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ABSTRACT: Within the context of a hybrid strong/weak coupling model of jet quenching,
we study the modification of the angular distribution of the energy within jets in heavy
ion collisions, as partons within jet showers lose energy and get kicked as they traverse the
strongly coupled plasma produced in the collision. To describe the dynamics transverse
to the jet axis, we add the effects of transverse momentum broadening into our hybrid
construction, introducing a parameter K = ¢/7° that governs its magnitude. We show
that, because of the quenching of the energy of partons within a jet, even when K # 0
the jets that survive with some specified energy in the final state are narrower than jets
with that energy in proton-proton collisions. For this reason, many standard observables
are rather insensitive to K. We propose a new differential jet shape ratio observable in
which the effects of transverse momentum broadening are apparent. We also analyze the
response of the medium to the passage of the jet through it, noting that the momentum
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lost by the jet appears as the momentum of a wake in the medium. After freezeout this
wake becomes soft particles with a broad angular distribution but with net momentum
in the jet direction, meaning that the wake contributes to what is reconstructed as a jet.
This effect must therefore be included in any description of the angular structure of the soft
component of a jet. We show that the particles coming from the response of the medium to
the momentum and energy deposited in it leads to a correlation between the momentum of
soft particles well separated from the jet in angle with the direction of the jet momentum,
and find qualitative but not quantitative agreement with experimental data on observables
designed to extract such a correlation. More generally, by confronting the results that
we obtain upon introducing transverse momentum broadening and the response of the
medium to the jet with available jet data, we highlight the importance of these processes
for understanding the internal, soft, angular structure of high energy jets.
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1 Introduction

High energy heavy ion collisions provide a unique opportunity to explore the properties of
hot, deconfined, strongly interacting matter, called quark-gluon plasma (QGP). The study
of these collisions at the Relativistic Heavy Ion Collider (RHIC) and at the Large Hadron
Collider (LHC) has demonstrated that matter at temperatures above the crossover between
hot hadronic matter and hotter QGP exhibits strong collective phenomena [1-7] which can
be described successfully by hydrodynamic simulations of the rapid expansion and cooling
of the initially lumpy droplets of matter produced in the collisions [8-18]. Such strong
collectivity has also recently been observed in smaller colliding systems, including p-Pb,
p-p or 3He-Au [19-29], for which hydrodynamic simulations also seem to be successful [30-
37]. The applicability of hydrodynamics from early times in the evolution and for small
systems suggests that the matter formed in these ultrarelativistic collisions is a strongly
coupled liquid. Support for this picture comes from analyses of collisions in strongly coupled
gauge theories with a dual holographic description which show that collisions of objects
with transverse size R produce a droplet of strongly coupled liquid that can be described
hydrodynamically as long as the collisions are energetic enough that the temperature of the
liquid at the time that it hydrodynamizes, Tiydro, satisfies RThydro < 1 [38, 39] and that in
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these collisions and in the collisions of objects that are infinite in transverse extent [40-42]
hydrodynamization occurs at a time of order 1/ Thydro after the collision.

The discovery that the QGP that filled the microseconds-old universe and that is
recreated in collisions at RHIC and the LHC is a strongly coupled liquid challenges us to
understand how such a liquid emerges from an asymptotically free gauge theory. When
probed at very short length scales, the strongly coupled QGP of QCD (unlike the strongly
coupled plasmas in theories with holographic descriptions) must consist of weakly coupled
quarks and gluons. This makes constraining the microscopic nature of QGP via studying
its interaction with energetic probes an important and interesting long-term goal. Some
of the most salient examples of such probes are QCD jets. As a partonic jet shower
propagates through the strongly coupled plasma created in a heavy ion collision, it suffers
a strong process of energy loss as a result of its interactions with the plasma. The partons
in the jet also pick up momentum transverse to their direction of motion as they are
jostled during their passage through the medium. These interactions lead to a reduction
in the jet energy (or quenching) and to modifications of the properties of jets produced
in heavy ion collisions relative to those of their counterparts produced in proton-proton
collisions, that propagate in vacuum. These interactions also result in the transfer of
energy and momentum to the plasma: the jets create a wake as they lose energy. By
pursuing a large suite of jet measurements, the different LHC collaborations have observed
strong modification of different jet observables in heavy ion collisions [43-61], making
jets promising probes for medium diagnostics. The first experimental constraints on jet
quenching came from hadronic measurements at RHIC [62-64]. Analyses of jets themselves
and their modification are also being performed at RHIC [65-68] and are one of the principal
scientific goals of the planned sPHENIX detector [69].

To fully exploit their potential as tomographic probes, a detailed understanding of
the interactions of jet showers with hot QCD matter is needed. A complete theoretical
description of these processes is a challenging task, due to the multi-scale nature of jet
probes. On the one hand, the production of jets and the processes via which an initial
hard parton fragments into a shower are governed by short distance physics that is weakly
coupled. On the other hand, the interaction of jets with the medium, as well as the
dynamics of softer components within jets, are sensitive to the strongly coupled dynamics
of the plasma at scales of order its temperature.

One class of approaches toward making progress on this difficult theoretical problem
that has been pursued intensively starts from the premise that the dynamics of the plasma
itself are weakly coupled, as if the temperature of the plasma were asymptotically large,
and from the premise that the interactions of energetic partons and jets with the plasma are
also governed entirely by weakly coupled physics. (See refs. [70-75] for reviews.) Based on
these approaches, Monte Carlo tools for analyzing jet observables are being developed [76—
83] and many phenomenological studies of jets in medium have been confronted with LHC
measurements of a variety of jet observables [81-109], including intrajet observables like
those that we shall focus on [85, 89, 99, 101, 104, 106—-109).

However, the observation that QGP is a strongly coupled liquid tells us that physics
at scales of order its temperature is governed by strong coupling dynamics. This realiza-



tion has lead to many fruitful connections between the physics of the QCD plasma and
the gauge/gravity duality [110]. This technique allows us rigorous and quantitative ac-
cess to nonperturbative, strongly coupled, physics — including thermodynamics, transport
coefficients, hydrodynamics, thermalization, response to hard probes and other real time
dynamics far from equilibrium — in a large family of non-abelian gauge theory plasmas
that have a dual holographic description in terms of a black hole spacetime in a gravita-
tional theory with one higher dimension. Although the current formulation of the duality
has not been shown to apply to QCD, the study of the plasmas in gauge theories that
do have a holographic description has led to many insights into the dynamics of hot de-
confined matter in QCD. (See refs. [111-113] for reviews.) Within this context, there
have been many interesting studies that address varied aspects of the interaction between
high energy probes and strongly coupled plasma [114-147]. However, in all the examples
that are currently directly accessible via gauge/gravity duality, the gauge theory remains
strongly coupled in the ultraviolet, which limits the direct applicability of these results for
phenomenological applications.

To address the multifaceted dynamics of QCD jets in strongly coupled plasma more
fully, in refs. [148, 149] we introduced a phenomenological hybrid strong/weak coupling
approach to analyzing jet quenching. In this approach, we treat different physics processes
of relevance for the interaction of developing jet showers with the quark gluon plasma
differently. In our model, the production and evolution of the jet shower is treated pertur-
batively, because the physics governing these processes is expected to be weakly coupled.
And, we model the interaction between each of the partons formed in the shower with
the medium using the result for the rate of energy loss of an energetic quark in strongly
coupled plasma obtained via holographic calculations in refs. [143, 145]. The Monte Carlo
implementation of this hybrid model has been successful in describing LHC measurements
of a large suite of single jet, dijet and photon+jet observables [148, 149] and has been used
to make predictions for more such observables and for Z-+jet observables [149]. To date,
the model has contained only a single free parameter, with all its successes and predictions
having been obtained after fitting this parameter to a single measured data point.

In this paper, after reviewing the construction of our hybrid model briefly in section 2
we will extend the model in order to be able to use it to address the angular distribution of
the energy within a jet and its modification via its passage through the plasma, as well as
the angular distribution of the energy lost by jets during their passage through the plasma.
To do so, we will supplement our model with two important physics processes which were
absent in our previous implementations. First, in section 3 we add “transverse momentum
broadening”, namely the deflection to the direction of propagation of partons as a result
of the exchange of momentum transverse to their direction of motion between the parton
and the medium. We assume a Gaussian distribution of the magnitude of the momentum
transfer and introduce one further model parameter to specify the width of the Gaussian.
Second, in section 4 we add a simplified model for the collective response of the medium to
the passage of the jet, namely the wake in the plasma that carries the energy and momentum
lost by the jet and deposited in the plasma. We shall frequently refer to this as the
“backreaction of the medium”. We shall not actually focus on the form of the wake itself,



focusing instead on the soft hadrons in the final state that result from the hadronization of
the plasma including the wake and that carry the net momentum and energy lost by the
jet. We make simplifying assumptions that allow us to add a representation of the effects
of the wake on the final state hadrons that respects energy and momentum conservation,
without introducing any new parameters into our hybrid model. Our principal assumption
is that the energy lost by the jet thermalizes quickly, in the sense that it quickly becomes
a hydrodynamic wake in the plasma that carries the “lost” energy and momentum, which
in turn after freezeout becomes soft particles spread over a calculable and wide range of
angles relative to the jet. This is an immediate and natural consequence of strong coupling
dynamics [123]. Something similar can happen at weak coupling even though the energy
is initially lost by gluon radiation because these radiated gluons can experience a cascade
of reinteractions that converts the energy into soft particles at large angles [150-156]. The
effects of both transverse momentum broadening [85, 86, 107-109] and the backreaction of
the medium [95, 157-162] on jet observables have also been studied within the context of
perturbative energy loss mechanisms.

After adding broadening and backreaction to our hybrid model, over the course of
sections 3 and 4 we will assess their effects on measurements of different jet and dijet
observables that are sensitive to the angular structure of jets, including the dependence
of jet suppression on the reconstruction parameter R which controls the angular size of
the jets that are found and reconstructed in a sample of events, several observables based
upon the jet shape including a new differential jet shape ratio that we introduce, the dijet
acoplanarity, and the balance of momenta along the dijet axis carried by particles in the
event with a given momentum. We also return to the jet fragmentation function, as we
wish to see how it is modified by the soft particles coming from the backreaction of the
medium.

