both weak and strong coupling [94]. This allows one to understand
their shape in different toy QFTs, to develop a qualitative understanding and intuition, and
to facilitate the interpretation of experimental measurements. In the specific case of the
dynamics of jets in QGP, there are a variety of different physical effects which are expected to
modify parton showers in medium, including energy loss, medium-induced radiation, elastic
and inelastic scattering at larger angles, and the possibility that nearby partons in the shower
may or may not be resolved by the medium. Each of these modifications of the parton shower
should modify suitably crafted energy correlator observables in appropriate kinematic regions.
In this context, the fact that at the same time that the parton shower is modified via its
passage through QGP, the momentum and energy that it loses excite a wake in the droplet
of QGP that later hadronizes into soft hadrons could be viewed as an annoyance. The soft
hadrons from its wake that are reconstructed as a part of any jet in a heavy-ion collision will
obscure some of aspects of energy correlator observables that have motivated their study
in jets in vacuum, and risk being a confounding effect in efforts to tease out signatures
originating from the different physical effects that lead to modifications of parton showers in
medium. Our goal in this work is to find a region in the space of energy correlators for jets in
heavy-ion collisions where hadrons coming from the (modified) parton shower make much less
of a contribution than hadrons coming from the wake that the parton shower excited in the
droplet of QGP. Imaging the wake of jets in heavy-ion collisions is a long-held goal that has



proved elusive; we shall show that the energy-energy-energy three-point correlator provides us
with a kinematic region in which this can be done — in correlator space — precisely because
it is far from the region populated by the collinear emissions that dominate parton showers.

There have been a number of studies of the energy correlators using different theoretical
models for the interactions of high energy partons with a droplet of QGP and consequent
modifications to the parton showers for jets in heavy-ion collisions [119-127]. To date, these
studies have focused on the two-point energy correlator, which is a function of a single angle.
All studies find an enhancement of the correlator at large angles, with a scale set by the
droplet of QGP. However, since the qualitative behavior of the two-point correlator is only
sensitive to the scale of the dynamics, all these models give a qualitatively similar behavior.
And indeed we shall find that the contribution from jet wakes occupies a similar large angle
region in the two-point correlator to that identified previously as the place where effects
originating from medium-induced modifications of the parton shower are to be found. This
motivates pursuing a broad program of mapping out the “shapes” of higher-point correlators
which are specified by more angular variables and identifying the regions in correlator space
where different theoretical effects make large contributions.

In this paper we take an initial step in this broader direction by performing the first
study of the three-point energy-energy-energy correlator inside high energy jets produced in
heavy-ion collisions. We do so in a model that incorporates the soft hadrons produced when
the droplet of QGP that contains a wake excited by a jet that has passed through it freezes
out, and in which we can turn this wake off and on, and in which jets can be reconstructed
and their energy correlators “measured” as is done in the analysis of experimental data.
Experimentalists can never turn the wake off — as doing so violates momentum conservation.
But a model in which this can be done can be used to identify the regions in correlator space
that are dominated by hadrons originating from jet wakes. The Hybrid Model [73, 131-136]
is well-suited for these purposes. As has been emphasized by its authors since they first
introduced it [73], the Hybrid Model implementation of the hadrons originating from jet
wakes is crude and in particular yields too many hadrons with pp < 2GeV/c and too few
hadrons with pp between 2 and 4 GeV /¢ than seems to be required by comparison to data
that was then available. Our goal, however, is simply to identify a region in the space of
energy-energy-energy correlators where jet wakes make a dominant contribution. This defines
the arena in which future comparisons between experimental data and model predictions (for
example predictions after an improved treatment of the wake that builds upon the work in
ref. [80] is implemented in the Hybrid model) can reveal the shape of jet wakes. Looking
even further ahead, we can imagine that the comparison of such studies in the collisions of
smaller nuclei to those in PbPb collisions may one day tell us how the wakes of jets evolve,
as they will have done so for a longer time in larger collision systems.

We shall use our Hybrid Model study to show that jet wakes are imprinted in a large
modification to the energy-energy-energy correlator in a regime in which all three angles
between the three directions in the energy correlator are comparable, forming a roughly
equilateral triangle. We perform numerous tests of this interpretation that go beyond just
turning the wake off and on, including changing the energy weights of the correlator, changing
the overall angular scale of the equilateral triangle made by the three points in the correlator,
studying correlations between and among hadrons originating from the parton shower or the



wake and comparing jets produced in association with a high energy photon (+-jets, where
there may be only one jet in the event) with inclusive jets in which each event contains at
least two jets each with a wake. We also show that the angular coordinates typically used to
specify the two angles that define the energy-energy-energy correlator are well-suited to the
collinear regime but that a different set of coordinates is better suited to obtaining a faithful
visual representation of the correlator in the equilateral region. We also highlight some of the
non-trivial aspects of translating this investigation into a realistic experimental measurement,
and show that making representative choices in this regard does not compromise the central
messages of our study. In a larger sense, our investigation serves as a powerfully illustrative
example of one specific case of mapping an underlying physical model of nontrivial dynamics
(the dynamics of how a droplet of QGP responds to a jet) into the shape of an energy correlator
(the energy-energy-energy correlator in the equilateral region) that we believe will be the first
of many, as comparisons between future such studies and experimental data serve to unravel
the dynamics of jets in QGP and ultimately the microscopic structure of QGP itself.

An outline of this paper is as follows. In section 2 we define the different energy correlator
observables that we will study in this paper, and discuss their basic theoretical properties and
motivation. In section 3, we introduce angular coordinates for parametrizing the three-point
energy correlator. The three points (three directions) in the correlator define a triangle,
whose shape is specified by two angles. The coordinates that we introduce yield a faithful
representation of the shape of the three-point correlator and its modification in heavy-ion
collisions in the regime where the triangle defined by the three points is roughly equilateral;
the coordinates used in previous literature were designed to best represent the correlator in
the regime where two of the three points are nearly collinear. In section 4, we review the
Hybrid Model for jets propagating in strongly coupled QGP, and discuss the details of our
simulations. In section 5, we study the two-point and the three-point projected correlator, as
well as their ratios, and show how both the effects of parton energy loss and the distribution of
soft hadrons originating from the wake are imprinted onto the ratio of the projected two- and
three-point correlators. In section 6, we perform the first study of the full shape-dependent
three-point correlator for jets propagating through QGP, showing that the hadrons originating
from the wake that the jets excite in the droplet of QGP imprints itself in the three-point
correlator in a shape-dependent manner, and is the dominant contribution to the correlator in
the equilateral region. In section 7 we discuss challenges associated with performing a realistic
experimental measurement of the energy correlators in heavy ion experiments, and provide
some evidence that the compromises that will need to be made as experimental analyses are
carried out will not modify our central conclusions. We conclude and look ahead in section 8.
We defer a fully detailed discussion of several important points to the appendices.

2 Projected correlators and full, shape-dependent, energy correlators

Energy correlators are a class of observables which measure correlations in the asymptotic
flux of energy. They are defined as correlation functions, (V|E(7i1)E (M) - - - E(7k)|¥) of the
energy flow operator [94, 137-143]

£(1) = lim /dt P2 Toi(t, ity (2.1)
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This detector, which is specified by a three vector, 71, detects any particles whose momentum
is along the direction specified by the unit vector 71, and measures their energy. Correlation
functions of these operators are functions of the angles between the vectors 7; on the celestial
sphere. In the hadron collider environment, where the detectors are many orders of magnitude
larger than the ~ 10 fm length scales over which the dynamics of a jet propagating through a
droplet of QGP and the wake that results play out, the angles on the celestial sphere are
simply the azimuthal and polar angles specifying the directions of the particles (of order
30,000 hadrons in the case of a central — i.e. almost head-on — PbPb collision at the LHC)
seen by the detector. It is common to use the boost invariant angle AR = \/An? + A¢?,
with ¢ the azimuthal angle and 7 the pseudorapidity, as well as to replace the energy with
the transverse momentum, pr.

Energy correlator observables were first introduced to study the structure of the asymp-
totic energy flux in eTe™ colliders in refs. [89-93]. These authors also computed the two-point
correlator (also referred to as the Energy-Energy Correlator or EEC) at leading order. The
energy correlators have numerous elegant theoretical properties, which have made them the
focus of intense study from the theory community, leading to many recent advances in their
calculation and in understanding how they characterize the response of the vacuum in a
quantum field theory to a perturbation at one point in spacetime, as via an elementary
collision. These studies have been performed in a wide variety of quantum field theories, at
both weak and strong coupling, in conformal theories and in asymptotically free theories. A
remarkable property of the energy correlators in this context is that they can be computed
using two different approaches. On the one hand, they are directly related to correlation
functions of local operators involving the stress tensor of the theory. On the other they
can be computed at weak coupling using perturbative form factors or scattering amplitudes.
This has lead to numerous calculations exploring their structure in different states. In
perturbation theory, the two-point correlator has been computed at next-to-leading order
(NLO) in QCD [144, 145], and NNLO in N = 4 super Yang-Mills (SYM) [146, 147]. The
three-point correlator has been computed in both the collinear limit [98], and at generic
angles [148-150], and the four-point correlator was recently computed in N'=4 SYM [151].
The energy correlators have also been computed in N/ = 4 SYM at strong coupling [94]
using AdS/CFT [152-154], as well as more recently in non-trivial backgrounds modelling
confinement [155]. They have also been computed in heavy states in N'=4 SYM [156] using
correlation functions of 1/2 BPS operators, and in generic large charge states [157] using
an effective field theory approach. Furthermore, they can be computed non-perturbatively
in conformal field theories using the light-ray operator product expansion [143, 158, 159].
These diverse calculations have enabled an understanding and intuition for the structure of
higher point correlators at both weak and strong coupling. We believe that the ability to
compute the correlators at both weak and strong coupling is crucial for fully interpreting these
observables when measured in heavy-ion collisions, but it is also important to note that their
application to heavy-ion collisions introduces new elements. A heavy-ion collision starts off
with many elementary collisions but that is only the beginning. The many (tens of thousands)
partons created at the earliest moment interact strongly with each other, and in particular
the partons originating from one elementary collision at one spacetime point interact with
those originating from many others, so as to form a droplet of QGP which then evolves



hydrodynamically. Furthermore, the high energy partons in a jet shower interact with the
medium long after the elementary collision from which the shower originates. Developing the
calculational tools to relate the dynamical processes in heavy-ion collisions to (experimental
measurements of) energy correlators in this setting is just beginning [119-127]. Our addition
is to focus on how to use energy correlator observables to “see” the wakes that the jets excite
in the medium through which they propagate.

Without further orientation, energy correlator observables beyond the two-point correlator
may appear to be complicated functions of multiple angles on the celestial sphere that are
hard to interpret. We shall refer to the largest angle among the N vectors that specify
an N-point correlator as Ry,. In a two-point correlator Ry, is the only relevant angle, but
for higher-point correlators Ry, serves as one way to characterize the angular scale of the
correlator but its full specification of the N vectors involves additional angles, which by
definition are smaller than Ry,. In the case of the three-point correlator, the 3 vectors form a
triangle whose longest side is Ry,. We are interested in using energy correlators to characterize
jets as reconstructed in heavy-ion collisions, which, as noted, include hadrons coming from
the parton shower and hadrons coming from the wake. We shall look at jets reconstructed
with the anti-kr algorithm [160, 161] with R = 0.8, and shall always choose Ry, < R. We
want to first look at how the two and three-point correlators depend on Ry, without regard
for the shape of the triangle that fully specifies the three-point correlator. That is, we shall
first focus on the “projected three-point correlator”. We shall then turn to analyzing the
full, shape-dependent, three-point correlator.

The projected correlators were introduced in ref. [96] for the purpose of focusing on the
scaling behavior of the N-point correlators as a function of the overall angular scale set by
Ry,. The projected N-point correlator, which we denote as ENC(R,) is defined by integrating
out all the shape information of the correlator, keeping only Ry, fixed:

N
> 1 = n(= n(=

where n represents the energy weighting scheme used. Most of the results in this paper
use n = 1.0, and this should be assumed unless otherwise specified. In the case of the
two-point energy-energy correlator, the projected correlator (E2C) is the same as the full
correlator (EEC). The first nontrivial example is the three-point correlator, where the
projected correlator (E3C) depends only on Rj, whereas the full characterization of the
energy-energy-energy correlator (EEEC) requires specifying two additional angles that define
the shape of a triangle whose sides can be written in increasing length as Rg, Ry, and Ry,.

The scaling behavior of the ENC projected correlators as a function of Ry, in elementary
collisions in QCD is governed by the dynamics of the parton shower (at larger angles within
the jet radius R), by hadronization (at smaller angles), with the transition between these
two regimes clearly visible at an angular scale that is of order the ratio between Agcp and
the jet pr. These features of the projected correlators makes them ideal tools to perform
precision tests of QCD dynamics in elementary collisions with experimental data.

The E2C has been experimentally measured in proton-proton collisions at both the
LHC [128, 130] and RHIC [129], showing good agreement with both Monte Carlo generators



and theoretical calculations [101]. Recent theoretical work has shown that the two-point
correlator is also sensitive to the modification of the parton shower that results from its
propagation through QGP in a heavy-ion collision [119-127], leading to an increased interest
in measuring the E2C in heavy-ion collisions.

The E3C has been measured in proton-proton collisions both by CMS [130] and by
ALICE [128]. In addition, the ratio of the E3C to the E2C probes the strong coupling
constant, as. The recent determination of as by the CMS collaboration [130] via their
measurements of the E3C/E2C ratio in proton-proton collisions represents the most precise
extraction of ag using jet substructure techniques to date.

Beyond the scaling behavior that is identified by the projected energy correlators,
significant additional information is encoded in the shape of higher point correlators, as we
shall see. The lowest order correlator with a non-trivial shape dependence is the three-point
energy-energy-energy correlator (EEEC), which was first computed in elementary collisions
in ref. [98]. The three-point correlator is a function of three-angles Rg, Ry, and Ry,. It is
convenient to separate the scaling behavior, which is set by the overall size of the correlator
which we shall characterize by Ry, from the shape of the correlator, specified by the triangle
with sides Ry, Ry and Rg. Following ref. [97], it is convenient for studies of jets produced in
elementary collisions that form entirely in vacuum to specify the shape of the three-point
correlator via the coordinates (Rp,¢&, ¢), where

_ 2
{ng/[, qﬁzarcsin\/l—(RLR%RM). (2.3)

Because of the collinear singularity of the splitting functions that govern the development

of a parton shower in vacuum, the correlator is dominated by small values of £ in this case.
That is, if one first specifies that two of the three angles in the correlator are separated by
Ry, it is then most likely to find energy flow in a third direction that is almost collinear with
one or other of the first two angles. We shall refer to triangles with small &, namely with
Rg <« Ry ~ Ry, as squeezed triangles; for jets in vacuum, the EEEC is dominated by such
configurations. The variable ¢ can be thought of as an angular variable when £ is small. In
the case of a squeezed triangle, it specifies the orientation of Rg relative to Ry, and for jets in
vacuum the EEEC at small £ has little dependence on ¢. We illustrate the geometry of the
triangle that specifies the EEEC in figure 1, and plot the full EEEC for jets in proton-proton
collisions in figure 2. The z-y coordinates used in these figures are defined in section 3.

The EEEC was first measured in high-pr jets in vacuum using CMS open data [97, 102].
We reproduce this behavior in figure 2 using our calculation (described below) of anti-kr
jets with radius R = 0.8 in vacuum using the Hybrid Model (which describes jets in vacuum
using a particular tune of PYTHIA 8). In vacuum, the EEEC is dominated by the small-£§
region of squeezed triangles, as expected. Also as expected, there is little dependence on ¢.
In this small ¢ regime where Rg is much smaller than the other two sides, the £&-dependence
of the EEEC is proportional to the Rg-dependence of the two-point correlator evaluated at
Rs, with a proportionality constant that depends on as. The (£, ¢) coordinates are designed
to illustrate this physics.

The upper-right corner of figure 2(a) (£ ~ 1 with ¢ ~ 7/2) describes the equilateral
triangle region of the EEEC and the lower-right corner of figure 2(a) (§ ~ 0 with ¢ ~ 0)



(b) Flattened

(¢) Squeezed

Figure 1. Three possible shapes of the three-point energy-energy-energy correlator: equilateral,
flattened and squeezed triangles. In the left and right columns we show where each shape is found in
the £&-¢ and z-y coordinate systems, respectively. The collinear singularity of QCD guarantees that
for jets in vacuum the EEEC is dominated by the squeezed triangle region.

describes the flattened triangle region, see figure 1. These regions of the EEEC are not
prominent in vacuum. In this work, we compute the full shape-dependent three-point
correlator for heavy-ion collisions for the first time. In heavy-ion collisions this function
encodes not only the energy loss experienced by the partons in the jet shower as they traverse
the droplet of QGP but also the hadrons originating from the jet-induced wake in the medium.
We shall in fact see that the hadrons coming from jet wakes fill in the equilateral region of
the EEEC — a region that is not at all prominent for jets in vacuum.



Vacuum 140 GeV/c < p_ <240 GeV/c Vacuum 140 GeVic<p_ <240 GeV/c
Tet 06<R <07 e

Figure 2. The EEEC for anti-kr jets with R = 0.8 in vacuum (i.e. as produced in proton-proton
collisions), plotted in £ — ¢ coordinates in (a) and in z-y coordinates in (b). The collinear enhancement
that originates from the collinear singularity in the splitting function that governs the development
of parton showers in vacuum is clearly visible in either the small-§ region or near the points (0,0)
and (1,0) in (z,y) coordinates. The EEEC is dominated by these squeezed triangles; no other shapes
exhibit enhancement in vacuum.

3 New coordinates for the three-point correlator

The £-¢ coordinates described in the previous section are well-suited to providing a visual
representation of the EEEC for jets in vacuum QCD in that they highlight an important
feature of the theory, namely its collinear singularity. However, away from the small-£ region,
where the triangle that defines the three-point correlator is not squeezed, the Jacobian for this
coordinate system is not flat. In fact, as we show explicitly in appendix A, the &-¢ coordinate
system has a Jacobian with a sharp peak for precisely equilateral triangles with £ = 1 and
¢ = m/2. This means that if we use this coordinate system to plot the correlator in a case
where, unlike for jets in vacuum, the physics populates the equilateral region of the correlator
one must always be careful to plot ratios in which the Jacobian of the coordinate system
cancels, as otherwise the effects coming from the physics of interest will be obscured by the
effects of the Jacobian. Or, we should choose a new coordinate system in which the Jacobian
is flat for triangles that are not squeezed, including for triangles that are close to equilateral.
Since, as we have foreshadowed in the introduction and as we shall see below, the soft hadrons
coming from jet wakes populate the EEEC in the equilateral region, we shall employ new
coordinates with a flat Jacobian so as to obtain a faithful visual representation of the physics,
even when the Jacobian does not cancel in what we plot. There are many ways to choose
new coordinates with a flat Jacobian; we shall employ one, others should be investigated also.

We provide a complete description of the new coordinate system with a flat Jacobian that
we shall employ as well as the transformation between these coordinates and £-¢ coordinates
in appendix A. We use an z-y plane to characterize the shape of the triangle that defines
the EEEC. As we do throughout, we denote the largest separation between two of the three
angles by Ry, and use Ry, to characterize the scale of the EEEC correlation. To define the x-y
coordinates with which we shall specify the shape of the triangle, we first rescale the triangle
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by Ry, so as to set the longest side length of the rescaled triangle to 1. We then place the two
vectors that span the longest side of the EEEC-triangle at (0,0) and (1,0) in the z-y plane.
The third vector that defines the three-point correlator sits at the point (x,y), and serves
to specify the shape of the triangle. Since flipping the sign of y from positive to negative
would lead to the same shape EEEC, we shall always take y to be positive. We illustrate
how triangles of three different shapes (one squeezed, one flattened, and one equilateral) are
represented in the (z,y) coordinates in figure 1. It should be apparent from this construction
that the Jacobian for the (Cartesian) x-y coordinate system is flat. Note also that since we
describe the EEEC correlator by triangles whose longest side is 1, the domain of (x,y) is
bounded by two arcs as well as by the y = 0 axis. There is no particular advantage to using
the z-y coordinates to describe the EEEC for jets in vacuum, where the equilateral region is
hardly populated and the physics of interest is peaked around squeezed triangles. However,
for orientation and because we will refer to it below, in figure 2(b) we show the EEEC for jets
in vacuum in (z,y) coordinates. The collinear enhancement that sits at small £ in figure 2(a)
is apparent at (0,0) and (0,1), which are the collinear points in the z-y coordinates. One way
to say this is that if we require that the jet has particles at (0,0) and (0,1) (which, recall, are
separated by an angle Ry) and then asks where is it most likely to find a third particle, if
the jet in question is a jet in vacuum then the answer is that it is by far most likely to find
the third particle near one or other of the first two. We shall see that for jets in heavy-ion
collisions the hadrons in the jet that originate from the wake change this dramatically.

4 The Hybrid strong/weak coupling Model

The hybrid strong/weak coupling model, introduced and extensively described in refs. [73, 131
136], addresses the challenge of describing the interaction of jet parton showers that traverse
the droplet of QGP with which they are concurrently produced in heavy-ion collisions, the
consequent modification of the parton shower and the droplet, and the consequences for jets
as identified, reconstructed and analyzed in experimental data. The model is based on the
observation that while the initial production of energetic partons and their showering occur
at scales for which QCD is weakly coupled, both the physics of QGP and of its interaction
with jet constituents involve scales of the order of the QGP temperature, at which QCD is
strongly coupled and the QGP that it describes is a strongly coupled liquid.

In vacuum, high-energy partons produced with a large virtuality scale @) ~ p]ft at a hard
scattering relax their virtuality down to the QCD confinement scale via successive splittings,
as determined by the perturbative, high-Q?, DGLAP evolution equations, resulting in a
parton shower. QGP, however, is a strongly coupled liquid with a lower value of /s, the
dimensionless measure of internal dissipation as a liquid flows than for any other known liquid.
And, the most probable interactions between a jet parton and the expanding cooling droplet
of QGP produced in a heavy-ion collision involve low-momentum transfers of order the QGP
temperature T', which is comparable to the QCD confinement scale, and thus cannot be weakly
coupled. This makes describing the evolution of a parton shower within the dynamically
evolving droplet of QGP produced in a heavy-ion collision a truly challenging task. The
existence of a separation in scales between those of the hard scattering and the splitting
via which the parton shower forms and the lower scales that characterize the jet/medium
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interplay raises the hope of a future description in terms of an effective field theory at strong
coupling that includes the hydrodynamic evolution of a droplet of QGP and the jet/medium
interplay that has been rigorously matched to weakly coupled perturbative QCD at higher
scales. The Hybrid Model is not that but it should be seen in that spirit.

In the hybrid strong/weak coupling model, the development of a jet while interacting with
QGP is carried out by blending a holographic formulation of the strongly-coupled interaction
of jet constituents with QGP into a perturbative QCD treatment of the production of hard
partons and parton showering. The model adopts a perturbative description for the evolution
of energetic partons, governed by the initially high virtuality ¢ > T, where T is the QGP
temperature. This perturbative evolution is described by the event generator PYTHIA 8 [162],
including initial state radiation but not multi-parton interactions. To take into account the
different production rate of hard processes in PbPb collisions with respect to pp, initial state
nuclear effects are accounted for by using modified parton distribution functions following
the EPS09 parametrization [163]. Next, these hard parton showers must be embedded into
a space- and time-dependent background consisting of an expanding and cooling droplet
of QGP described via a hydrodynamical calculation, averaged over collisions with a given
centrality class [164]. In order to do this, the parton showers from PYTHIA must be endowed
with a spacetime structure, which we do by assigning a lifetime to each individual parton
according to 7 = 2F/Q?, where E is the parton’s energy and @ its virtuality [165]. The
origin of the hard event is determined probabilistically according to the density distribution
of the nuclear overlap for the same centrality class, and its azimuthal direction is chosen
randomly. The hydrodynamic background then provides local, that is for each spacetime
point, QGP temperatures necessary for the computation of the modifications imparted on the
parton showers by the droplet of QGP. The separation between the physics of jet formation
at high scales, described as in vacuum, and the interaction between the jet partons and the
medium at lower scales that is intrinsic to the Hybrid Model is reminiscent of many other
approaches to the problem in which there is a sizeable phase space for jet formation whose
dynamics is largely unaffected by the medium, see for example ref. [166].