One of our significant findings is that jets with a given energy that were produced in a
heavy ion collision and so have had to traverse a droplet of QGP have a narrower hard jet
core than jets with the same energy that were produced in vacuum, even if a substantial
degree of transverse momentum broadening is turned on. This is a consequence of the
fact that wider jets typically contain more, and less hard, partonic fragments and lose
more energy than narrower jets with the same energy. The same phenomenon has been
observed in calculations of jet quenching that are entirely done at strong coupling [145, 147]
and in Monte Carlo calculations of radiative energy loss that are entirely done at weak
coupling [105]. We find that this observation leads to two unexpected consequences. First,
jets with a larger reconstruction parameter R are more suppressed (the suppression factor
Raa of jets is pushed downward) at least for moderate R. Second, the intrajet angular
distribution of energy in the quenched jets is remarkably independent of the amount of
transverse momentum broadening. Note that we are only able to see that energy loss
causes jets with a given energy to be narrower in heavy ion collisions than in proton-
proton collisions because we have incorporated event-by-event (maybe better phrased jet-
by-jet) variations in the fragmentation pattern of jets; this physical effect, and its striking
consequences, are absent in approaches based on analyzing how an average jet is modified
by passage through the plasma, as for example in refs. [107, 109].



Although we find that both the standard jet shape and the dijet acoplanarity are
remarkably independent of the amount of transverse momentum broadening, we are able
to construct a new observable — essentially a jet shape ratio that is partially differential
in ppr — that is sensitive to the amount of transverse momentum broadening that we
introduce. This points out a path toward detecting experimental evidence for the effects
of transverse momentum broadening within a jet, which would be a very important first
step toward using jets to resolve the microscopic structure of quark-gluon plasma.

Our last significant finding is that when we implement the collective response of the
medium to the passage of the jet, the energy lost from the jet ends up in the form of soft
particles separated from the jet axis by very large angles and is in qualitative agreement
with experimental measurements of observables that are referred to as “missing-pt” dis-
tributions which have recently been reported by CMS [60]. Careful comparison between
our calculations of these and several other observables and experimental data in section 4
indicates that our simplified treatment of the wake produces slightly too many very soft
particles (pr < 2GeV) at large angles and not enough particles with momenta in the
2 —4 GeV range. This is not entirely unexpected because the approximations via which we
treat the particles coming from the wake are reliable only for particles with momenta that
are not a lot larger than the freezeout temperature, but it may also be an indication that
the wake in the plasma does not actually thermalize as fully as we assume in our simplified
treatment.

We close in section 5 by discussing the various results of our analyses, identifying
further improvements of our implementation of the in-medium dynamics of jets in strongly
coupled plasma for the future, and looking ahead at the path toward using jets to resolve
the microscopic properties of quark-gluon plasma.

2 Brief summary of the hybrid model

In this section, we provide a brief description of the hybrid model which we will employ to
describe the modification of jets produced in heavy ion collisions that propagate through a
droplet of hot matter relative to those produced in proton-proton collisions that propagate
in vacuum. A more detailed account of the model may be found in refs. [148, 149].

The main motivation for introducing this model is to separate the strongly coupled
dynamics of quark-gluon plasma itself and of interactions between it and partons plowing
through it from the weakly coupled dynamics governing the production, showering and
relaxation of virtuality of high energy QCD jets. Since for any parton that showers and
forms a jet the initial virtuality of the parton is much larger than any scale associated with
the medium, of order its temperature T, the first assumption of the model is that the evolu-
tion of the jet proceeds as in vacuum, with the branching of the parton shower unmodified
by the presence of the strongly interacting plasma. Upon making this assumption, the
modification of jet showers is only due to the interaction of each of the partons in the jet
with the strongly coupled medium. After associating each parton in the jet with a life-time
determined via a formation time argument [148, 149, 163], we compute the energy lost by
each parton as it propagates in the strongly coupled plasma. Since the interactions of each



of these partons with the medium is sensitive to the medium scale, the rate of energy loss
is controlled by strongly coupled dynamics. The second assumption of the model is that
the rate at which a parton loses energy can be modeled by the rate of energy loss of light
quark jets in the strongly coupled plasma of N' = 4 supersymmetric Yang-Mills (SYM)
theory which has been computed via holography and is given by [143, 145]

dE 4 . 2? 1
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with zgop the distance over which the light quark jet would lose all of its energy if it
propagated through plasma at a constant temperature 7. In N’ = 4 SYM theory, jets with
a given initial energy FEi, can have a wide range of initial opening angles, with the narrower
jets having larger values of xgop [145]. There is a minimum possible initial opening angle,
corresponding to the maximum possible zgop for jets with a given initial energy [145] that
was computed holographically in refs. [131, 137, 141] and is given by
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with ke = 1.05AY6. In the hybrid model, we apply (2.1) parton-by-parton to each parton
in a QCD DGLAP shower as described by PYTHIA [164], rather than attempting to use the
N =4 SYM jets that lose energy at the rate (2.1) themselves as models for QCD jets in
plasma, as in ref. [147]. Because we apply (2.1) to individual partons, we use the form (2.2)
for z4op appropriate for the skinniest possible N' =4 SYM jets. We shall further assume
that the most salient differences between the strongly coupled limit of N'= 4 SYM theory
and QCD can be incorporated via varying the value of kg, which becomes the only fitting
parameter of the hybrid model formulated in refs. [148, 149].

We have implemented this hybrid model into a Monte Carlo simulation in which hard
jets, showering as described by PyTHIA [164], are embedded within a droplet of hot mat-
ter produced in a heavy ion collision, expanding and cooling as described by relativis-
tic viscous hydrodynamics. To generate the hard QCD jet shower, we employ PYTHIA
8.183 [164], allowing the DGLAP shower to evolve down to a minimum transverse momen-
tum of pp™® = 1 GeV. We distribute these hard events in the transverse plane of the heavy
ion collisions according the number of binary nucleon-nucleon collisions. The trajectory
of each jet is tracked from the generation point as it propagates through the expanding
cooling plasma until the jet reaches a region where the temperature has dropped below
a temperature T, below which we assume no further energy loss occurs. This T, is not
sharply defined but it should presumably be near the crossover between quark-gluon plasma
and hadronic matter and we therefore vary its value over the range 145 < T, < 170 MeV.
Seeing how our results vary as we vary T, over this range serves as a gauge of some of
the uncertainties in our model. The energy loss rate is computed via eq. (2.1), with Zgop
evaluated according to eq. (2.2) at the local temperature as given by the hydrodynamic
simulations of refs. [16, 17]. Flow effects are taken into account by evaluating the rate
of energy loss in the local fluid rest frame, as explained in ref. [149]. In refs. [148, 149],



we have fitted the value of the parameter k¢ to a single measurement, the suppression of
the number of jets with one transverse momentum in LHC heavy ion collisions with one
centrality, and have then successfully confronted this hybrid model with measurements of
many single jet, dijet and ~y-jet observables as functions of jet transverse momentum and
collision centrality and made predictions for many further measurements of these types.

In the next sections, we shall extend our implementation of the hybrid model to include
two new physics processes, transverse momentum broadening in section 3 and the response
of the medium to the jet in section 4, and will evaluate their consequences for intra-jet
observables, in particular those related to the angular structure of jets.

3 Transverse kicks and jet broadening

Previously in refs. [148, 149], all the effects of the strongly coupled medium on the properties
of the jets arise as a consequence of the energy lost by the partons in the jet shower as
they plow through the medium. In this section, we augment our hybrid model by adding
a second physical process, and hence a second free parameter, namely the kicks transverse
to their direction of motion that the partons in the jet receive as a consequence of plowing
through the medium. This process has long been referred to as “transverse momentum
broadening” based upon the expectation that the consequence of the kicks in random
transverse directions received by the many partons in a jet shower will be broadening
of the jet. In perturbative calculations, transverse momentum broadening arises from the
multiple soft exchanges of momentum that a parton suffers as it traverses a medium leading
to a random change in its momentum and in particular providing the parton with some
additional momentum perpendicular to its original direction of propagation.

If the energetic parton suffers multiple soft exchanges as it traverses the medium, the
distribution of the momentum transferred via this stochastic process is well approximated
as Gaussian. As a consequence, the transverse momentum distribution of partons that
have traversed a medium of length L is approximately Gaussian with a width that scales
with the medium length, Qi = ¢L. The quantity ¢ that arises here is called the momentum
broadening parameter; this property of the medium codifies the typical squared momentum
that the medium transfers to the probe per unit length. It has dimension 3 and in a
plasma in thermal equilibrium with temperature 7' it is proportional to T2, up to a possible
logarithmic dependence on the ratio of the parton energy to T'. In perturbative calculations
of energy loss via gluon radiation, the medium parameter § also determines the intensity
of the gluon radiation induced by the medium, and hence is related to energy loss as well
as to momentum broadening. In our model, we introduce ¢ only as a way of parametrizing
momentum broadening.

In the strongly coupled plasma of N = 4 SYM theory, transverse momentum broaden-
ing has been calculated holographically for both heavy quarks [116, 121, 122] and massless
quarks [115, 132]. Although there is no notion of scattering centers and no notion of multi-
ple discrete transfers of momentum in the strongly coupled limit, both heavy and massless
quarks pick up transverse momentum as they propagate through the hot strongly cou-
pled liquid and the resulting transverse momentum distribution is Gaussian with a width



i = ¢L with § oc VAT, with A the t Hooft coupling. However, unlike at weak coupling
there is no strong correlation between the dynamics responsible for transverse momentum
broadening and that responsible for parton energy loss.

We shall introduce broadening into our hybrid model by assuming a Gaussian distri-
bution for the transverse momentum picked up by each parton in the shower, with the
momentum squared picked up per distance travelled given by

G=KT? (3.1)

with T' the local temperature of the medium at the location of a given parton at a given
time and with K a theory-dependent constant that we shall treat as a free parameter that
should ultimately be determined via fitting to data. Since the medium is dynamical, with
longitudinal and transverse expansion, T" and hence § varies with position and time. We
shall obtain this dependence from the hydrodynamic simulation of the expanding cooling
droplet of plasma in our hybrid model.