Interactions between the energetic partons in the jet shower and the droplet of QGP
are dominated by soft momentum exchanges. In the Hybrid Model, these are described
using results for the energy loss of an energetic parton within strongly coupled plasma with
a holographic description, derived at infinite coupling and large N, [61, 62]. The energy
loss rate dE/dx for an energetic color charge in the fundamental representation that has
traveled a distance z then takes the form [61, 62]

dE 4 By 2° 1

—_— = —— 5 , (4.1)
dz strongly coupled T Tstop Lstop /1 — (;I;/gjstop)Q

where Zgtop = Elln/ 3 / (2T4/ 3kgse) is the maximum distance the energetic excitation with initial
energy Fj, can travel within the strongly coupled medium before thermalizing and stopping.
Ksc 18 an O(1) parameter that can be calculated in N' = 4 supersymmetric Yang-Mills (SYM)
theory, where it is proportional to A/®. In the Hybrid Model, kg is chosen by fitting to high-
pr hadron and jet suppression measured at the LHC [134]. The fit results in a thermalization
distance stop that is longer by a factor of 3—4 for QGP in QCD than in /' =4 SYM theory
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at the same temperature. In the Hybrid Model, we take a spatially and temporally varying T'
from the hydrodynamic background and apply eq. (4.1) to each parton in the jet shower, with
T and hence zop varying as a function of = along the parton trajectory. Finally, note that
the holographic stopping distance of a gluon is reduced by a factor (C4/ Cp)l/ 3 compared to
that of a quark [167], which means that in the Hybrid Model x, = (9/4)"/3 k.

At strong coupling, the energy and momentum lost by the energetic partons in the parton
shower hydrodynamizes already at distances ~ 1/T', exciting a wake in the droplet of QGP
which evolves hydrodynamically as the droplet expands, flows and cools. When the droplet,
including the wake deposited in it by the passing jet, reaches the freeze-out hypersurface it
falls apart into thousands of soft hadrons, with the hadrons originating from the wake carrying
the energy and momentum lost by the parton shower. In the Hybrid Model, the momentum
distributions of those hadrons (in pr, azimuth, and rapidity) is described via a relatively crude
approximation to what would be obtained by applying the Cooper-Frye prescription [168] to
the droplet of QGP with the jet-induced wakes, and subtracting what would be obtained
in the absence of any jet. If one assumes that the jet wakes are a small perturbation to the
hydrodynamic flow (a reasonable assumption), assumes that the perturbation to the spectra
of hadrons produced at freezeout coming from the jet wakes is small at all momenta (which
need not be a good assumption at all pr), assumes that the flow in the background fluid is
dominantly longitudinal and boost invariant (neglecting the interplay between jet wakes and
radial flow is not a good approximation), and assumes that the wake stays close in rapidity
to the jet (which is the case for the moving fluid behind the jet but need not be the case for
energy in sound waves), the perturbation to the momentum distribution of the hadrons at
freezeout coming from the wake of a jet with azimuthal angle ¢; and rapidity y; that has
lost momentum and energy Apt and AFE takes the form [73]

dAN 1 mp mr
S0 T oshi(y — s _ T osh(y — s
Tp ~ 3om 75 O~ wy) exp | = cosh(y yﬂ)}

1 (4.2)
X {pTApT cos(¢p — @) + 3mT AMrp cosh(y — yj)} ,

where p., mr, ¢ and y are the transverse momentum, transverse mass, azimuthal angle and
rapidity of the emitted thermal particles and where AM7p = AE/coshy;. The analytical
expression (4.2) is straightforward to implement in the Hybrid Model [73].

The distribution (4.2) can become negative in a region of ¢ around the direction opposite
to that of the jet. This is a consequence of the boost experienced by a fluid cell at freezeout
caused by the wake of a jet. Before freezeout, most of the momentum lost by the parton
shower is carried by QGP fluid behind the jet that is moving in the direction of the jet. The
Cooper Frye prescription ensures that by boosting the fluid in its wake in its direction, the
jet enhances the production of soft particles in its direction and depletes the production of
soft particles in the opposite direction, relative to what the Cooper-Frye description would
have yielded at freezeout in the absence of any jet wake. In the Hybrid Model, where the
distribution (4.2) is positive it is implemented by adding hadrons with this distribution and
where it is negative it is implemented by adding hadrons with this distribution but with a
negative energy. In any observable (like the jet shape, for example) where what enters is
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the energy flow at one cell on the celestial sphere, this subtraction is done correctly simply
by adding the energies of the hadrons in a cell upon treating the energies of the “negative
particles” to be negative. In an energy correlator observable, the subtraction procedure
must be handled with care as the energy of a “negative particle” has to be accounted for by
subtracting it from that of a nearby positive particle before the energy correlator is computed.
We describe this subtraction procedure in appendix B.

It has been understood since the distribution (4.2) was derived in ref. [73] that, because of
the various simplifying assumptions made in its derivation, this simple analytical expression
describes a distribution of soft hadrons coming from a jet wake that is too soft. The
comparisons made in ref. [73] between Hybrid Model calculations with the hadrons originating
from jet wakes described by eq. (4.2) and experimental measurements of observables including
the jet shape and missing-p observables [169] indicate that eq. (4.2) predicts a few too many
very soft particles coming from the wake and not enough such particles in the 2—4 GeV range
of pp. The analytical and compact expression eq. (4.2) does not account for the coupling of
the evolution of the hydrodynamic wake deposited by a jet with the transverse hydrodynamic
flow (i.e. radial expansion) of the droplet of QGP produced in a realistic heavy-ion collision.
It has been shown that these dynamics lead, on average, to a narrower in angle, and harder
in p, distribution for the wake hadrons [80, 170, 171], as the jet wakes are boosted in the
radial direction by the radial hydrodynamic flow before they subsequently freeze out. An
efficient, computationally feasible description of a realistic wake that accounts for this and
other effects is in the works [172], but in this paper we shall use eq. (4.2). Consequently, the
predictions presented in the present paper are not expected to agree quantitatively with future
measurements. However, using eq. (4.2) should suffice for the purpose of understanding where
in the space of two- and three-point energy correlators the effects of jet wakes are to be found.
And, since the spectrum of the wake hadrons that it yields is too soft, it likely underestimates
the magnitude of their contribution to energy-energy and energy-energy-energy correlators.

Note that the Hybrid Model does not include any further modification of the parton
shower or of the hadrons from the wake after freezeout. At freezeout, the remaining partons
in the parton shower are hadronized via the Lund string model implemented in PYTHIAS.
(Some of the softer partons in the shower lose all of their energy to the wake. The more
energetic partons from the shower lose only some of their energy to the wake; after this energy
loss, they are the shower partons that are then hadronized via PYTHIAS.) The hadrons that
come from the fragmentation of the partons in the modified parton shower, together with the
hadrons that result from the freezeout of the wake which are described by eq. (4.2), ensure
energy-momentum conservation, event-by-event. These hadrons, together, are then what we
analyze, first reconstructing jets and then computing energy correlators.

Finally, we note that various previous works have added elements to the Hybrid Model
to investigate physical effects that we shall not investigate in this paper. Medium-induced
Gaussian-distributed relatively soft transverse kicks felt by the shower partons [73] and harder,
larger angle, elastic (or Moliére) scattering of shower partons off medium partons [136] have
both been investigated, as has introducing the QGP resolution length, namely the length
scale such that when two jet partons are closer than this they lose energy as if they were a
single parton [133]. All are turned off in this work. We leave the investigation of how each
of these effects influences energy correlator observables to future work.
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4.1 Simulation details

The studies in this paper are performed using a variety of samples (inclusive jets or jets
produced in association with a hard photon; jets from proton-proton collisions or PbPb
collisions, in the latter case either with the hadrons coming from the wake or with the wake
turned off) generated using the hybrid strong/weak coupling model framework as described
above. Each sample contains ~ 1 million events, all for collisions with a center of mass energy
of \/s = 5.02 TeV per nucleon-nucleon collision. The heavy-ion events simulated correspond
to the 0-5% most central collisions. In the inclusive jet samples, we set pr min = 100 GeV/c in
PYTHIA; this corresponds to the minimum pt of the initial hard scattering from which the
parton showers that PYTHIA then describes originate. We subsequently reconstruct inclusive
jets with prjer > 140 GeV /c. For the v-jet samples, we selected only those events containing
a photon with pl > 140 GeV /c (considering both photons from the hard scattering and those
produced during the parton shower evolution). In these events, we reconstructed and studied
jets with prjer > 40GeV/c. The PYTHIA version used is 8.244, with NNPDF2.3 parton
distribution functions (PDFs) for proton-proton collisions. For PbPb collisions, the PDFs
are modified according to the EPS09LO [163] nuclear PDFs. While initial state radiation
is on, multi-parton interactions are off. The default value of TimeShower:pTmin has been
modified to 1GeV/ec.

In this study, full hadron-level jets are reconstructed using FastJet 3.4.2 [161] with
the anti-k7 algorithm [160] with a specified resolution parameter R and an acceptance of
In| <2.0. In an experimental context, it may be beneficial to use track-based jets due to the
excellent angular resolution of tracking detectors. This can be incorporated into calculations
of the energy correlators using the track function formalism [173-179], and has been found to
have a minimal affect on the behavior of the correlator observables [175]. Unless otherwise
specified (see section 7), no cuts on the pp of constituents that enter the jet were applied.
In order to identify a y-jet event, a number of cuts were applied in order to closely mimic
the selections performed in experimental measurements [180]. First, the photon must have
A¢ > 27 /3 in relation to the jet. In this case, the photon recoiling from the jet must also be
“isolated” which we define as having less than 5 GeV/c of transverse energy in a cone of R =
0.4 around the photon. We emphasize that for y-tagged jets, we use the pt of the photon
as a proxy for the jet ppr when constructing the energy correlators.

To examine the impact of the hadrons originating from jet wakes on energy correlator
observables in either inclusive jets or -jet events, we shall make comparisons among three
different samples of simulated events:

e Vacuum: simulations of proton-proton collisions, in which the jets shower and develop
entirely in vacuum. Note that Hybrid Model vacuum samples are nothing more than
PYTHIA simulations, with the various settings described above. These samples serve
as references. Differences between observables in a vacuum sample and observables in
either of the Hybrid Model samples can be attributed to the consequences of the parton
shower having plowed through and interacted with a droplet of QGP.

o Medium with wake: Hybrid Model simulations of PbPb collisions, in which the parton
showers interact with, and lose energy and momentum to, the droplet of QGP produced
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in the heavy-ion collision as described around eq. (4.1). The energy and momentum
gained by the droplet takes the form of a wake in the hydrodynamic QGP liquid that,
after freezeout, becomes soft hadrons as described around eq. (4.2). This case includes
all the contributions to the final hadron distributions for jets in PbPb collisions, as
simulated by the Hybrid Model.

o Medium without wake: simulations of PbPb collisions as above, except that the hadrons
originating from the wake are not included. Jets in this sample only include hadrons
originating from the medium-modified parton shower, as simulated in the Hybrid Model.
This is an unphysical scenario — turning the wake off violates momentum and energy
conservation. However, looking at observables in this sample is particularly illustrative
and informative, as the comparison with observables in the “medium with wake” sample
isolates the impact of the wake on any chosen observable.

Throughout this paper, we will use the terms vacuum, medium with wake, and medium
without wake to refer to these three different samples. Note that for all results presented in
this work, we normalize by the number of jets in the selected jet pp range for each sample.

5 The angular scale of the wake from projected energy correlators

In this section, we begin by investigating the two- and three-point projected correlators,
as well as their ratios. While the primary focus of this paper is on the shape dependence
of the three-point correlator, the study of the two- and three-point projected correlators
in the Hybrid Model is interesting in its own right. This is especially true for comparing
how the effects of the wake in the two-point correlator compare with previous studies of the
two-point correlator in QGP. Studies of the two-point correlator in QGP [119-127] have
primarily used perturbative approaches, and have not focused on medium response. The
principal exception to this is the calculation of [124] using the coupled linear Boltzmann
transport (CoLBT) [71, 72, 74, 75, 81, 84, 181] approach. Studying the two-point correlator
on a strongly coupled wake is interesting for exploring the hydrodynamics of QGP and,
more generally, the hydrodynamics of a strongly-coupled gauge theory. Although we will
use a complete simulation, it would be interesting to perform analytic studies of the energy
correlators for simple sources coupled to a strongly coupled NV = 4 medium. While many such
calculations exist for one-point functions, e.g. [56], to our knowledge they do not exist in the
literature for two-point functions. Furthermore, improving the understanding of the structure
of the correlator using a hydrodynamic background is interesting for looking for modifications
from rare hard scattering events [136, 182, 183], including those that are sensitive to the
color coherence of dipoles within the jets [184]. We hope that experimental measurements of
the two-point correlator in heavy-ion collisions can motivate such calculations.

As we have discussed in section 1, we shall characterize the overall angular scale of each
N-point correlator by Ry, the largest distance between the N points (N particles) that define
the correlation. The projected N-point correlator, namely the ENC defined in eq. (2.2),
is specified by Ry, upon integrating over all shapes of the N-points that have a given Ry,.
For the EEC this is trivial, as the only angle it depends on is Ry, meaning that the E2C
is the same as the EEC. In this section we shall look at the E2C and the first nontrivial
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Figure 3. The E2C two-point correlator (a), and E3C projected three-point correlator (b), as a
function of Ry, for inclusive jets with R = 0.8 and 140 < pr jer < 240 GeV/c in vacuum, medium with
wake, and medium without wake. These distributions are per-jet and bin-width normalized. The
wake imprints itself as a modification in the behavior of both the E2C and the E3C at large angles,
meaning that neither scales in the way that they do in vacuum.

example, the E3C, for inclusive jets. The E3C is a function of Ry, upon integrating over
triangles with all possible Ry and Rg for a given Ry, or, equivalently, with all possible (&, ¢)
or all possible (z,y) for a given Ry, see section 3.

The E2C for inclusive jets in vacuum, in medium with wake, and in medium without
wake are plotted in the left panel of figure 3. When comparing the in-medium cases to the
in-vacuum case, there are several notable features. First, in both the medium with wake
and medium without wake, the peak of the E2C shifts to the left, to a smaller angle than
in vacuum. For jets in vacuum, the peak in the E2C marks the transition between the
small angle regime where the E2C takes on a scaling form governed by hadronization and
the large angle regime where it has a different scaling form governed by the dynamics of
the parton shower. The parametric dependence of the location of this peak, in vacuum, is
Ry, ~ Aqep/prjes [97] which means that we can immediately interpret its shift to the left in
heavy-ion collisions as arising from the energy loss experienced by parton showers as they
traverse droplets of QGP. The inclusive jets that we have selected in the heavy ion samples
with prjer > 140 GeV/c have this pr after they have lost energy; if they had developed in
vacuum instead, they would have had a higher pt. Remarkably, this is encoded in the location
in Ry, of the peak of the E2C: the percentage via which this peak is shifted to the left in
PbPb collisions relative to pp collisions is a reflection of the average percentage energy lost
by the parton showers in medium. Second, in particular in the case of the medium without
wake we see that there is a modest modification to the scaling of the E2C to the right of
the peak, in the region where the E2C is controlled by the dynamics of the parton shower,
and a modest increase in the height of the peak. These effects are due to parton energy
loss in medium, both via the resulting modification to the parton showers and via the bias
toward selecting an inclusive jet sample in which the jets are narrower. (This bias is also a
consequence of energy loss, which biases inclusive jet selection toward those jets with a given
pr which lose the least energy [8, 6365, 73, 135, 185-194].) When soft hadrons from the
wake are included, this effect remains visible but it is partially obscured by a third feature. ..
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The third feature that we see in the left panel of figure 3, at large angles Ry, is the
most interesting one for our discussion in this paper. If we first compare the E2C at large
angles for the medium without wake to that in vacuum, we see that the modification of the
parton shower changes the scaling of the E2C at large angles, which makes sense as that
is where it is governed by the dynamics of the parton shower. But when we compare the
E2C at large angles for the medium with wake to that without the wake, we see a significant
additional enhancement at large values of Ry, such that the E2C no longer scales at large
angles as it does in vacuum. By comparing the E2C for PbPb collisions with and without jet
wakes — something that we can do in our model study but that is impossible to do in the
analysis of experimental data — we see that this observed enhancement at large values of
Ry, is due to the incorporation of hadrons coming from the wake in the jets. Although in
the Hybrid Model this enhancement is unambiguously due to the presence of the wake, all
other implementations of jet-medium interactions that have been investigated to date show
substantial modifications to the E2C at similar angular scales [119-127] that also break the
scaling of the E2C seen at large angles for jets in vacuum. These analyses all involve more
significant modification to the parton showers than in the Hybrid Model — it is a feature
of the strong coupling dynamics built into the Hybrid Model that the only modification to
the parton shower arises from energy loss. We leave to future work the investigation of the
E2C and higher-point energy correlators in the Hybrid Model augmented by the addition of
elastic scattering between jet partons and weakly coupled medium partons resolved at high
momentum transfer [136], which further modifies the parton showers.

Our goal in this work is to search for observables that may offer a more unique signature
of the hadrons coming from jet wakes, in particular looking for observables constructed
from higher-point correlators in which modifications of the parton shower are separated in
correlator-space from modifications to the correlator caused by the hadrons from jet wakes. In
the next section, we shall show that the full shape-dependent three-point energy-energy-energy
correlator offers the opportunity to do exactly this. In the remainder of this section, we begin
our analysis of three-point correlators by looking at the projected E3C.

In the right panel of figure 3, we repeat the analysis that we have just discussed, this
time for the E3C. Every aspect of the discussion of the E2C in the paragraphs above can
be repeated here for the E3C. We see the same three physical effects again, encoded in the
E3C in much the same way as in the E2C. Now, though, we can consider the ratio of the
three-point projected correlator to the two-point projected correlator (E3C/E2C), plotted in
figure 4. This observable was originally proposed for vacuum measurements in ref. [96] with
the motivation that the ratio cancels leading non-perturbative power corrections, and that in
the regime where the correlators are controlled by parton shower dynamics the ratio of the
scaling form of the E3C to the scaling form of the E2C is directly proportional to the value of
the QCD coupling constant as. For jets in vacuum, the E3C/E2C ratio an be calculated with
control, and it has recently been measured in experimental data [128, 130]. The E3C/E2C
ratio for jets in vacuum can be found in figure 4. For jets in vacuum, the observable exhibits a
characteristic power law scaling, governed by the twist-2 anomalous dimensions [96]. Figure 4
also shows the same ratio for jets in PbPb collisions with and without the hadrons coming
from jet wakes. Since the hadrons from the wake break the vacuum scaling for both the E2C
and the E3C separately, it is no surprise that their ratio also does not scale as in vacuum. At
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Figure 4. The ratio of the two- and three-point projected correlators (E3C/E2C) in the vacuum,
medium without wake, and medium with wake inclusive jet samples. Comparing medium with wake
to vacuum, we see that the medium imprints itself as a modification of the E3C/E2C ratio above
a characteristic angular scale, with the vacuum scaling behavior seen only at smaller angles. By
comparing medium with wake to medium without wake, we see that the hadrons coming from the
wake make a bigger contribution to modifying the E3C/E2C ratio than does the modification of the
parton shower.

very small angles, though, the ratio flattens similarly in all cases, since both the E3C and
E2C exhibit vacuum-like hadronization-governed scaling in this regime in PbPb collisions
and since the wake does not contribute to the correlators at these very small angles.

Let us focus further on the behavior of the E3C/E2C ratio in medium. First, in the case
without wake, we observe a mild deviation in the scaling at large angles. We believe that this
is due to the modification of the parton shower by parton energy loss in the Hybrid Model.
With the wake turned on, the ratio no longer scales in the way that it does in vacuum. It is
interesting that we observe an almost flat region in the dependence of the E3C/E2C ratio
as a function of Ry, over a range of relatively large angles. This may indicate that the wake
contributes a distribution of hadrons that is nearly uniform as a function of angular scale,
since if this is the case and if the hadrons from the wake dominate then this ratio would be
flat. Note that this does not imply that the wake has a uniform overall shape, just that the
angular distribution of the hadrons coming from the wake is “boring” within whatever the
shape of its overall envelope may be, with no spikiness or substructure at smaller angles. See
appendix A for further discussion, but it is certainly the case that this observation motivates
further modeling and analysis of the E3C and of higher point correlators, which enable us
to probe the shape and structure of the wake and not just its scaling. It will also be very
interesting to study the behavior of this ratio in other simulations of jets in QGP, or in
analytic calculations incorporating medium effects. In particular, it would be interesting
to see how different models of parton energy loss, medium-induced radiation, and medium
response modify the E3C/E2C ratio.
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Figure 5. The in-medium shape-dependent EEEC both with the wake (a) and without the wake (b).
The wake manifests as a clear enhancement in the equilateral region of the EEEC, where hadrons
originating from the wake dominate the correlator. These EEECs should be compared to the EEEC
for jets in vacuum, plotted in the right panel of figure 2.

We believe that our initial investigation motivates the experimental measurement of the
E3C/E2C ratio in heavy-ion collisions, as an observable that is sensitive to the modification
of jet properties in medium originating from both modifications of the parton shower and the
wake in the droplet of QGP. Furthermore, this observable should have nice experimental
properties, since many experimental uncertainties should cancel in the ratio.

6 Shape-dependent energy-energy-energy correlators for jets in QGP

In section 5, we have seen how the dynamics of jet wakes are imprinted on the projected
correlators at large angles, breaking the way that they scale in vacuum. We have also seen,
however, that other aspects of the in-medium dynamics of jets, namely the medium-induced
modifications of parton showers, also influence the projected correlators at comparable large
values of the angle Ry,. We emphasize that in the case of the Hybrid Model where parton
showers are modified only via energy loss this yields smaller modifications to the projected
correlators than do the hadrons from jet wakes. Motivated by this, we now look beyond
just the projected three-point correlator so as to study the shape-dependence of the EEEC
and not just the dependence on its overall angular scale. The EEEC has been calculated
in vacuum QCD in refs. [98] and studied further in refs. [97, 102, 195, 196]. The vacuum
EEEC is shown in figure 2 for 0.6 < Ry, < 0.7. In both the &-¢ coordinate system and the
x-y coordinate system we see that the EEEC is enhanced in the squeezed triangle region
due to the collinear singularity of the vacuum splitting functions, so much so that all other
regions in the EEEC phase space, namely regions described by triangles that are not squeezed,
are relatively unpopulated.

Since the projected E3C correlator shows the dependence of physical effects on the
overall angular scale of the correlation, we can use the right panel of figure 3 to identify the
angular scales at which the effects of hadrons from the wake become significant. We see an
enhancement in the E3C from the wake at values of Ry, between ~ 0.3-0.4 and 0.8, with
the fall-off beyond 0.8 arising because we are looking at R = 0.8 jets. Guided by this, to

— 20 —



investigate the effect of the hadrons from the wake on the full shape-dependent EEEC we shall
focus on the EEEC for relatively large triangles with 0.6 < Ry, < 0.7, for the R = 0.8 jets that
we are using in our analysis. This is in fact the reason why we picked this Ry -range for our
depiction of the EEEC in vacuum in figure 2. We show the EEEC in this Ry-range for PbPb
collisions with and without hadrons from the wake in the left and right panels of figure 5.