For massless or very energetic particles, in A/ = 4 SYM theory in the large number
of colors (N.) limit the value of K has been calculated holographically [115, 132] and is
given by K = Kpn—4 ~ 24 for A = 10, a value of the 't Hooft coupling A = ¢>N. that
corresponds to g2/4m ~ 0.27 for N, = 3. K4 is proportional to VA as noted above. In
a large class of conformal theories Kcpr/Kn—4 = \/ScrT/Sn=4 [120], s being the entropy
density. This suggests that Kqcp is likely to be less than Kx—4 since, at least at weak
coupling, sqcp/sy=4 =~ 0.40. An alternative approach to gaining an expectation for the
likely value of Kqcp is to start from a perturbative analysis of parton energy loss, in which
the value of K controls energy loss via gluon radiation and, via this relation, can be related
to experimental observables that are sensitive to parton energy loss like for example the
suppression in the number of high-momentum hadrons in heavy ion collisions as compared
to proton-proton collisions. The JET Collaboration has pursued this approach [165]; the
value of ¢ that they have found corresponds to a value of K given by Kpery ~ 5. To date,
nobody has extracted a value of K via comparison to data on experimental observables
that are directly sensitive to transverse momentum kicks and jet broadening. (A recent
pioneering attempt [109] yields values ranging from 0 to several times larger than the value
of Kpert obtained in ref. [165].) Our goal in this section is to introduce transverse momen-
tum broadening into our hybrid model, treating K as a parameter that should ultimately
be determined via comparison between calculations of the (K-dependent) observable con-
sequences of momentum broadening to experimental measurements of observables that are
directly sensitive to this physical process.

In this section, we will use our hybrid model to analyze the consequences of transverse
momentum broadening for various different jet observables. Based upon the discussion
above, we expect that K actually lies somewhere around 5 to 20. But, in order to better
understand the consequences of broadening, we shall investigate the effects on observables of
varying K over the wide range 0 < K < 100. Our principal conclusion, after investigating a
suite of jet observables, will be that most observables, even those tailored to measuring the
angular structure of jets, are remarkably insensitive to broadening, showing little sensitivity
to K over the full range that we explore. This conclusion becomes less surprising once we



recall that even if every individual jet is broadened by its passage through the medium, jets
with a given energy can end up being narrower in heavy ion collisions than in proton-proton
collisions. This happens if wider jets lose more energy than narrower jets (as is the case in
perturbative calculations in QCD [166] and in holographic calculations of jets in strongly
coupled N' =4 SYM theory [145]) and if the probability distribution for the jet production
absent any medium effects is a steeply falling function of jet energy, as is the case. Recent
weakly coupled Monte Carlo calculations of an ensemble of QCD jets in heavy ion collisions
as compared with those in proton-proton collisions [105] and recent holographic analyses of
how propagation through plasma modifies the energy and opening angle distribution of an
ensemble of N' =4 SYM jets with initial distributions as in perturbative QCD [147] both
provide clear illustrations of how jets with a given energy can end up narrower in heavy ion
collisions even though every individual jet broadens as it propagates through plasma. We
shall find the same in our hybrid model. The resulting insensitivity of jet observables to
the value of K will make it quite challenging to extract the value of this medium parameter
from data.

In section 3.3 we shall introduce a new observable which does exhibit considerable
sensitivity to in-medium transverse momentum broadening, proposing this observable as a
possible route to using future experimental measurements to constrain the value of K.

3.1 Introduction of broadening into the hybrid model

We shall assume that each parton in a jet shower picks up some transverse momentum
as it propagates through the plasma for a time dt, with the transverse direction chosen
randomly and with the magnitude of the momentum chosen from a Gaussian distribution
with a width ¢ dt with ¢ specified in terms of the local temperature of the plasma 7" and the
parameter K according to (3.1). Many previous computations of in-medium energy loss
and broadening of jets have been performed in the limit of a static fluid at rest. However,
we shall study the interactions of jets with an expanding, cooling, droplet of plasma as
described by hydrodynamics. As in our previous analysis of jet observables related to
parton energy loss [149], we shall apply results appropriate to a static medium in the
local fluid rest frame, meaning in the present case that we are neglecting any effects of
gradients in the fluid on transverse momentum broadening. This prescription implies that
all modifications to the momentum of the parton (loss of longitudinal momentum according
to (2.1) as previously and the transverse momentum kick that we are introducing here) are
computed in the rest frame of the fluid at the location of the parton at a given time. Note
that the transverse momentum kicks are transverse to the direction of motion of the parton
in the local fluid rest frame, meaning that they need not be transverse to its momentum in
the collision center-of-mass frame. We relegate the details of the transformation between
the fluid frame and the collision frame to appendix A.

Following our Monte Carlo approach, we perform a full simulation of an ensemble of
jets. For the analysis performed in this section, we studied 500,000 jet events, generated
and evolved by PyTHIA 8.183 [164]. The point of origin in the transverse plane of the hard
processes is distributed by sampling the binary collison probability density while initial
transverse direction and rapidity are retained from PYTHIA.



We embed these jets in the hydrodynamic background of refs. [16, 17]. We follow the
trajectories of all the partons in the PYTHIA jet shower as they traverse the hot matter
created in the collision, as described in the hydrodynamic simulation. Between the time
when each parton is created at a branching event and the time when each parton itself
branches, we discretize its trajectory and at each point we add to its momentum a random
transverse momentum chosen according to a Gaussian distribution of width ¢ dtr with dtp
the length of the discretized time interval in the fluid frame. We have checked that our
results do not depend on our choice of dtp.

As described in detail in appendix A, we implement broadening in the local fluid
rest frame by assuming that in this frame the energy and virtuality of a parton do not
change when the parton is kicked; the only thing that changes due to the tranverse kicks
it receives is the direction of the parton’s momentum vector. Again as described in detail
in appendix A, upon boosting back from the local fluid rest frame to the collision center of
mass frame there will in general be a change to the collision frame energy of the parton. It
turns out that more often than not in the collision frame the partons lose a small amount
of energy as a consequence of the transverse kicks they receive. In addition, the transverse
kicks they receive may push some partons outside the jet. (Since the jet shape falls with
distance from the jet axis, although transverse kicks may also push partons into the jet
this is less likely.) These effects together mean that, summed over the whole jet evolution,
the transverse momentum kicks that we are adding will result in a slight increase to the
overall jet energy loss at a fixed value of kg.. That is, the dynamics of broadening leads to
a small increase in the quenching of jets. This means that for each nonzero value of K we
need to refit the value of the parameter kg that, through (2.1) and (2.2), determines the
amount of energy loss in our hybrid model. We do so in figure 1, finding that the effect
is small. For values of K around 5 to 20, the effect of broadening implies a reduction of
less than 5% in the value of kg relative to that reported in our previous work. This effect
is much smaller than the uncertainties represented by the width of the band in figure 1.
Even for the extreme value K = 100, kg is only reduced by about 10%.

3.2 Insensitivity of jet observables to broadening

Having fixed the dependence of the quenching parameter kg, on the broadening parameter
K, we can now begin our exploration of the effect of broadening on different observables.
With an ensemble of events in hand, generated by PYTHIA and modified to include energy
loss as described in section 2 and broadening as described above, the first step in the
calculation of any jet observable is the finding and reconstruction of jets in each of the
events in the ensemble. We do so using the anti-k; algorithm [167] as implemented in the
FastJet package [168].

The first observable that we consider is the suppression factor of jets (namely the
ratio RJ:R of the number of jets with specified kinematics in heavy ion collisions to the
number of jets with the same kinematics in proton-proton collisions) as a function of the
jet reconstruction parameter R that arises in the anti-k; algorithm [167]. The anti-k;
algorithm groups particles within R of each other in the (7, ¢) plane into what it defines as
a single jet whereas if R were smaller it may reconstruct the same particles as several smaller
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Figure 1. When we introduce transverse momentum broadening via a nonzero value of the broad-
ening parameter K, this introduces a small increase in energy loss. This means that for each nonzero
value of K we need to refit the value of the energy loss parameter kg to the measured value [49]
of RJ:Z for jets with 100 GeV< pr < 110 GeV and —2 < ) < 2, as in refs. [148, 149]. The resulting
dependence of kg on the broadening parameter K is mild. As in refs. [148, 149], the width of the
band of values of kg in this figure (and the consequent widths of the bands depicting our hybrid
model predictions in subsequent figures) comes both from the error bar on the experimentally mea-
sured data point used to fix kg, and from varying the crossover temperature 7, as described in
section 2 in order to get some sense of the systematic uncertainties in the hybrid model.
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Figure 2. Dependence of Ri:?x on the anti-k; jet reconstruction parameter R for K = 0 (no
broadening, left panel) and K = 40 (right panel). For comparison, we show the suppression of jets
reconstructed using the anti-k; algorithm with R = 0.3 as measured by CMS in the same interval
of rapidity [49].

narrower jets. Hence, choosing a larger R translates into reconstructing an ensemble of jets
that tend to be wider in angle. Because of this, the dependence of the suppression factor
RJXR on R is often considered a proxy for modification of the angular structure of jets as
a consequence of their interaction with the medium. A naive expectation, then, would be
that turning on transverse momentum broadening should make jets broader and that this
in turn should leave some imprint in the R-dependence of RJ:Z, increasing the suppression
for smaller R. This is not at all what we observe.

In figure 2 we show the R dependence of the suppression factor RjAei for K = 0,
i.e. no broadening, and for K = 40 for jets with |n| < 2 as a function of py. The data

points come from measurements of jets reconstructed with R = 0.3; the colored bands
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are the results from our model for jets reconstructed with four different values of R. The
left-most data point in each panel is the one that we have used to constrain the value of
Ksc, as we described in section 3.1. The calculations shown in the two panels therefore
have different values of k., although the difference is small. In both panels, although the
suppression factor shows only a very weak dependence on the reconstruction radius R,
wide (larger R) jets tend to be somewhat more suppressed than narrow (smaller R) jets.
This is a trend that we foreshadowed in the introduction to section 3. When comparing
jets at the same energy, wide jets contain more fragments (in our hybrid model, simply
more partons) than narrow jets. Since the larger the number of partons traversing the
medium the larger the lost energy, wide jets are naturally more suppressed. The same
qualitative dependence of the suppression factor on the jet size has recently been observed
in holographic computations [145, 147]. Measurements of the R-dependence of Rap for
these high energy jets by the CMS collaboration show very little sensitivity to the value
of R [49], as in our simulations, although the uncertainties in our calculations and in
the measurements preclude a quantitative comparison at present. We shall return to the
R-dependence of Raa in section 4.