Before we compare the two panels in figure 5, it is instructive first to compare the right
panel here (jets in-medium, without wake) to the EEEC for jets in vacuum in the right panel
of figure 2. We see that the modification of the parton shower in the Hybrid Model, which
arises via every parton in the shower losing momentum and energy to the medium, depresses
the EEEC everywhere, including but not limited to in the collinear squeezed-triangle regions
(around (x,y) = (0,0) and (1,0)) which dominate the vacuum EEEC. To see the effect of the
hadrons coming from the wake, we now compare the left panel in figure 5 to the right panel.
We see that hadrons coming from the wake enhance the EEEC everywhere, for triangles
of every shape. In the squeezed-triangle regions, the diminution from energy loss and the
enhancement from the wake seem to roughly cancel — which is similar to what we see in
the E3C for 0.6 < Ry, < 0.7 in the right panel of figure 3. Other mechanisms that yield
medium-induced modifications of the parton shower not seen in the Hybrid Model would
further modify the height and shape of the two peaks in the EEEC in figure 5. Focusing only
on the collinear regions of the EEEC would make it challenging to separate different physical
effects. Instead, we can focus on the equilateral region of the EEEC, namely the triangles
with larger values of y, where we see by comparing the left and right panels of figure 5 that
hadrons originating from the wakes of jets completely dominate the EEEC correlator in PbPb
collisions! Comparing to figure 2, we see that in PbPb collisions the hadrons from jet wakes
populate the equilateral region of the EEEC much more than for jets in vacuum. When the
wake is turned on, as shown in the left panel of figure 5, one can see immediately that the
hadrons from the wake very effectively “fill in” the region of the EEEC that is otherwise
less populated, which is to say the equilateral region.

In order to better visualize the effects that we have just discussed, it is useful to look at
the ratios of the EEEC in medium with or without the wake to the EEEC in vacuum, plotted
in figure 6 in z-y coordinates. When hadrons from the wake are turned off, in the right panel
of figure 6, one can see that the ratio is relatively flat and below 1 over the whole phase space.
This reflects the physics of parton energy loss in the Hybrid Model. (In fact, if one looks
carefully one can see that the suppression of the EEEC is least in the collinear regions, where
the most energetic particles are found. This reflects the fact that for energy loss in a strongly
coupled medium described by eq. (4.1), partons with the highest energies lose a smaller
fraction of their energy.) The contrast with the left panel of figure 6 is dramatic. When the
hadrons from the wake are included, one can see that there is a substantial enhancement of
the EEEC PbPb/vacuum ratio in the equilateral region, with the ratio of the correlator in-
medium to in vacuum reaching values of 2. The comparison between the two panels of figure 6
provides striking evidence that the EEEC in PbPb collisions is dominated by hadrons coming
from jet wakes in the equilateral region of the correlator, namely the region of the EEEC
that describes the correlation between the energy flow in three well-separated directions.

As we have discussed in section 3 and describe in detail in appendix A, plotting the EEEC
for PbPb collisions from figure 5 in £-¢ coordinates would introduce coordinate artifacts
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Figure 6. The ratio of the shape-dependent EEEC in-medium with wake (a) and without wake (b)
to the EEEC in vacuum. One can see the enhancement in the equilateral region in the left plot. In
comparison, this behavior does not manifest in the case where we remove the wake. Each sample is
normalized by the number of jets before taking the ratios.

Wake = ON 140 GeV/c < p,..< 240 GeV/c Wake = ON 140 GeV/c < P < 240 GeV/c
0.6<R <07 o 0.6<R <0.7 et

Figure 7. The ratio of the shape dependent EEEC in medium with wake to vacuum in £-¢ coordinates
(a) and z-y coordinates (b). (Panel (b) here is the same as panel (a) in figure 6.) The wake shows up
as an enhancement in the equilateral region irrespective of the choice of coordinates.

in the visualization, given that the Jacobian for the £-¢ coordinates is far from flat in the
equilateral region. The coordinate Jacobian cancels in the ratio of the EEEC for jets in PbPb
collisions to the EEEC for jets in vacuum, however, so in figure 7 we compare this ratio
in £-¢ coordinates to that in xz-y coordinates. Recall that in &-¢ coordinates the collinear
squeezed-triangle region is at small-¢ and the equilateral triangle region is at { =1, ¢ = w/2.
So, in figure 7 we see the substantial enhancement in the EEEC for jets in PbPb collisions
relative to that in vacuum in the equilateral region in both coordinate systems.

It is also instructive to separate the EEEC into correlations only of hadrons from the
parton shower (loosely speaking, correlations of jet particles), correlations only of hadrons
from the wake, and jet-jet-wake and jet-wake-wake correlations. We defer this to appendix A,
but note here that the enhancement originating from the wake in the collinear regions can be
attributed to jet-jet-wake correlations while the enhancement from the wake in the equilateral
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Figure 8. Ratio of the shape dependent EEEC in PbPb collisions including hadrons from the wake to
the EEEC for jets in vacuum, with three different choices of the energy weighting n. Panel (b), with
n = 1, is the same as panel (b) in figure 6 but with a different choice of vertical axis. We see from
panels (a) and (c) that when the soft contribution is enhanced or suppressed by correlating £%5 or
£15, this enhances or suppresses the contribution of hadrons from the wake in the equilateral region.

region is dominantly from jet-wake-wake correlations. This separation, which we can do in
this study but which cannot be done in experimental data, further confirms that the dominant
correlations that fill in the equilateral region of the EEEC are correlations of the jet with
wake particles. In the remainder of this section we focus instead on qualitative checks that
confirm this picture that could also be performed using experimental data.

Changing the energy weighting in the correlator on the right-hand side of eq. (2.2) so as
to look at the three-point correlator of £ for values of n other than 1 can provide another
confirmation that the features we have identified in the equilateral region originate from jet
wakes. Since the wake contributes soft hadrons to the jet, and hence to the EEEC, we can
make the EEEC less sensitive to contributions from the wake by choosing n > 1, for example
n = 1.5, or more sensitive to wake contributions by choosing n < 1, for example n = 0.5. In
figure 8 we show the ratio of the shape-dependent EEEC in PbPb collisions to that for jets in
vacuum for three choices of n. When one scans the value of n we can see that the behavior
in the equilateral region changes dramatically. For the case of n = 0.5, the enhancement
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(¢) 0.6 < Ry, < 0.7

Figure 9. Ratio of the shape dependent EEEC in PbPb collisions including hadrons from the
wake to the EEEC for jets in vacuum, for triangles with three different choices for the range of Ry,
namely three different choices of the overall angular scale. The enhancement of the EEEC in the
equilateral region is much larger at the larger values of Ry, where, as we saw in figure 3(b), the
projected E3C is sensitive to the medium. This provides a consistency check of our understanding of
the shape-dependent EEEC.

of the correlation in the equilateral region relative to that in vacuum becomes even greater
than with n = 1. Increasing the value of n to 1.5 reduces the enhancement of the equilateral
region significantly. The fact that the enhancement of the EEEC in the equilateral region
can be tuned by enhancing or suppressing the contribution of soft hadrons confirms what
we have already seen in other ways, namely that the observed enhancement is due to the
presence of the wake. More generally, we believe that using different energy weights n will
be particularly useful for mapping out the shape in correlator-space of jets in medium in
different models, since it allows us to map out the shape as a function of energy. We have
used the angular degrees of freedom that specify the shape of the triangle that defines the
EEEC to find separate regions dominated by hadrons from the wake versus hadrons from the
parton shower. For our Hybrid Model study, this suffices. But as this study is repeated in
models in which the parton shower is more modified than for jets in a strongly coupled liquid
as in the Hybrid Model, the ability to vary n as well will become more valuable.
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Figure 10. The ratio of the shape-dependent EEEC in medium with wake to the EEEC in vacuum,
for inclusive jets (a) and for y-tagged jets (b). Panel (a) is the same as panel (a) in figure 6, but with
a different vertical scale. The contribution to the EEEC of hadrons from the wake is enhanced for
v-tagged jets. We shall see in appendix B that in reality the comparison here reflects a reduction in
the EEECs for inclusive jets in medium caused by overlapping negative wakes of away-side jets in the
same event.

Another way to confirm our interpretation of the equilateral enhancement is to demon-
strate that this effect disappears as one moves to a region of (equilateral) triangles with a
smaller overall scale Ry, where, as seen in the E3C in figure 3(b), the contribution of hadrons
from the wake should be small. In figure 9, the EEEC PbPb/vacuum ratio is shown for
three different Ry, slices. As expected, the enhancement in the equilateral region is reduced
when the overall angular scale of the correlator is reduced.

The combination of each of these checks provides confidence that the enhancement of
the equilateral region in the ratio of the EEEC in the medium as compared to vacuum is
imaging both the energy flow and shape dependence of the wake. The additional information
encoded in the shape dependence should lead to an improved discriminating power between
various medium response mechanisms, as it has allowed us to separate, and thus separately
visualize, the imprint in the EEEC of the medium-induced modification of parton showers
and of the hadrons coming from jet wakes. It will be very interesting, therefore, to study the
EEEC in models that implement different medium-induced modifications of parton showers
and that have different implementations of the response of the medium to a parton shower
and the resulting modification of jets as reconstructed from experimental data. We leave
this to future work.

Finally, in figure 10 we compare the EEEC for y-tagged jets (jets produced in association
with a photon with p}. > 140 GeV/c and < 240GeV/c) and inclusive jets (with ppje; >
140 GeV/c and < 240 GeV/c). We described our procedure for selecting ~y-tagged jets in
section 4.1. We see that, in comparison to inclusive jets, y-tagged jets exhibit a larger
enhancement in the equilateral region. There are two main factors that contribute to this
observation. First, using ~-tagged jets offers us better access to the unquenched jet pr.
Second, there is little of the contamination from the superposition of wakes that exists in the
inclusive case. As we discuss in detail in appendix B, in an inclusive jet sample there is likely

— 25 —



to be at least one jet in a direction in the transverse plane that is approximately opposite to
the jet selected for inclusion in the sample, and if this is so then the “negative wake” from
that away-side jet will serve to reduce the magnitude of the wake from the selected jet. We
defer the full discussion to appendix B; it suffices here to say that what we see in figure 10
provides further confirmation, albeit somewhat indirect in this case, that the enhancement
of the EEEC in the equilateral region originates from jet wakes.

We have now confirmed in multiple ways that the dramatic enhancement of the EEEC
that we have found for jets in PbPb collisions relative to jets in vacuum in the equilateral
region, where the EEEC describes the correlation of energy flow in three well-separated
directions, is due to the incorporation of soft hadrons originating from jet wakes in the jets
that are reconstructed from experimental data. In essence, we have shown that looking at
the EEEC for triangles of different shapes with the same overall angular scale allows us
to separate, and separately visualize, the hadrons in jets that come from jet wakes in the
droplet of QGP and the hadrons in jets that come from the medium-modified parton shower.
Further investigations, using other models and exploring other energy correlator observables,
are obviously warranted. In addition, and more important in the long run, what we have
seen provides strong motivation for the measurement of the full shape-dependent EEEC in
experimental heavy-ion collision data. To this we now turn.

7 Towards experimental measurements

In recent years there has been significant experimental progress in measuring multi-dimensional
jet substructure observables in heavy-ion collisions across a variety of kinematic regimes.
(For a recent review, see ref. [21]). These experimental developments have enabled the
first measurements of the energy correlators in heavy-ion collisions, with a preliminary
measurement recently being released by the CMS collaboration [197]. In the previous section
of this paper, an idealized case was presented in order to explore the way the jet wake
is imprinted in the full shape-dependent energy-energy-energy correlator. In this section,
experimental considerations relevant to this observable will be discussed, and results with
more realistic experimental parameters will be shown.

There are a number of key challenges in measuring the wake of jets in experiment. The
first is the challenge that we introduced in section 1 and have discussed throughout: the
modification of jets arises both from the response of the medium to the passage of the jet
and from the medium-induced modification of the parton showers, making it challenging
to distinguish the contributions of jet wakes to observables, leading to challenges in the
interpretability of measurements. We have shown that measurements of the shape dependence
of the EEEC will advance our understanding, as we have found regions in the space of shapes
of the correlator-triangles (squeezed region) where the medium-modified parton showers
dominate the correlator and a region (equilateral region) where hadrons from the wake
dominate. Further investigations using other models for jets in QGP will surely yield further
insights into how best to use higher-point energy correlator observables toward these goals.
In this section we turn to the experimental challenges, and make a start on optimizing the
EEEC observable to meet them. The two key experimental challenges are related to each
other and are both consequences of the fact that the hadrons from the wake are very soft.
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One aspect of this challenge is that a fraction, and possibly a significant fraction, of these
hadrons will be below the minimum prt threshold imposed in experimental measurements due
to worsening detector resolution at low pp. We have investigated the effects of introducing a
minimum pt threshold in our analysis, as we discuss below. The other, related, challenge is
background subtraction, which is made more challenging by the softness of the effects we are
investigating, by the largeness of the anti-kp radius R used in reconstructing jets, and (in
the analysis of inclusive jets) by the complications arising from the overlap between the wake
of the jet we select and the antipodal negative wakes of any other jets in the event. Due
to the higher-dimensional nature of the observable, unfolding (described in refs. [198-200]),
which typically is applied in addition to the background subtraction in order to correct for
smearing effects, will be made more difficult. In this section we discuss the choices that can
be made so as to assess and ameliorate these experimental challenges.

As described in section 4.1, throughout most of this paper we have analyzed samples
of inclusive jets with an anti-kp radius of R = 0.8. (The suppression of jets with this R
has measured at high pp by CMS [201].) We have looked at jets with transverse momenta
within the range 140 < pr et < 240 GeV/c, pseudorapidities |n| < 2.0, and have made no
kinematic cuts on the jet constituents. In most of our plots we have employed the energy
weighting n = 1.0 in the correlators that we have computed.

For measurements focused upon the hadrons coming from jet wakes, or indeed from
medium response regardless of how it is treated, it is advantageous to utilize jets with
larger radii: the larger the anti-kt radius R, the more hadrons from the jet wake will be
included in the reconstructed jets. However, due to the fact that an experimental jet must
be fully contained within the fiducial acceptance of the detectors and also on account of the
challenges associated with background subtraction, measurements with large radius jets can
be more difficult. Even in proton-proton collisions, large radius jets are more susceptible
to contamination from the underlying event, which goes as R? [202, 203]. In planning an
experimental measurement of the EEEC, therefore, it will be natural to assess how well the
measurement can be performed using jets reconstructed with values of R that are smaller
than 0.8. With this in mind, in this section we shall employ R = 0.6 and, given this choice,
we shall look at the EEEC with 0.4 < Ry, < 0.5. Furthermore, any experimental analysis will
only employ jet constituent hadrons with pr above some threshold. In this section, we shall
introduce a constituent hadron pr threshold p§P™s* > 0.7 GeV /c, which is within the reach of
experiments at RHIC and the LHC [169, 204-207]. Reducing R and introducing a constituent
pr threshold in order to make the analysis more experimentally realizable will each reduce the
number of hadrons in a reconstructed jet that come from its wake, and will thus diminish the
enhancement of the EEEC in the equilateral region. The Hybrid Model in fact overestimates
this diminishment because, as discussed in section 4 the crude treatment of the freezeout of
the wake that yields eq. (4.2), results in a wake that is too soft and too wide in angle [73].

There are also (at least) two choices that we can make that will increase the signal of jet
wakes in the equilateral region expected in an experimental measurement of the EEEC. The
first is to use ~-tagged jets instead of using inclusive jets. Electromagnetic probes have a
(much) larger mean free path than the size of the droplet of QGP produced in a heavy-ion
collision, meaning that the photon has negligible interactions with the medium. For this
reason, y-tagged jets offer a way to select on the unmodified hard scale of the jet, which
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is useful for removing effects arising from a selection bias [190]. Numerous experimental
measurements have been made of vy-tagged jets and their substructure over a wide kinematic
range [194, 208-210]. For this analysis, v-tagged jets additionally offer a cleaner signal of
wake-like effects as the confounding effect of the superposition of wakes (from the selected
jet and the other from the away-side jet) is removed and, as we have seen in figure 10, this
superposition reduces the impact of jet wakes on the EEEC in the equilateral region in
inclusive jet samples relative to what is seen in ~-jet samples. In this section, therefore,
we shall analyze v-jet samples. The second knob that we can turn in order to increase the
sensitivity to soft particles like those coming from jet wakes, and in so doing enhance the
signal of jet wakes in the EEEC, is to reduce the energy weight n in the correlator on the
right-hand side of eq. (2.2). When n is less than 1, the sensitivity to soft particles is enhanced,
whereas when it is greater than 1, the sensitivity to soft particles is suppressed. Indeed, we
have seen in figure 8 that choosing n = 0.5, as we shall do in this section, enhances the
signature of jet wakes seen in the equilateral region of the EEEC. One should, however,
keep in mind that dialing n down may present both theoretical and experimental challenges.
Theoretical challenges will emerge due to enhanced sensitivity to non-perturbative corrections
in the pQCD calculation of the EEEC in vacuum, whereas experimental challenges will emerge
in terms of performing background/detector corrections in experimental data (for example,
via an unfolding procedure). We are hopeful that our new z-y coordinates are beneficial
for background subtraction and subsequent unfolding, since a uniform background will be
flat in this coordinate system. Another possible avenue to avoid the kinematic limitations
arising from the jet radius would be to construct the energy correlator using all particles
in an event as opposed to only those within a reconstructed jet as was originally proposed
in ref. [89] (and subsequently measured in ref. [211]).

In figure 11, we plot the ratio of the EEEC for v-tagged jets in medium, including
hadrons from the wake, to the EEEC for jets in vacuum, reconstructing the jets with anti-kr
R = 0.6, as has been done in experimental analyses [201, 212], and employing a constituent p,.
threshold of 0.7 GeV/c. We analyze the EEEC with an energy weighting of n = 0.5, meaning
that we are looking at the correlation of £%° in three directions. With these choices, choices
that we expect are along the lines of the choices that will need to be made in an analysis
of experimental data, we can see that the soft hadrons coming from jet wakes continue to
be the dominant contribution to the EEEC in the equilateral region. We are optimistic
that measurements with parameters along these lines are possible, and that the results of
our investigations that we have reported here provide strong motivations for making such
measurements as well as for further more detailed studies, both in models and in experimental
data, of the shape dependent three-point correlator in heavy-ion collisions.

8 Conclusions and a look ahead

It has been a long-held vision that the substructure of jets reconstructed in heavy-ion collisions
has in some way encoded in it, and thus experimental measurements thereof can in some
way reveal, the dynamics of how a shower of high energy partons is modified as it propagates
through a droplet of QGP and the dynamics of how the hydrodynamic droplet responds
to the passage of a jet through it. Understanding the dynamics of a parton shower in a
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Figure 11. The ratio of the shape-dependent EEEC in medium with wake to the EEEC in vacuum,
for anti-kT jets with R = 0.6 found in association with a selected v whose pr lies between 140 and
240 GeV/c. We analyze the EEEC for triangles with 0.4 < Ry, < 0.5 and with an energy weight
n = 0.5 for these y-tagged jets using only their constituent hadrons whose pr is above a 0.7 GeV/c
threshold. With these choices, we see that the shape of the wake manifests itself very clearly in the
equilateral region of the EEEC.

strongly coupled medium and understanding the dynamics of a wake that has been excited
in a droplet of QGP are both outstanding and difficult challenges in QCD. Measurements
of jet substructure in heavy-ion collisions present us with the opportunity to learn about
both from the same events, but there is a risk that each may obscure our vision of the
other. We have shown in this paper that if we extend the measurement and analysis of
energy correlator observables to three-point correlators, we can begin to separate the regions
in the space of correlators where the dynamics of parton showers and the dynamics of jet
wakes are each imprinted. This improves the prospects for experimental measurements to
image, and teach us about, both.

There has been significant recent progress in the theoretical understanding and experi-
mental measurement of energy correlator observables. In the case of jets in QGP, this has
primarily focused on the simplest two-point correlator. This observable has now been studied
both analytically and in simulations, for a variety of different models of jets in QGP, and has
very recently been measured by the CMS experiment. While the quantitative predictions
differ from model to model, medium modifications to the two-point correlator are qualitatively
similar. This is ultimately due to the fact that the qualitative features of the two-point
correlator are to a significant degree only sensitive to the overall angular scale or regime of
scales that characterize the relevant phenomena, without providing a more complete view
into the underlying dynamics. This motivates the exploration of higher point correlation
functions, which enable us to begin to map out the dynamics of jets in QGP and of QGP
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probed by jets. In this paper, we have taken steps in this direction by performing the first
study of three-point energy correlators in heavy-ion collisions, using the Hybrid Model to
simulate the interaction of high-pt parton showers with the droplet of QGP and the soft
hadrons originating from the wakes that they excite in the hydrodynamic medium.

Starting with the projected energy correlators, we first showed that the wake imprints
itself in the projected two- and three-point correlators, E2C and E3C, and in the ratio
E3C/E2C. In all these cases, it does so in a way that breaks the scaling behavior that
characterizes these correlators for parton showers in vacuum. In fact, because we can turn
jet wakes off in the Hybrid Model, we can also see smaller effects in the E2C, E3C and
E3C/E2C ratio that are caused by the modification of the parton shower. These effects are
found across a similar range of angular scales as those where the hadrons originating from jet
wakes make their mark. In the Hybrid Model, as in a strongly coupled liquid, parton showers
are modified only by parton energy loss. In models for the jet-medium interaction that are
based upon weakly coupled dynamics, the more substantial medium-induced modifications
to the parton shower translate into larger modifications to the projected correlators. In
any case, though, the imprints of modifications to the parton showers and of the hadrons
coming from jet wakes span a comparable range of angular scales, meaning that the projected
correlators by themselves are not well-suited to separating these effects. Measuring the
E3C/E2C ratio is nevertheless of interest for at least two reasons. First, it is advantageous
from an experimental perspective as it allows for the cancellation of some uncertainties.
And, second, we find that in the range of angular scales where the contributions from the
wake dominate in the Hybrid Model, the E3C/E2C ratio is close to flat. This makes sense
as a characteristic of energy correlators dominated by hadrons from the wake, as they are
expected to be randomly distributed within some overall envelope as a function of angle,
with no substructure at smaller angles than that.

We then performed the first study of the shape dependence of the three-point correlator
in heavy-ion collisions. While the shape of the three-point correlator for jets in vacuum
can be, and has been, studied using perturbative QCD calculations, heavy-ion collisions
present a particularly appealing use case by virtue of the goal of separating and studying
medium-induced modifications to the parton shower and jet-induced modifications to the
droplet of QGP. This is somewhat analogous to one of the goals of analyzing the three-
point correlator in cosmology, where one aims to isolate and extract information about the
dynamics of inflation from the shape-dependence of the correlator. Here, we hope to unravel
the dynamics of jets in QGP from the dynamics of QGP probed by jets, with the goal of
imaging both (in correlator space) and improving our understanding as a result.

For this study we have introduced a new set of coordinates — with a flat Jacobian —
that are suitable for the study of the three-point energy-energy-energy correlator (EEEC)
in heavy-ion collisions where we do not focus our attention solely on the collinear regime.
We look at correlations between the energy flow in three directions pointing in a triangle
whose longest side is Ry,; the collinear regime corresponds to squeezed triangles in which
the third vector is very close to one of the other two. This regime is of interest, as this is
where modifications to the parton showers make their mark in correlator space. But this
is not the only regime of interest. The hadrons coming from jet wakes fill in the regions
of correlator space that are relatively unpopulated by hadrons from parton showers, as the
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hadrons coming from jet wakes introduce EEE correlations that form triangles of all shapes.
The least collinear triangle is an equilateral triangle, and indeed we have found that in the
equilateral region of the EEEC, farthest from the region populated by the parton shower,
the correlation is dominated by hadrons coming from jet wakes. The consequence is that
in this region the EEEC is substantially larger for jets in PbPb collisions than for jets in
vacuum. We have confirmed via several different systematic checks (including varying Ry,
varying the weight n of the three £™’s that we correlate, separately correlating hadrons from
wakes and hadrons from the parton shower, and comparing inclusive jets to v-jets) that the
large enhancement of the EEEC in the equilateral region in PbPb collisions originates from
jet wakes. Since the correlations among hadrons originating from the wake dominates all
across the region in which the three vectors that define the correlator are comparably far
from each other, in the coordinates that we have introduced the shape-dependent EEEC
gives us an image of the wake of a jet in correlator space.