In spite of the extreme transverse momentum broadening introduced by choosing K =
40, the R-dependence of the observable plotted in figure 2 is almost identical in the two
panels. The origin of this lack of sensitivity to K lies in the strong quenching of jets
by the plasma, and in particular in the fact that, as we have already noted, wider jets
are more strongly quenched than narrower jets. In particular, the softer partons within
a wider jet that could serve to further broaden the jet as they are kicked in transverse
momentum instead lose almost all of their energy. This means that the jet sample that
ends up dominating the inclusive jet spectrum ratio Rj;fg is biased such that most jets
in the sample contain only a few or even just one hard parton. For such jets, transverse
momentum kicks, even with an extreme value of K, serve only to change the direction of
the jet axis, not to broaden the jet.

We turn now to the second of the three observables that we shall analyze in this
section, one that we will use to look for exactly the change in the direction of the jet axis
due to transverse momentum broadening, namely due to the vector-summed effect of the
transverse momentum kicks felt by each of the partons in the jet. If we consider a dijet
pair, the change in the direction of propagation of the two jets in the pair will in general
differ, since broadening is a stochastic process and also since the temperature as a function
of time along the trajectory of each of the jets will in general be different. If all dijet pairs
were produced back-to-back in azimuthal angle, with A¢ = 7, deviations from A¢ = 7 due
to different broadening-induced kicks to the two jets in the pair could be used as a direct
measurement of broadening. Reality is not this simple. The hard scattering processes that
produce dijets often include radiative production of more than two partons, and in many
events where two jets are reconstructed there may in fact have been a third or even fourth
jet present also. This means that even in proton-proton collisions there is a nontrivial
distribution of A¢, centered around 7 but with considerable width. We shall start from
this distribution, and then look at the effects on it due to propagation through the plasma
originating from energy loss and broadening.
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Figure 3. Dijet acoplanarity distribution for high-energy (left) and low-energy (right) dijets in
LHC heavy ion collisions with /s = 2.76 ATeV for two different values of the broadening parameter
K. For comparison, the black dots show the acoplanarity in proton-proton collisions as simulated
by PYTHIA.

Deviations of A¢ away from 7 are termed acoplanarity because the two jet axes and the
beam axis are not coplanar. The black dots in figure 3 shows the acoplanarity distribution
for dijets in proton-proton collisions (propagating in vacuum) for two different cuts on the
transverse momentum of the dijet pair: pp'®dine > 120 GeV and prstbleading > 30 GeV (left)
and pr'eading > 35GeV and protbleading . 10 GeV (right) as simulated by PyTHia. The
Ag¢-distribution is different in the two momentum regions displayed, with the high-energy
acoplanarity slightly narrower (closer to A¢ = 7) than the low energy one. This occurs
because the fragmentation of higher energy jets leads to a narrower angular distribution of
fragments than for lower energy jets, and in a case where only two jets are produced the
acoplanarity will be less if the jets are narrower.

As already pointed out in refs. [89, 108, 109], in the case of the high energy dijet
pairs the effects of broadening on their acoplanarity is much smaller than the width of
the vacuum acoplanarity distribution. Indeed, in the left panel of figure 3 we see that
our results with K = 0 (no-broadening) and K = 100 (extreme broadening) are both
indistinguishable from the vacuum distribution.

In the right panel of figure 3, we look at the acoplanarity distribution for dijets with
much lower energy, choosing dijets with prl®2dine > 35GeV and prs'Pleading > 10 GeV. It
is challenging, perhaps prohibitively so, to measure jets with energies as low as this in
LHC heavy ion collisions, but even as an academic study the results are interesting. First,
our K = 0 calculation apparently yields a narrower A¢ distribution than in vacuum. One
contribution to the origin of this apparent effect lies in the increase in the number of dijet
pairs close to A¢ = 0; since what is plotted is a normalized probability distribution, this
tends to lower the curve near A¢ = w. The enhancement of almost collinear jet pairs is a
consequence of energy loss and arises when a jet that had been propagating somewhere near
A¢ = 7 loses so much energy that its energy drops below that of a third jet produced close
to A¢ = 0, meaning that what is reconstructed is a dijet with A¢ ~ 0. We have checked
that if we restrict the dijet distribution to pairs of jets moving in opposite hemispheres, the
K = 0 and vacuum acoplanarity distributions are much more similar. The second reason
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Figure 4. Dijet acoplanarity distribution for dijets in heavy ion collisions at RHIC for different
values of the broadening parameter K. For comparison, the black dots show the acoplanarity
distribution in proton-proton collisions as simulated by PYTHIA.

why the distribution of A¢ around 7 is slightly narrower in heavy ion collisions than in
vacuum is that a quenched jet seen in a heavy ion collision with a given energy began with
a larger energy, and the acoplanarity distribution for higher energy dijets as produced in
vacuum is narrower.

We can now look at the acoplanarity distribution with K = 100 for the low energy dijets
in the right panel of figure 3. We see that introducing this extreme degree of broadening
does make the acoplanarity distribution very slightly wider than the K = 0 distribution,
perhaps by coincidence bringing it back into agreement with the vacuum acoplanarity
distribution. The principal conclusion, though, is that in LHC heavy ion collisions, even
for dijets with very low energies and even with substantially more broadening than is
expected, the effects of broadening on the acoplanarity distribution are very small.

As noted in refs. [108, 109], the effects of broadening on acoplanarity distributions
are larger for low energy jets at RHIC, where the smaller soft background makes these
measurements more feasible. Furthermore, the vacuum acoplanarity distribution is much
narrower in RHIC heavy ion collisions than at the LHC for dijets with a comparable range
in transverse momentum. As we now explain, this can be attributed to the fact that the
jet spectrum at a given jet energy is more steeply falling in lower energy RHIC collisions
than it is at the LHC. One way in which dijets with a given energy pick up acoplanarity
is if the subleading jet in the pair started out at a higher energy and radiated a relatively
hard gluon, which became a third jet that balances the acoplanarity in the momenta of
the reconstructed dijet pair. If at a given energy the spectrum is a more steeply falling
function of energy this means that there are fewer initially higher energy jets that could
radiate and end up at the given energy. Thus, a steeper spectrum as in RHIC collisions
yields a narrower acoplanarity distribution. This is illustrated by the black dots in figure 4
that show the acoplanarity distribution in RHIC heavy ion collisions for dijet pairs with
prieeding > 35 GeV and protPleading > 10 GeV, the same dijet energies as in the right panel
of figure 3 although here we have chosen dijets with || < 0.5. Note that here the vacuum
distribution shows a small accumulation of events at A¢ < 0.3. This is a result of the
narrow rapidity coverage |n| < 0.5: in a small fraction of events, the jet that balances
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most of the transverse momentum of the leading jet falls outside the accepted n range and
what is reconstructed as a dijet is the leading jet and a subleading jet pointing in a similar
direction.

We see in figure 4 that the RHIC acoplanarity distribution becomes visibly narrower
in heavy ion collisions if we neglect broadening, setting K = 0. This effect is perhaps
hinted at in the right panel of figure 3 but becomes clearly visible at RHIC (energy loss,
and therefore this effect, are not included in the calculations of refs. [108, 109]). It is a
consequence of strong energy loss and a steeply falling jet spectrum in sum. Wider jets
with a given energy loses more energy than narrower jets, meaning that the jets that start
out at in a given energy bin and stay in that bin are the narrow jets. Because of the
steeply falling spectrum, there are not many jets that originate with higher energies, lose
energy, and end up in the given energy bin. The result is a narrowing of jets that remain
in a given energy bin, something that has been seen previously in both perturbative [105]
and holographic [145, 147] analyses. And, we see from the K = 0 results in figure 4
that narrower dijets are less acoplanar. When we now turn on broadening, in addition to
energy loss, the jets get broader and the acoplanarity increases. The effect of broadening
is small for realistic values of K in the 5-20 range; it takes unrealistically large values of
K to broaden the jets sufficiently that the acoplanarity distribution becomes as wide as in
vacuum.

The lesson here is that acoplanarity is to some degree sensitive to both energy loss and
broadening, more so for lower energy jets in lower energy collisions where the spectrum is
more steeply falling. But, even in the best case, this observable exhibits little sensitivity to
broadening, with the narrowing of the acoplanarity distribution due to energy loss being
greater than the broadening of the acoplanarity distribution due to momentum broadening
with realistic values of K. The competition between these two opposing effects would
complicate any attempt to use acoplanarity measurements in isolation to see effects of
broadening, leave apart to extract the value of the medium broadening parameter K.

The third observable that we shall analyze is called the jet shape and is an intrajet
observable that is a measure of the angular distribution of the energy within a jet. The jet
shape is defined as the fraction of the jet energy in jets reconstructed with a given anti-k;
parameter R that is contained within an annulus of radius r and width dr (in n — ¢ space)
centered on the jet axis. Following the analysis in ref. [51], we define the differential jet
shape as

Z pi ,track

1 1 i€rtor/2
plr) = Ly (3.2)
]Vjets or jets p]t t

for r < R, where the tracks in the sum don’t necessarily have to belong to the jet con-
stituents defined through the anti-k; clustering. For this reason the final jet shape dis-
tribution is multiplied by the event averaged factor < ;et / Zivzbéns p%r“k(ri)> so that it is
normalized to one. We show the result of this analysis in figure 5, where we compare the
ratio of the jet shape for the quenched jets in PbPb collisions to that for the unquenched
jets in proton-proton collisions. In this analysis, the sum over jets in (3.2) includes all
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Figure 5. Left: ratio of the jet shape in PbPb collisions to that in proton-proton collisions for
different values of the broadening parameter K as compared to CMS data from heavy ion collisions
with /s = 2.76 ATeV [51] and 0-10% centrality (left) or 10-30% centrality (right).

jets with piet > 100 GeV and 0.3 < || < 2. For reference, we also show the experimental
results for this ratio, as measured by the CMS collaboration [51].