The conclusions from our study provide added motivation for the effort (that is already
underway) to improve the theoretical description of the soft hadrons spread over a large
angle produced from jet wakes as they freeze out, as the simplified description employed in
the Hybrid Model of today is known to yield a distribution that is too soft and distributed
over too large an angle. We very much look forward to confronting predictions for the
image of the wake of a jet in EEEC correlator space from such an improved treatment to
experimental measurements.

The conclusions from our study motivate the experimental measurement of the projected
three-point correlator and the E3C/E2C ratio in heavy-ion collisions, and provide very
strong motivation for the experimental effort that will be needed in order to measure the
shape-dependent EEEC. We closed our investigation by providing an example of the kinds
of choices (of R, Ry, constituent pp threshold, and n, as well as choosing to use v-jets)
that will need to be made in order to optimize a feasible experimental analysis, showing
that our conclusions remain clear and strong. Pursuing such measurements will require the
development of sophisticated background subtraction and unfolding techniques. Our results
highlight the importance of such an experimental program.

Once such a program is well underway and analysis tools have been honed on experimental
data, an exciting longer term prospect to contemplate is comparisons between the measured
shapes (in correlator space) of jet wakes in central PbPb collisions, in more peripheral
PbPb collisions as a function of the angle between the jet direction and the reaction plane,
and in collisions of smaller ions. Perhaps one day by imaging the wakes of jets in smaller
collision systems in which the wakes have had less time to hydrodynamize, we can image
their hydrodynamization as it happens — something that is today only a dream.

In addition to providing strong motivation for an experimental campaign to measure the
shape-dependent EEEC, our work opens the way to many further theoretical investigations
with considerable promise of their own:

e An obvious next step is to repeat our study using a model that includes either weakly
coupled elastic scattering of jet partons off medium partons or medium-induced radiation
or both, as either should introduce more substantial modifications to the parton showers
than in our Hybrid Model study, meaning more substantial modifications to the EEEC
in the collinear region where parton shower dynamics dominates.
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e« We have focused on isolating and imaging the contribution to the EEEC from jet
wakes in correlator space, which has led us to focus on the equilateral region. The
Hybrid Model is well-suited for this investigation. Repeating our study using different
models with varying medium-induced modifications to the parton shower, as above,
will motivate careful analysis of the shape of the EEEC around the collinear region,
and that this in turn will increase the motivation for analytic calculations that build
upon the early work in ref. [213], where the three-point splitting function was computed
in medium.

o It will also be interesting to investigate higher-than-three-point correlators. It will take
a study of the four-point correlator, which is specified by four vectors that make a
tetrahedron whose scale can again be set by its longest side but whose shape needs five
vectors to specify rather than two, to ascertain whether this increase in complication
yields bewilderment or clarity. Perhaps it will make it possible to find regions of the
five-dimensional shape space where different types of modifications to the parton shower
each dominate, or perhaps not. Upon developing an intuition for this that we do not yet
have, perhaps we may also find well-motivated ways of projecting the five-dimensional
shape space down to two or three dimensions. And, perhaps we can learn from progress
that has been made along analogous lines in cosmology.

o We can also speculate about what may be learned from characterizing the shape (in
correlator space) of the wake-dominated regime of the EEEC using a celestial block
decomposition of N-point energy correlators. In refs. [100, 195], this was performed
for the three-point correlator computed at both weak coupling [98], and at strong
coupling [94]. It would be interesting to study such a decomposition for the three-point
correlator computed for hadrons originating from the freezeout of a hydrodynamic
fluid in a more general context than just the analysis of the wakes of jets. In the
present context, it is also worth investigating whether, and if so how, this decomposition
could serve as another means by which to separately characterize effects originating
from jet wakes from effects originating from medium-induced modifications to the
parton showers.

e Although we focused on the three-point correlator of the energy flow operator,
in the context of heavy-ion collisions, it might be natural to consider the fluc-
tuation operator d€(7) = (E(1) — (£()))/(E(7)), and its multi-point correlators
(0E(111)0E (i2) - - - 6E(7ik)) [94]. At weak coupling, the additional terms in correla-
tors of the fluctuation operator are less singular in collinear limits, and therefore do not
modify the scaling behavior as compared to the standard energy correlators making
them of less interest. However, it would be interesting to investigate correlators of
the fluctuation operators on the strongly coupled wake, and in heavy-ion collisions

more generally.

o It will also be very interesting to study three-point correlators that involve a suitably
defined jet axis. Although other choices merit investigation, using the winner-take-
all (WTA) jet axis [214] seems particularly promising as this ensures that there is
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a high-pr hadron along the jet axis. Correlators of this type could be natural for
studying cylindrically symmetric features of the wake, which are not easily manifest
in the N-point correlators. For example, a traditional jet shape observable can be
thought of as a two-point correlator between the WTA jet axis and one other point or
as a one-point energy correlator with respect to the WTA axis, as in ref. [215]. The
three-point correlator between the WTA jet axis and two other points has the potential
to yield results that are complementary to what we have found but that may turn out
to be easier to implement in an experimental analysis. Furthermore, one can imagine
engineering such correlators with the goals of imaging the dynamics in different ways.
Correlating the WTA axis, £9°(i71) and £%5(7s) would yield a study complementary
to our own whereas correlating the WTA axis, £2(7i1) and £°°(7i2) would yield an
observable that is analogous to the jet shape but for a jet with substructure. If one in
addition specifies the angle between the WTA jet axis and the reaction plane in the
definition of such correlation observables, studies along the lines pioneered recently in
ref. [216] may also be possible.

We have only just scratched the surface. We expect that the physics of shape-dependent
EEECs has only just begun to stimulate the imagination of theoretical and experimental
physicists. The interplay between new ideas, new observables, and new experimental data
will lead to new ways to image and understand the dynamics of jets in QGP and of QGP
probed by jets and new discoveries.
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A Coordinate choices and artifacts

In section 3, we introduced new coordinates with a flat Jacobian so as to eliminate the
effects on the EEEC observable coming from coordinate artifacts, specifically the effects of
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Figure 12. The ratio of the shape-dependent EEEC in medium with wake (a) and without wake (b)
to the EEEC vacuum, in £-¢ coordinates. This figure should be compared to figure 6, where the same
ratios are plotted in a-y coordinates. Noting that here the equilateral region is (£, ¢) ~ (1,7/2), we see
that here as in figure 6 the wake shows up in the left plot as an enhancement in the equilateral region.

a coordinate Jacobian that is not flat. Although the £-¢ coordinate system in the existing
literature is useful for studying the features of the three-point correlator in the collinear
region which is dominant in vacuum, here we outline the motivation for switching to z-y
coordinates for visualizing EEECs in the context of heavy-ion collisions where it is important
to have a faithful representation of the physics in the equilateral region, where the correlator
is dominated by hadrons from jet wakes.

We begin, though, by confirming in figure 12 that the enhancement of the EEEC in the
equilateral region can be seen in either coordinate system. Figure 12 shows the ratio of the
EEEC for jets in medium with wake (left panel) and without wake (right panel) to that for
jets in vacuum, in the £&-¢ coordinate system. Just as we have seen in the z-y coordinate
system in figure 6, we see that when hadrons from the wake are turned off the ratio is flat
and below unity due to parton energy loss. And, again as in figure 6, when the hadrons
from the wake are included we see that this leads to a dramatic enhancement in the EEEC
in the equilateral region. This confirms that the choice of coordinates does not impact the
central physics conclusions that we draw from ratios of the EEEC for jets in medium to that
for jets in vacuum, as the coordinate Jacobian cancels in such ratios. We have introduced
the z-y coordinate system in section 3 because of the advantages that coordinates with a
flat Jacobian afford when we look at the EEEC for either jets in medium or jets in vacuum,
without taking their ratio. We elaborate upon these advantages in this appendix.

Figure 13 shows contributions from different particle-triplet configurations to the EEEC
for in-medium jets, in the £-¢ coordinate system. Here, by “Jet” particles we mean hadrons
originating from the medium-modified parton shower, whereas “Wake” particles are hadrons
reconstructed as components of the jet that originate from its wake. One sees that contribu-
tions to the EEEC coming from correlations among two or more wake particles are dominant
in the equilateral region (£, ¢) ~ (1,7/2), as we have already noted in section 6. However,
with this choice of coordinates it also appears that the correlations among wake particles is
strongly peaked for triangles that are precisely equilateral. This does not make sense because
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Figure 13. Various contributions to the EEEC for jets in heavy-ion collisions in the (£, ¢) coordinates.
We see that the correlation in the equilateral region is dominated by correlations involving two
or more hadrons originating from jet wakes. It also appears as if there is a sharp preference for
correlations among hadrons from the wake in directions that form a precisely equilateral triangle; this
is a coordinate artifact.

the hadrons from the jet wake are approximately uniformly distributed over a broad angular
range which should result in correlations for triangles of all shapes including equilateral, but
not a preference for precisely equilateral triangles. In fact, this perceived sharp preference for
equilateral structures is an artifact of the geometry of the £-¢ coordinate system: it originates
from the Jacobian of the coordinate system, not from the physics of jet wakes.

In section 3, we defined the x-y coordinate system such that for any triplet of particles,
the two particles that characterize Ry, sit at (0,0) and (1,0), and the third particle sits at
some position (x,y) in the plane. Now, imagine that we have a uniform distribution, in (z,y),
of all such third particles in the triplets. We can then count, equivalently integrate over,
the number of these particles that lie in each (£, ¢) bin. This number corresponds to the
area of a given (&, ¢) bin in the z-y coordinate plane. Figure 14 shows a histogram of these
areas; this histogram represents the Jacobian of the &-¢ coordinate system. One sees that the
Jacobian is highly peaked for precisely equilateral triangles and looks qualitatively similar to
the EEEC contributions from jet-wake-wake and wake-wake-wake configurations in &-¢ space
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Figure 14. The Jacobian in £-¢ coordinates. It is far from flat, and has a sharp peak at the equilateral
triangle point (&, ¢) = (1,7/2).

in figure 13. This suggests that the visual representation of the various contributions to the
EEEC in figure 13, in particular in the equilateral region, is dominated by the coordinate
Jacobian, rather than being a faithful visual representation of the physics of the wake.

We can translate the full shape-dependent three-point correlator from the £-¢ coordinate
space to the x-y coordinate space by first dividing the EEECs by the Jacobian. We plot
these Jacobian-normalized EEECs in £-¢ coordinates in figure 15. The Jacobian-normalized
plots now show a modest diminution in the equilateral region, indicating that the perceived
prominence of precisely equilateral correlations was due to the Jacobian. In fact, the
diminution in figure 15 demonstrates that the peaks for precisely equilateral triangles in
the jet-wake-wake and wake-wake-wake correlations in £-¢ coordinates depicted in figure 13
are not quite as high as the peak in the coordinate Jacobian depicted in figure 14. Note
that if the correlations among hadrons from the wake were distributed uniformly in the x-y
plane, then the Jacobian-normalized wake-wake-wake EEEC in £-¢ coordinates would be
flat. We see in figure 15 that it is not actually flat, meaning that the Jacobian-normalized
EEEC shows us the actual shape of the three-point correlations coming from the wake. We
now see that, contrary to the impression given by figure 13, the correlations of triplets of
hadrons where at least two hadrons are from the wake are not sharply peaked when the three
vectors form a precisely equilateral triangle. Once we have normalized them appropriately by
dividing by the Jacobian, we see in figure 15 that these correlations are populated across the
whole correlator space of possible triangle shapes by hadrons from the wake.