The hybrid model calculations with K = 0 shown in figure 5 provide clear confirmation
that, as we have discussed, energy loss serves to narrow the angular size of jets with a
given energy in heavy ion collisions relative to that of jets with the same energy in proton-
proton collisions. Again, this arises because wider jets lose more energy than narrower jets,
leaving behind a sample that is dominated by narrower jets. Adding transverse momentum
broadening by turning on a nonzero value of K serves to broaden the jets in the sample,
slightly. The effect of broadening is very small even for the unrealistically large choice
K =100.! (Note that transverse momentum picked up by the one or few hardest partons
in the jet serves to deflect the angle of the reconstructed jet, affecting the acoplanarity.
This has little effect on the jet shape since r is measured relative to the center of the
reconstructed jet, not relative to whatever the original direction of its parent parton was.)
It is apparent in figure 5 that our analysis in this section does not do a good job of describing
the jet shape ratio measured in experimental data [51], in particular at larger values of r.
As we shall discuss in section 4, at larger and larger r the partons in the reconstructed jet
are softer and softer. Our hybrid model fails to describe a medium-induced enhancement in
the production of soft particles at large angles relative to the jet direction seen in heavy ion
collisions relative to proton-proton collisions. This enhancement, which does not contribute
much to the overall jet energy, points to the existence of soft modes moving in the same
direction as the jet, which is to say a moving wake in the plasma that the jet itself excites
as it loses energy and momentum to the plasma. In our implementation of the hybrid

'In the results of ref. [107], introducing broadening results in larger effects on the jet shapes. There are
at least two reasons for this. First, the analysis of ref. [107] focuses on the modification of average jets.
Leaving out jet-by-jet fluctuations means that this analysis cannot see that wider jets lose more energy
than narrower ones, and so does not include the consequent narrowing of jets with a given energy in PbPb
collisions relative to jets with the same energy in proton-proton collisions. And, second, in ref. [107] all
the partons present in a PYTHIA shower just before hadronization are assumed to have passed through
the medium, and felt the effects of broadening, whereas in our calculation of the development of the jet
shower in spacetime we see that many partons are produced at splittings that occur after the jet has already
departed from the medium, and therefore do not feel any transverse momentum kicks.
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model to this point, no effects of such a wake are included. We are in effect making the
assumption that all the energy lost by the jet is so fully thermalized that it ends up as a
little bit more plasma or a little bit hotter plasma, becoming a distribution of soft thermal
particles in the final state that is isotropic, uncorrelated with the jet direction. This cannot
be the whole story since, after all, momentum is conserved and the jet loses momentum to
the plasma as well as energy. We shall return to this in section 4.

3.3 An observable that is sensitive to broadening

Before returning to the question of where the momentum and energy lost by the jet ends
up and how this affects angular observables like the jet shape, we close this section by
identifying a more differential observable that is directly sensitive to transverse momentum
broadening, meaning to the value of the broadening parameter K.

Let us recapitulate why the observables that we looked at above are not sensitive
to broadening. Kicks received by the few highest momentum partons in a jet contribute
to the acoplanarity, as we have discussed, but because these partons have such a high
momentum the effects on the acoplanarity are quantitatively very small. The conventional
jet shape observable at larger values of r is dominated by very soft particles. In our hybrid
model as formulated in this section, these softest particles tend to originate from the last
fragmentation events in the shower, as harder partons fragment after they have already
left the medium. Soft partons that are produced earlier, in the medium, rapidly lose all
their energy. Soft partons at large r that are produced outside the medium cannot be
affected by broadening. For different reasons, therefore, both the acoplanarity (dominated
by the few hardest partons) and the jet shape at large r (dominated by soft partons which
survive because they were produced late, after the shower exits the plasma) are insensitive
to transverse momentum broadening.

The key is to focus on the angular distribution of the energy in the jet that is carried by
particles in an intermediate interval of transverse momentum. We must focus on semi-hard
partons that are sufficiently soft that they can be deflected significantly by the transverse
momentum kicks that they receive from the medium but that are sufficiently hard that they
survive propagation through the plasma and emerge from it. The new observable that we
define is, in essence, a more differential version of the jet shape. Instead of determining
the r distribution of all the jet energy, we focus on the distribution of jet energy carried by
particles in a certain interval of transverse momentum. And, we construct this observable
using only the subleading jets in dijet pairs, specifically subleading jets with ppstPleading >
30GeV in a dijet whose leading jet has pp'®®ding > 120 GeV and where the two jets are
separated by A¢ > 5m/6. We make this choice because jets in a sample of subleading jets
have on average lost more energy than in a sample of leading or inclusive jets. (We have
checked that if we use a sample of leading or inclusive jets, we do see the effects that we
shall describe below but they are smaller in magnitude than in the sample of subleading

. bleadi .
jets.) We denote our new observable by W,”“*“"8(r), with
Z pTi,track
gonpleading () = — > i € £ Ar/2; prérack € range (3.3)
= . , )
br Nsubleading jets or subleading jets pTJet
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where we take the particles that we include to be only those that have a transverse mo-
mentum in a specified range. We take this range to be 10 GeV < pr < 20GeV, a choice
whose motivation we describe below. (Note that we first find and reconstruct jets using
all particles, in the standard fashion, and it is from the fully reconstructed jets we obtain
pri®t for the leading and subleading jets. After we have a sample of reconstructed sub-
leading jets, we evaluate \Ilf,lébleading(r) using only the particles within the specified range
10GeV < pr < 20GeV.) We shall look at the observable \Il;,l;bleading(r) for angles up
to 7 < 1. Recent preliminary results regarding somewhat similar jet shape observables,
shown in figure 12 of ref. [169], indicate that the measurement of ‘Ilzl;bleading (r) will require
background subtraction. We have chosen to follow the procedure used in ref. [169]. We
discretize the event in (An, A¢) space, where An and A¢ are distances from the jet axis
in rapidity and azimuthal angle, with |An| < 2.5, in bins of width 0.025 x 0.025, building a
two-dimensional energy density distribution using only tracks with pr in the desired range.
We take reconstruction and background subtraction effects into account by smearing the
jet energy, computing the ¢-dependent average energy density far away from the jet axis in
rapidity by summing over all bins with 1.5 < |An| < 2.5, for each value of ¢, in each event,
and then subtracting this average long-range energy density from the energy density in
each of the bins with |An| < 1.5, for each value of ¢, in each event. After this background
subtraction, we then construct the observable \I/;L}bleading(r) by summing the energy lying
in the annulus at a distance Ar = /An? + A¢? from the jet. Finally, to maintain consis-
tency with the definition of the standard jet shape we multiply \Ilzlébleading(r) by the factor

<ijet / le-vzl’é“s thraCk(n)> in order to ensure that \I/;,l}bleadmg (r) is normalized to one.

In figure 6 we show the prediction of our hybrid model for the ratio of the new observ-
able wiiPleading 1y i PLPb collisions to that in proton-proton collisions for several values
of the broadening parameter K. We show results for W58 (1) with pp in the interval
10GeV < pr < 20GeV. The selection of these cuts follows from several requirements.
We want the partons to be hard with respect to the medium temperature to ensure that
no possible collective effects (including those we will focus on in section 4) can affect the
measurement; this is safely achieved by the lower pr cut of 10 GeV. We also want the
partons to be energetic enough to survive propagation through enough plasma that they
pick up some transverse momentum kicks, which is to say so that they can exhibit sensi-
tivity to the broadening parameter K. This motivates trying even somewhat larger values
of the lower pr cut. From the other side, we want to choose an upper pr cut so that
the partons used in the definition of Wi2'*4"€(;) do have their direction of propagation
significantly altered by the transverse momentum that they pick up from the plasma. We
have found that the range 10 GeV < pr < 20 GeV serves our purposes well. However, we
have also investigated W;I;bleading (r) with 20 GeV < pp < 40 GeV and this works almost as
well. Unlike for the less differential observables described previously, we see from figure 6
that \Il%bleading(r) shows significant sensitivity to the value of K. Indeed, as K grows, the
partons in this momentum range are more and more kicked out to angles further away
from the center of the jet, populating the large r region and depleting the region nearest

to the jet axis (r = 0).
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Figure 6. Differential jet shape ratio constructed from the subleading jets in dijet pairs satisfying
prleading > 120 GeV, ppstbleading > 30 GeV, and A¢ > 57/6. The analysis only includes partons
whose pr lies within the intermediate range 10 < pr < 20 GeV. The effect of broadening on this
observable is apparent.

The main features of the results plotted in figure 6 may be understood as coming from
the dynamics of broadening and parton energy loss. Let us begin by looking at the K =0
curve. In the absence of any transverse momentum kicks, the dynamics of energy loss in
the hybrid model depletes the number of partons at large angles r. This happens because
these partons are produced early and are on average softer, and for both reasons they lose
more energy in the plasma. This pushes the PbPb jet shape down at large r. Because the
jet shape is normalized, it is pushed up at small r. Since there is no parton energy loss
for the jets in pp collisions, the modification of the numerator in the jet shape ratio shows
up directly in the K = 0 jet shape ratio itself, plotted in figure 6. Now let us ask what
happens when we turn on K # 0, adding transverse kicks felt by all the partons in the
jet as they propagate through the medium, namely broadening. As mentioned above, the
depletion of partons at small angles r from the jet axis due to broadening results in the
reduction of the jet shape at small r in PbPb collisions relative to that in pp collisions with
increasing K. Since the shape of jets in vacuum is a rapidly falling function of r, kicking
some partons from smaller r to larger r serves to enhance the jet shape in PbPb collisions,
and hence pushes the jet shape ratio plotted in figure 6 upwards at larger r, again as a
function of increasing K. Furthermore, as K increases partons that are kicked from smaller
r can end up at larger and larger values of r, meaning that at larger and larger values of K
the increase in the jet shape ratio seen in figure 6 extends further and further to the right.
These K-dependent effects are apparent in figure 6, and they are of course the reason why
we have selected and are highlighting this observable.

In experiment, of course, the range in pt employed in the definition of \IJZ‘;bleading (r)
will need to be a range of momenta of final state hadrons, not a range of momenta of
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Figure 7. Differential jet shape ratio \Il;‘;bleadi“g (r) constructed from charged hadrons with 5 GeV<
pr <10 GeV, for subleading jets that satisfy the same cuts as in figure 6.

partons. Further investigation of the effects of hadronization, which are not under good
theoretical control, is clearly important. Nevertheless, the observed sensitivity to transverse
momentum broadening that we see in figure 6, and that we have not seen in any of the other
observables we have studied, encourages us to explore hadronic versions of this observable
that are sensitive to the angular distribution of the partons in jets with 10 < pp < 20 GeV
that contribute in figure 6, with the goal of a direct extraction of the broadening parameter
K, a key characteristic of the medium. In figure 7 we present the prediction from our hybrid
model for a hadronized version of figure 6, namely the observable \Ilzlébleading(r) computed
for hadrons rather than partons, with the specified range for the pr of the hadrons in the
analysis taken to be 5 < pp < 10GeV. (We use the hadronization prescription described
at the end of section 4.2.) We have selected a lower momentum range for the hadrons
entering the analysis in figure 7 than for the partons in the analysis in figure 6 simply
because hadronization turns partons into softer hadrons. Other choices of momentum
range can be investigated.

The main features observed in figure 6 are also observed in figure 7. As in the partonic
case, broadening means that as K increases we see a decreasing jet shape ratio at small
r and an enhancement in the intermediate r region, with the region where enhancement
is seen extending to larger r as K increases further. However, in the hadronic case, the
separation between the curves with different values of K values is less pronounced than in
the partonic case. This is due, in part, to the fact that hadrons within any given range
in momentum originate from partons with a wider range of momenta. The behavior of
the pr-dependent partonic jet shape \Ills,lébleading (r) is different in different pr regions, and
in particular it becomes less sensitive to K for partons with very large momenta. Since
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some of the hadrons with momenta in the 5 GeV< pt <10 GeV range that we have used to
construct the hadronic differential jet shape ratio in figure 7 come from the hadronization
of partons with much higher momentum, this hadronic observable plotted in figure 7 shows
less sensitivity to broadening than that seen in figure 6. Because hadronization can turn
a single hard parton at very small r into several softer partons that are more spread out
in r, it tends to spread the largest changes seen at very small r in figure 6 over a wider
range of r in figure 7, reducing their amplitude in the plot. Despite these effects which
serve to dilute the K-dependence seen in the partonic observable, the hadronic observable
in figure 7 displays sensitivity to transverse momentum broadening dynamics.

Although it is of course necessary to do further investigations of hadronization, it
seems promising that by selecting hadrons from subleading jets in an intermediate pr-
range, 5 GeV< pt <10GeV in figure 7, the effects of the transverse momentum kicks on
the partons in the jet on the observable are enhanced, and are considerable, relative to
what we have seen for less differential observables such as the usual jet shapes in figure 5.
The further investigation of observables that, like the prp-differential jet shape ratio we
have constructed from subleading jets, focus on the transverse dynamics of partons in the
jet that are neither very soft (as in that regime other effects that we investigate in the next
section dominate) nor very hard (as in that regime the effects of transverse kicks received
from the medium are hard to see) holds considerable promise. Such observables represent
the only path that we can see at present toward an experimental determination of the value
of K directly from its definition in terms of momentum broadening rather than indirectly
via inference from measurements of energy loss. And, K = §/T° is a key parameter in our
model or in any model as it quantifies a central property of the medium that is related
to how strongly coupled the fluid is. We may not yet have hit upon the precise definition
of the optimal observable, as doing so requires balancing choices of jet selection, pr cuts,
jet shape measure, and background subtraction in the face of potentially competing goals:
maximizing sensitivity to K while at the same time optimizing the statistics, signal-to-
noise, and utility of the analysis of any specific data set. We look forward to seeing this
done in consultation between experimentalists and theorists. Our results in figure 7 provide
strong motivation for doing so.

4 Medium backreaction: observable consequences of a wake in the plasma

In this section we will take the first steps toward incorporating another important fea-
ture of jet quenching dynamics in plasma into our hybrid model: the conservation of the
momentum and energy lost by the jet. In our implementation of the model up to now,
we have assumed that the energy lost by the energetic partons in the jet thermalizes to
such a complete extent that, after hadronization, it becomes particles moving in random
directions that are completely uncorrelated with the jet direction. The assumption of rapid
thermalization is well motivated by the many lines of evidence indicating that quark-gluon
plasma is a strongly coupled liquid. It is also motivated by the holographic analysis of
the stress tensor that describes the response of the A/ = 4 SYM fluid to the passage of
an energetic parton through it [123, 125] which showed that after a short time of order
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1/T all the energy dumped into the medium was rapidly converted into a hydrodynamic
excitations of the system. The possible hydrodynamic collective response of the plasma
to the passage of an energetic parton through it was characterized earlier in refs. [171—
174]; the holographic computation in refs. [123, 125] provided a concrete realization in a
full quantum field theoretical calculation, confirming that the anticipated hydrodynamic
response could indeed be excited via the passage through the fluid of an energetic probe
whose size is much smaller than 1/7'. This notwithstanding, it cannot be correct to assume
that the energy lost from the jet, after thermalization, has no memory of the direction of
motion of the jet. After all, momentum is conserved and the jet loses momentum to the
plasma, as well as energy. And indeed, the hydrodynamic response of the plasma includes
both a wake and sound waves (a Mach cone) that carry momentum in the direction of the
jet, as well as energy. In this section, we will provide an initial account of this collective
response by providing a simplified description of the backreaction of the medium to the
passage of the jet that respects energy and momentum conservation without introducing
any additional parameters into our hybrid model. We leave a full treatment (which would
involve sourcing, propagating, and hadronizing a hydrodynamic wake in the expanding
cooling hydrodynamic fluid) to the future.

The mechanism we will describe is not exclusive to strong coupling, although this
scenario provides a completely natural realization for this collective response. Even in
perturbative QCD analyses in which a hard parton loses energy by radiating gluons the
radiated gluons themselves interact with the medium and radiate further softer gluons,
with the result being a rapid degradation of the emitted gluon momenta. This degradation
may be viewed as a rapid transfer of energy from hard (jet) modes to soft (medium) modes
and it has been described recently in detail in refs. [150-156]. In an infinite medium,
this process leads to the eventual (local) thermalization of the lost energy after which
the dynamics may be best understood in terms of hydrodynamics. In a finite medium, the
local thermalization process may not be complete and it is possible that the medium modes
excited by the jet may remember more than just the energy and momentum that the jet
lost and they gained, but keeping track of their momentum and energy as we shall do is
certainly a good first step. One circumstance in which our analysis in this section would
not be relevant is for a medium that is sufficiently thin and sufficiently weakly coupled that
gluons radiated by the hard parton do not interact after they are radiated, but this is an
extreme scenario.

Following this discussion, in section 4.1 we will describe a simple implementation of
the backreaction of the plasma to the passage of a jet of energetic partons through it. We
will refer to the backreaction of the plasma in generic terms as the wake of the jet, as we
shall not need to focus on the distinction between a diffusive wake (moving and perhaps
heated fluid) and propagating sound waves since upon making the approximations that
we describe below the perturbations to the spectrum of hadrons in the final state that we
compute cannot distinguish between diffusive and sound modes. We will characterize the
medium response to the transfer of momentum to it from the jet, that is the wake, by
analyzing the induced velocity and temperature variations of the hydrodynamic behavior
of the quark-gluon plasma fluid, upon making several simplifying assumptions. Since the
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total energy deposited in the medium by a typical jet in heavy ion collisions (O ~ 20 GeV)
is small when compared to the total energy per unit rapidity in the event (O ~ 1TeV),
as in refs. [171-174] we shall treat the additional momentum acquired by the medium as
a consequence of the passage of the jet as a small perturbation. (For studies of the non-
linear response of the plasma, see refs. [158, 161, 175, 176]). We shall also assume that the
small perturbation of the velocity and temperature of the medium translates into small
perturbations to the resulting distribution of particles at all momenta. These physical
assumptions can be described somewhat loosely by saying that we are assuming that the
energy deposited into the medium as a wake thermalizes to the maximum degree allowed
by conservation of momentum and energy, turning into a perturbation to the spectra of
the hadrons in the final state that remembers the energy and momentum deposited by the
jet into the medium but nothing else about its origin. As we have discussed, this is natural
at strong coupling, or at weak coupling if the gluons radiated by the hard partons in the
jet themselves radiate many times further, but would not be valid if the energy lost by the
jet is carried by only a few particles.

For simplicity, we will also assume that the unperturbed fluid is well described by a
boost invariant flow. And, although in our simulation of the amount of energy that the
jet loses we do take the transverse flow of the medium into account and we do use a back-
ground obtained via solving viscous hydrodynamics, in this initial study of the wake we
will for simplicity neglect the transverse flow of the unperturbed fluid and employ ideal hy-
drodynamics. All that said, our aim will actually not be a description of the perturbations
of the hydrodynamics per se: we wish to focus instead directly on the modification to the
spectrum of hadrons produced after the perturbed hydrodynamic fluid freezes out. The
last simplifying assumption that we make is that the plasma freezes out along a constant
proper time hypersurface.

After making these various approximations, in section 4.1 we will derive a simple ex-
pression for the modification to the spectrum of hadrons formed as the hydrodynamic fluid
perturbed by the passage of a jet through it freezes out, an expression that is determined
solely by the amount of energy and momentum lost by the jet. In subsequent subsections,
we will describe how we implement this expression in our hybrid model, and look at its
consequences for a number of jet observables.