In figure 16 we confirm what we have seen in figure 15 by plotting the contributions
to the EEEC in (z,y) coordinates — coordinates whose Jacobian is flat. We have used
these coordinates throughout section 6 because they immediately provide a faithful visual
representation of the shape of the three-point correlations coming from the wake without
having to divide by the Jacobian. Figure 16 shows that correlations of triplets of hadrons
that involve at least two hadrons from the wake have the same order-of-magnitude strength
in the equilateral region as in the collinear, squeezed triangle, regions. Since the equilateral
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Figure 15. Various contributions to the EEEC for jets in heavy-ion collisions in the (£, ¢) coordinates,
normalized by the Jacobian. We see that wake correlations arise for EEECs with triangles of any shape,
and are actually somewhat depleted in the equilateral region, when normalized appropriately. The
enhancement of the correlations in the equilateral region relative to what is seen in vacuum reflects
how little strength the EEEC has in this region for jets in vacuum. (The different panels have different
vertical axes: different linear axes for the top two, log axes for the bottom two, in which the collinear
enhancement coming from the parton shower is apparent.)

region is left so unpopulated by the hadrons from the parton shower, the correlations among
hadrons from the wake are the dominant contribution to the EEEC in this region.

When we take the ratio of the EEECs in-medium with wake to EEECs in vacuum, the
equilateral enhancement coming from wake correlations will be manifest in any choice of
coordinates, since any coordinate Jacobian is present in both the in-medium EEEC and
the vacuum EEEC and cancels in the PbPb/vacuum ratio. This is seen clearly in figure 17.
Therefore, the equilateral enhancement observed in the in-medium to vacuum EEEC ratio
unambiguously encodes the physics of the wake, and not the artifacts of coordinate geometry.

B Negative wake subtraction

As jets in heavy-ion collisions traverse the droplet of QGP produced in the same collision,
they are quenched and deposit momentum and energy into the droplet. By conservation,

— 37 —



Wake = ON 140 GeV/c < Py < 240 GeV/c Wake = ON 140 GeV/c < Py < 240 GeV/c
Wake-Wake-Wake ot Jet-Wake-Wake et

0.6 <R <0.7 ' 06<R <07 '
he]
g 1

i}
g 1
D i
wio™’ wio™"
w w
1072 1072
10°° 10°°
4 0 81 4 0 81
y y
(a) Wake-Wake-Wake (b) Jet-Wake-Wake
Wake = ON 140 GeV/c < p_. <240 GeV/c Wake = ON 140 GeV/c < p_.. <240 GeV/c
Jet-Jet-Wake Thet Jet-Jet-Jet Tet
06<R, <07 ' 06<A <07 '
o
g 1
D
w10~
w
1072
10°° 1
—4 0.8 0.8
10 . * *
y
(c) Jet-Jet-Wake (d) Jet-Jet-Jet

Figure 16. Various contributions to the EEEC for jets in heavy-ion collisions in the z-y coordinates.
We see that the jet-wake-wake and wake-wake-wake correlations fill out all of the regions of the
EEEC that the parton shower leaves underpopulated — compare to the medium-modified jet-jet-jet
correlations here or the vacuum EEEC in figure 2. The hadrons from jet wakes yield wake-wake-wake
and jet-wake-wake correlations with triangles of all shapes, with the equilateral region less prominent
than other regions but still populated enough relative to what comes from the parton shower that the
wake dominates this region of the EEEC. (The mild shape-dependence of the wake-wake-wake and
jet-wake-wake correlations seen in figure 15 is harder to see here because we have used the same log
scale for the vertical axes in all panels, to make their relative magnitudes apparent.)

the momentum and energy lost by jets induces perturbations of the stress-energy tensor of
the strongly coupled liquid QGP, inducing jet wakes that carry the “lost” momentum and
energy. Although some of the energy goes into compression (i.e. sound waves) most of the
momentum is carried by a region of QGP behind the jet that has been pulled by the jet
in its direction. Therefore, when one compares the freezeout of a droplet of QGP without
any wake to that of a droplet containing one jet wake, there will be a relative excess of soft
particles along the direction of the boost experienced by the fluid cells, accompanied by a
relative depletion in the opposite direction. We call this excess of soft particles the “positive
wake” and the depletion of soft particles in the opposite direction the “negative wake”. In
the Hybrid Model, final state hadrons either originate from the fragmentation of the partons
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Figure 17. Ratios of various contributions to the EEEC for jets in heavy-ion collisions with wakes to
the EEEC for jets in vacuum, in 2-y coordinates. Note that the vertical axis scales are different in
each plot in order to make the key features of the plot visible.

from the perturbative shower which have not lost all their energy after traversing the medium
or are soft hadrons coming from the wake as described by eq. (4.2). At the orientations where
the latter expression is positive, it describes the soft hadrons representing the positive wake;
where it is negative, it describes the soft hadrons representing the negative wake [73].
Suppose we have a heavy-ion collision event where we select a jet that is roughly back-
to-back in the transverse plane with another jet, called an “away-side jet”. During jet
reconstruction, the negative wake particles from the away-side jet will superpose with, and
be clustered into, our selected jet (provided that they lie at similar rapidities [217]). The
presence of negative wake particles in the jet poses a problem when calculating energy
correlators. In particular, it is unclear what it means to correlate two or more regions of
energy density depletion in the droplet of QGP. When calculating observables that are linear
in particle energy, like jet-pt or jet shape, we can simply assign a negative energy weighting
to the negative wake particles. However, a two-point energy correlation of two negative wake
particles will then yield a positive value. This positive contribution from two correlations of
energy depletion in the plasma is difficult to interpret. We avoid such suspicious contributions
to the energy correlators by subtracting the energy of the negative wake particles from the
energy of nearby positive energy particles in each event, before any observables are calculated.
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B.1 Subtraction procedure

The following procedure for negative wake subtraction is based on a similar procedure in
ref. [218] for subtracting thermal momenta (representing background) from final-state particles
after a heavy-ion collision in JEWEL [219, 220], and is similar in spirit to a procedure employed
in ref. [73] (for observables where such a procedure is not as important as it is for energy
correlators). The idea behind this procedure is to deplete the energy of a negative wake particle
from nearby positive energy particles (either from the wake or from the fragmentation of the
parton shower). The four-momentum p* = (E, p,, py,p-) of a particle may be characterized
by four parameters: the particle’s rapidity y, azimuthal angle ¢, transverse momentum p._.,
and mass mgs = /m? + pi — Py, Where ms is the difference between the particle’s transverse
mass and transverse momentum. We may then write each particle’s 4-momentum as

p" = ((py + ms) cosh(y), p, cos(¢), p, sin(¢), (p, + ms)sinh(y)) . (B.1)
We then carry out the following steps.

1. Create a list of all possible pairs consisting of a negative wake particle k and a positive
energy particle ¢ in the event. A positive energy particle is either a particle originating
from the fragmentation of the parton shower or a particle from the positive wake. Order

the list in increasing distance AR = /Ay? + A¢?.

2. Remove all pairings with AR > Rgyup,, where Rg,p is a chosen “subtraction radius”. This
step ensures that we only subtract the energy of negative wake particles from other
particles locally in the next step. In our analysis, we chose Rg,, = 0.5. The dependence
of the results on this choice will be explored in appendix B.2.

3. Beginning with the first pair (k,4) in the ordered-list, subtract the lower transverse
momentum from the higher, and the lower mass from the higher, i.e.,

—pgc) and pgﬁ) — 0,

—pg) and p(jf) — 0,

.

P < p® o e

and

m >m = m{ sml —m and w0,

m((;i) < m((;k) = m((;k) — m((;k) — mgi) and mgi) — 0.

D)

Continue doing this until the end of the list is reached. Note that the list of pairs must
be dynamically updated after the subtraction is done on each pair. So, the subtraction
done on one particle applies to all instances of that particle in the list.

4. Finally, remove all particles with pt = 0 from the event. The final list of particles with
nonzero pr is the subtracted ensemble.

Note that there may still be some negative wake particles that remain after the above
steps are completed. (We shall see below that, with the choice of Rgy, = 0.5, in fact very
few negative wake particles remain, but some may). This can happen if a negative wake
particle has very few positive energy neighbors with which to neutralize. As designed, this

— 40 —



Wake = ON

sub
06<R <07

(a) Reup = 0.5 (b) Rgup = 00

Figure 18. Ratio of EEECs for jets in medium with wake to EEECs for jets in vacuum in z-y
coordinates for R = 0.8 jets with two different values for the subtraction radius in the subtraction
procedure that we use to treat negative wake particles. We see that the EEEC is nearly identical in
the two panels. Since Rg,};, = oo corresponds to removing all negative wake particles, we see that the
subtraction procedure with Rgy, = 0.5 removes almost all of them.

subtraction procedure ensures that all of these straggling negative wake particles will be
at least Rgyp away from any positive energy particles. Since we cannot locally deplete the
energy of these remaining negatives from nearby positive energy particles, we simply remove
them from the final ensemble. We shall see below that this makes little difference to the
EEEC observable of interest.

B.2 Sensitivity to the details of the subtraction procedure

To investigate the sensitivity of our results for the EEECs to the details of the subtraction
procedure, we compared two cases: one where the subtraction radius Re,p was 0.5 and the
other where it was infinity, in which case there are no negative wake particles remaining after
the subtraction procedure is carried out. We plot the EEEC ratio for both cases in figure 18.
We see that our conclusions are almost completely independent of the choice of Rgyt,.

B.3 Impact of the negative wake on inclusive and ~-tagged jets

Although the medium to vacuum EEEC ratio for inclusive jets is largely independent of
the subtraction radius, Rgup, it is still sensitive to whether or not we subtract the negative
wake particles in the first place. In figure 19, we observe that simply ignoring the negative
wake particles in each event yields a larger enhancement of the EEEC for all triangle shapes,
including in both the collinear and equilateral regions, than when the negative wake is
subtracted. This is to be expected because, when handled correctly, the negative wake
particles from an away-side jet correspond to a depletion of the energy density carried by
the particles in the opposite direction, which is to say a depletion of the particles in (the
direction of) the jet that we have selected.

However, for v-tagged jets, we ensure that the leading structure azimuthally opposite to
the jets in our sample is an isolated photon. There may also be away-side jets in the sample
but this is unlikely. Since the mean free path of a photon in QGP is much longer than the
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Figure 19. Ratio of EEECs for jets in medium with wake to EEECs for jets in vacuum in z-y
coordinates for R = 0.8 inclusive jets, ignoring negative wake particles (a) and subtracting negative
wake particles using Rsup, = 0.5 (b). Panel (b) is the same as panel (a) in figure 6. We see by the
comparison between the two panels here that subtracting the negative wake particles (that come from
the wakes of away-side jets) makes a significant impact on the magnitude of the wake contribution to
the EEEC of the jets in the inclusive sample.

Wake = ON 140 GeV/c < p! < 240 GeV/c Wake = ON 140 GeV/c < p! < 240 GeV/c
v - tagged jets T v - tagged jets T
06<R <07

06<R <07

(a) Ignoring negative wake particles (b) Subtracting negative wake particles

Figure 20. Ratio of EEECs for jets in medium with wake to EEECs for jets in vacuum in z-y
coordinates for R = 0.8 y-tagged jets, ignoring negative wake particles (a) and after subtracting
negative wake particles using Rg,p, = 0.5 (b). We see that in this case the subtraction makes very
little difference, meaning that in the sample of y-tagged jets in medium it is very unlikely that the
negative wake of a second jet obscures the wake of the selected jet.

length scale of the QGP droplet, photons do not leave wakes in the plasma as they traverse
it. This means that there will be far fewer negative wake particles that superpose with the
wakes of y-tagged jets than those that superpose with the wakes of inclusive jets. So, we
expect y-tagged jet EEECs to be insensitive to subtracting the negative wake. This is seen
clearly in figure 20. In particular, the in-medium to vacuum EEEC ratio for vy-tagged jets
is almost identical whether we ignore or subtract negative wake particles using Rq,p = 0.5,
meaning that there are very few of them.
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Thus, we arrive at the following conclusion: negative wakes have a noticeable effect on the
full shape-dependent three-point energy correlator in a jet whenever the negative wakes from
one or more other jets in the event land on top of the wake of the selected jet. In principle, one
could exploit this fact and use a comparison between the EEECs of inclusive jets and ~-jets as
a means of detecting the presence of negative wakes in the QGP overlapping with the inclusive
jets. We leave further investigation of how best to realize this opportunity to future work.
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bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
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