It is inevitable that when a jet reconstruction algorithm is used to find and reconstruct
jets in heavy ion collisions, some of the energy and momentum that is counted as part of
a jet in fact comes from hadrons formed from the plasma as it freezes out, given that the
plasma includes a moving heated wake that, by momentum conservation, is flowing in the
same direction as the jet [95, 158, 160-162]. Furthermore, since any background subtraction
procedure involves comparing events with a jet or jets to events that do not contain jets,
and since events that do not contain jets also do not contain wakes, the particles from the
hadronization of the wake that end up reconstructed as part of a jet will not be removed by
background subtraction. Since there is no way for experimentalists to remove them from
the jets they reconstruct, theorists must add them to the jets in their calculations. This is
our goal in this section.
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4.1 The spectrum of hadrons from a medium perturbed by the passage of a jet

In a boost invariant fluid with no transverse velocity, the wake associated with the passage
of a jet may be characterized by a perturbation to the velocity field with the form

out = (0,6ui,5u’7) , (4.1)

where du’ with i = 1,2 and du" are the variations of the velocity field in the transverse
plane and in the space-time rapidity direction. The disturbance will also be associated
with a change in the temperature of the plasma ¢7'. These perturbations are functions of
time and of all the space coordinates, and need not be boost invariant. (Note that because
uM 4 JuM is normalized, the u” component in (4.1) is fixed by, and quadratic in, Ju’ and
ou and we have therefore neglected it.) At a fixed proper time 7, the total momentum
stored in the perturbation of the plasma is

AP} = ’l,UT/dszJ_ dnéu’y,  AP"= UJT/dQQCJ_ dnou’, (4.2)

where we have used the fact that, to leading order in the perturbation, the variation of
the stress tensor of ideal hydrodynamics takes the form 67, = wdu, for a = 1,2,n with
w = e+ P is the enthalpy of the unperturbed fluid, which is related to the entropy density of
the unperturbed fluid through w = T's and which is constant on a fixed-7 surface in a fluid
which is boost invariant and has no transverse expansion. Because we are simplifying this
analysis by assuming ideal hydrodynamics, we are neglecting any production of entropy
during the hydrodynamic evolution, for example as the sound waves excited in the plasma
are damped by viscosity. The only entropy dumped into the plasma is that dumped into
the wake initially by the jet itself, and this entropy is then equal to the entropy associated
with the perturbation computed at late time by computing the flux of the entropy current
across a fixed 7 hyper-surface

AS = Scé—/dndeJ_(Sg, (4.3)
where ¢, is the speed of sound of the unperturbed fluid which, within the boost invariant
assumption, only depends on the proper time 7.

Both egs. (4.2) and (4.3) are valid on any fixed proper time hypersurface including, in
particular, on the freeze-out hypersurface. These expressions describe all the momentum
and entropy that was dumped into the plasma by the disturbance, as they are at the freeze-
out time. Following our assumption that all the momentum lost by the jet is incorporated
into the plasma as a wake, AP{ and AP" are given by the transverse momentum and
momentum rapidity lost by the jet as it traverses the plasma, respectively. Since in our
implementation of energy loss we have assumed that the rapidity of the jet remains constant
(or almost constant if we turn on transverse momentum broadening) we set AP"7 = 0 and
use our hybrid model calculation to give us the APi injected into the hydrodynamic fluid by
each of the jets we analyze. We shall see below that the entropy production AS associated
with the jet passage through the medium may also be constrained by the total energy
carried by the particles produced by the perturbation.
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Our goal is to determine the effect of the perturbations dJu® and 67T that describe
the wake in the fluid that the passage of the jet creates on the spectrum of particles
produced when the fluid freezes out. To do so, we will employ the standard Cooper-Frye
prescription [177]

dN 1
E% = @n)? /da” pu f(ut'py) , (4.4)

where the o, integral is over the freeze-out hypersurface and where for simplicity we shall

assume a Boltzmann distribution f(E) = exp (—E/T'). Expanding to leading order in the
perturbation, we obtain the expression

dAN m
W = (y —n) exp [—?T cosh(y — 77)}
Su, L &L N @(LT . 1 (4.5)
PL T T P T T T coshly —n

where mp = (/m? + p% is the transverse mass of the emitted thermal particle. Note that
this perturbative expression is only valid for particles whose momenta p are comparable to
the temperature T on the freeze-out surface, where the small perturbations in the hydro-
dynamic quantities results in a small perturbation on the resulting distribution of particles.
For momenta far above T', where the thermal distributions are exponentially small, the per-
turbations in the hydrodynamic quantities can have large relative effects; in this regime,
the expression (4.5) is not valid and, because it is based on a linear approximation to an
exponential, it in fact underestimates the particle production from the wake. However, this
regime of the spectrum contributes little to overall yields.

The expression in eq. (4.5) is general and independent of the space-time dependence
of the perturbed hydrodynamic fields. To proceed further we will assume that during the
space-time evolution of the perturbation over the boost invariant background, the space-
time rapidity of the disturbance remains approximately constant. Since high-energy jets
propagate at a fixed space-time rapidity n; equal to their momentum rapidity y;, n; = y;,
this assumption implies that the perturbation is narrow around the momentum rapidity of
the jet, which allows us to perform the 7 integration in eq. (4.5) by replacing n — y;. We
perform this integration, use egs. (4.2) and (4.3) to relate the three terms in eq. (4.5) to
AP!, AP" (which vanishes) and AS, and then impose that the energy and momentum of
the emitted particles equals the energy and momentum lost by the jet

dAN dAN
AE = / d®p , AP, ; = / d*p Pl (4.6)

d3p
where the integration of the ﬁrst of these equations leads to the relation AS =
AE/(T coshyj). After these manipulations, we are able to express the spectrum of particles
eq. (4.5) emitted from the boosted, heated up, wake in the fluid as

dAN 1 m
"By “aar 78 ol v e |~ coshy =)
1 @)
X S pL AP cos(p — @) + 3mT AMry cosh(y —yj) ¢-
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where pr, mp, ¢ and y are the transverse momentum, transverse mass, azimuthal angle
and rapidity of the emitted thermal particles whose distribution we have obtained, and
where APr and AMp = AE/coshy; are the transverse momentum and transverse mass
transferred from the jet (whose azimuthal angle and rapidity are ¢; and y;) to the wake
in the fluid. Note that the distribution (4.7) is a small correction that must be added
to the one-body distribution of particles that the unperturbed hot plasma would have
emitted. In particular, the distribution (4.7) may be negative. For example, this occurs
for particles emitted in the direction opposite to the direction of the jet. Negative values
simply mean that the perturbed thermal fluid emits less particles in the direction opposite
to the direction in which the jet was propagating than the unperturbed fluid would have.
This is a direct consequence of the fact that the jet loses momentum to the fluid, exciting
a wake of fluid moving with net momentum along the direction of the jet.

The closed form expression (4.7), which only depends on the momentum lost by the
jets in the plasma and on the kinematics of the jet, will be the basis for our analysis of
the observable consequences of the wake in the plasma, which is to say of the backreaction
of the medium. Subject to the assumptions employed in its derivation, the spectrum (4.7)
will allow us to provide estimates of the observable effects of the collective response of the
plasma to the passage of the jet through it without having to model the complicated
processes (pre-hydrodynamic and hydrodynamic) via which the energy lost by the jet
relaxes. As stated above, even within the assumptions employed in its derivation the
expression (4.7) is only valid for particles emitted with a momentum comparable to the
mean thermal momentum in a fluid cell at freeze-out; it need not be valid for semi-hard
particles produced in the plasma. Perhaps the most important assumption in its derivation
is the assumption that the wake in the plasma is fully thermalized, with the only aspects
of its origins that it remembers being its total energy and momentum. This too need not
be valid for semi-hard particles, some of which will originate from the energy lost by the
jet either near the edge of the plasma or shortly before freezeout that do not thermalize.
Nevertheless, we will use the spectrum (4.7) at all momenta to obtain first estimates of the
observable consequences of the presence of a wake in the plasma in events with jets. In the
next subsection, we shall explain how we have implemented this spectrum in our hybrid
model analysis of jets propagating within hot QCD plasma.

4.2 Implementation of backreaction, background model, and jet hadronization

The implementation of the simplified expression (4.7) for the spectrum of particles re-
sulting from the wake that is the backreaction of the medium to the presence of the jet
demands further modelling for a proper description in heavy ion collisions. Three aspects
that we will need to incorporate into our description are: (i) the effect of the radial flow
and chemical composition of the unperturbed fireball on the particles resulting from the
backreaction perturbation; (ii) adding a background of particles coming from the freeze-out
of the unperturbed fireball to our hybrid model in order to be able to properly account for
the negative contribution from the perturbation (4.7); and (iii) the generation of particles
consistent with the one-body distribution eq. (4.7). Furthermore, since the particles pro-
duced after decoupling are hadrons, we will also need to consider the hadronization of our
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quenched jets, which we have not needed to include in our previous implementation of the
hybrid model. We will discuss these four aspects sequentially in this subsection.

As we have stated, our derivation of eq. (4.7) neglects the effect of transverse flow in the
unperturbed fluid, meaning that we have neglected radial flow, as well as elliptic flow and
higher azimuthal harmonics of the transverse flow. The effects of elliptic flow and higher
harmonics are small in the most central collisions, but radial flow cannot be neglected as
it has important consequences for the spectrum of particles produced by the fireball. The
radial boost in the spectrum of particles due to the radial flow in the fluid from which
they are formed yields a blue-shifted spectrum which is harder than in the absence of the
boost. Since heavier particles pick up more momentum than lighter particles when all are
boosted by the same velocity, another consequence of radial flow is differing spectra for
particles with different masses, with heavier hadrons getting harder spectra than lighter
hadrons. The result (4.7) was derived as a perturbation on a background that does not
include either effect. As a crude step towards including both effects, we will employ the
spectrum eq. (4.7) but instead of using the temperature 7" at the time of freezeout we will
use species-dependent, momentum-dependent, empirical expressions for 1" that provide a
good description of the measured particle spectra in ref. [178] upon fitting the measured
spectra to “thermal” spectra without radial flow. Specifically, we assume a proton to
pion ratio of 0.05, neglect hadrons other than protons and pions, and use the following
momentum-dependent “temperatures” in eq. (4.7):

0.19 GeV if pr <0.7 GeV

Tﬂ'(pT) = 0.28 . (48)
0.21 (&%) " GeV if pp>0.7 GeV
0.15 GeV if pr < 0.07 GeV

Tp(pr) = § 0.33 (&%)"° GeV if 0.07 GeV < pr < 1.9 GeV (4.9)
0.4 GeV if pr > 1.9 GeV

These empirical expressions provide a good description of both the proton and pion spectra
in central heavy ion collisions with /s = 2.76 TeV at the LHC for pt < 3 GeV. (The largest
deviations, around 10%, occur for pr < 0.5 GeV, where the measured pion yields contain
large contributions from resonance decays.) We shall use them in eq. (4.7) for pp < 5GeV.
This approach is admittedly crude, but it is of value in this exploratory investigation as it
allows us to use the closed form expression (4.7) rather than attempting a full hydrodynamic
calculation of the wake induced by each of the jets in our ensemble of events.

As we have already discussed, a characteristic feature of eq. (4.7) is that the spectrum
of particles coming from the perturbation, from the wake in the fluid, can become negative
at large azimuthal angles with respect to the jet direction, particulary for particles with
small m7 or for jets with small AMp. This reflects the fact that the wake is made up
of fluid moving with a net momentum in the jet direction, with the negative contribution
to the perturbation representing a depletion of the momentum in directions opposite to
that of the jet. This means that in order to implement eq. (4.7) in our hybrid model,
we need to embed our jet sample in a background whose purpose is to provide sufficient
thermal particles such that where the perturbation (4.7) is negative we have some thermal
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particles that we can remove. In previous implementations of our hybrid model in which we
neglected the back reaction of the medium in response to the presence of a jet we ignored the
background on the basis that in experimental analyses of jet data it would be subtracted.
Contributions from the wake cannot be subtracted, which is why we are now adding them.
Since these perturbations can be negative, we now need a baseline background too. The
background that we use is oversimplified. It is constructed by generating an ensemble of
pions and protons which is flat in ¢ and 7 that reproduces the measured particle yields and
spectra [178]. The addition of this contribution will force us to introduce a background
subtraction procedure in our analysis of in-medium jets. We will describe this procedure
in detail in subsection 4.3 and appendix B

For each event in our sample, we determine the momentum lost by each of the partons
in the jet shower as well as in initial state radiation following our hybrid strong/weak
coupling model as described in section 2. (For the backreaction analysis, we include all
partons in the jet shower and in initial state radiation, whether or not they end up being
reconstructed in a jet.) Since each of the propagating partons loses energy into the medium,
each of them generates its own wake induced by its lost momentum. In the linearized
approximation that we have employed, the multiple wakes do not alter each other, and the
final spectrum is the superposition of the spectra generated by the wake of each propagating
parton. At hadronization, each of the induced wakes generates an ensemble of particles
with the one body distribution (4.7) computed from the kinematics of each parton and its
lost momentum.

In order to incorporate the effect of fluctuations in the reconstructed jets, we generate
the ensemble of particles coming from the wake in the medium via a simple Metropolis
algorithm designed to satisfy the conservation of the lost jet energy while drawing particles
from the distribution (4.7). First we generate an independent list of particles, including
protons with 5% probability and pions with 95% probability, from the one body distribu-
tion (4.7), until the sum of their energies reaches the lost energy. This ensemble generally
contains particles in the region of azimuthal angle in which eq. (4.7) becomes negative,
which we will call negative particles. Whenever a negative particle is produced, its contri-
bution to the net energy and momentum of the ensemble is negative. We later neutralize
these negative particles by removing a particle from the background which is sufficiently
close in (n,¢) space and in transverse energy.? From this initial ensemble, whose four-
momentum in general will not coincide with the momentum lost by the jet, we randomly
select a particle which we replace by a new particle drawn from the distribution (4.7). If

2Negative particle neutralization proceeds as follows. We identify the background particles within an
angle of Ar = 0.3 in (n, ¢) space of the negative particle we wish to neutralize. Among the candidate
background particles, we choose the best candidate in terms of Er and angular position in 7 — ¢ plane,
which means we minimize AE7r and Ar, the difference in transverse energy and angular position with
respect to that of the negative particle, respectively. We do the minimization by starting with any one
of the candidate background particles and then checking each one of the other candidates to see whether
choosing it instead reduces AFEr while not increasing Ar by more than 0.05 or reduces Ar while not
increasing AFEr by more than 0.1 GeV. We have checked that after using this procedure we end up with
90% of the negative particles neutralized to better than 0.1 GeV in transverse energy via subtraction of a
background particle that was within Ar = 0.13 of it.
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the change improves four-momentum conservation, it is accepted. Otherwise, the change
may be accepted with a probability distribution

N 2
e_ (pnew ensemble _APH)

W(

(4.10)

2 —
Prew ensemble) - 1 APH 2
e_ (pcnscmblc_ )

where pﬁew ensemble 15 the four momentum of the candidate ensemble including the newly
drawn particle, pf:nsemble the four-momentum of the previous ensemble, and AP* is the
four-momentum lost by the jet. We repeat the procedure until each of the four compo-
nents of pensemple 18 within 0.4 GeV of the momentum lost by the jet. (We have explicitly
checked that changing this threshold does not significantly change our results.) The ensem-
ble generated after this procedure conserves energy and momentum (within the tolerance
above) and possesses a one-body distribution identical to eq. (4.7), something that we have
checked explicitly.

Since the medium response manifests itself in the form of modified distributions
for hadrons, namely pions and protons in our approach, we are forced to consider the
hadronization of jet showers in order to properly incorporate the particles from the jet
itself and those from its wake in each event before then reconstructing jets and calculating
observables. Hadronization leads, generically, to a softening of the typical jet fragments.
Because of its nonperturbative nature, hadronization even in vacuum remains a fundamen-
tal problem and presents serious challenges to phenomenological modelling. Furthermore,
it is not presently understood how the phenomenological hadronization models that have
been applied successfully to QCD processes in vacuum should be modified due to the
presence of a heavy ion environment. As an example, changes in how color flows in the
jet shower resulting from soft exchanges between partons in the shower and the medium
lead to significant modifications to subsequent hadronization in certain regions of phase
space [179, 180], but the overall description of these effects remains to be determined.
Because of all these uncertainties, in this work we will adopt a simplified model for the in-
medium hadronization, as in much of the literature. We simply assume that hadronization
of high energy jets occurs in heavy ion collisions as in vacuum, in particular keeping the
same color correlations between partons in the shower even though we know that in reality
these must change as the partons interact with the medium. Although several different
prescriptions for hadronization in vacuum exist, in this work we will employ the Lund string
model as implemented in PYTHIA, feeding the showers to this hadronization model after
they have been modified according to our hybrid approach to energy loss and broadening.
We defer comparisons between different models for hadronization to future work.

4.3 The effect of backreaction on jet observables

After the implementation of the energy loss suffered by the partons in jet showers produced
in hard processes as they propagate through the hydrodynamic medium via the hybrid
model described in section 2, the incorporation of the effects of transverse momentum
broadening described in section 3 if we choose K # 0, the incorporation of a thermal-like
background of particles and the perturbation to that background corresponding to the
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effects of the wake in the hydrodynamic medium as it responds to the passage of the jet
as described in subsection 4.2, we now have a full event simulation from which to extract
calculations of medium-modified jet observables. This will be our goal in this and the next
subsections. In contrast to our previous publications, the inclusion of a background forces
us to implement a background subtraction procedure, making our analyses of quenched
events more similar to the actual analysis of jet data at the LHC. The fact that the
medium responds to the passage of the jet, and in particular the fact that the medium
picks up momentum in the jet direction, makes this complicated procedure absolutely
necessary.

For hard jets produced together with a soft background that is completely uncorrelated
with the jet direction, there are a number of established techniques that allow for systematic
removal of the effects of background particles from jet observables. (See, for example,
refs. [181-183].) These procedures, generically referred to as background subtraction, are
routinely applied to jet measurements at the LHC and, at least in proton-proton collisions,
they efficiently remove the effects of soft (non-perturbative) backgrounds that may be large
but that are uncorrelated with the jet, allowing the measurement of theoretically controlled
hard processes. However, in heavy ion collisions the fact that the medium includes a wake
that carries momentum in the jet direction means, in effect, that a component of the
background is correlated with the jet direction. This makes it impossible for a background
subtraction procedure to separate the jet (which has been modified, via energy loss and
broadening) from the medium (which has been modified, via the wake). In order to compare
to experimental measurements, therefore, we have added a background and a wake and
must now perform a background subtraction as if the background were uncorrelated with
the jet direction, followed by jet reconstruction, just as in an experimental analysis. This
procedure is not necessary for jet observables that are dominated by the harder components
of a jet. This procedure is important for the softer components, since the softer components
of what is reconstructed as a jet will include contributions from the jet itself and from the
wake in the medium. In particular, this procedure is critical to gauging the effects of the
wake on observables. We have implemented a full background subtraction procedure to
analyze the events produced within our framework. In particular, we have implemented
a version of the so called noise/pedestal background subtraction procedure [48, 184] and
then done a jet energy scale correction; the details of our implementation can be found in
appendix B.

As in section 3, we first consider the R-dependence of jet suppression. In figure 8 we
show the jet Raa as a function of pr for central events for a wide range of jet momenta
and for different anti-k; reconstruction parameters R. We set K = 0, neglecting transverse
momentum broadening since, as we saw in section 3, it has little effect on these observables.
In the right panel, we show our results for 70 < pr < 300 GeV in comparison with CMS
measurements of Raa for R = 0.3 jets in the range 100 < pt < 300 GeV. Note that, as
when we included broadening in section 3, when we incorporate the effect of the backre-
action of the medium to the jet this alters the jet suppression, meaning that we had to
retune the energy loss parameter kg in our hybrid model. In this case, we only needed to
modify the value of ks at the percent level, which is very much smaller than the theoretical
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Figure 8. Dependence of jet Raa on the anti-k; parameter R used in reconstructing the jet and
on the transverse momentum of the jet. We have set K = 0, turning off transverse momentum
broadening which we saw in section 3 has only very small effects on this observable. We have
included the effects of the wake in the hydrodynamic fluid, which is to say the backreaction of the
medium to the presence of the jet, and have added a background and implemented two different
background subtraction procedures as described in the text and in appendix B. The left plot shows
this observable for jets with 40 < pp/®® < 120 GeV as measured by the ATLAS collaboration [56],
with their background subtraction procedure, while the right one is for jets with 70 < ppi®t <
300 GeV as measured by the CMS collaboration [49], with their background subtraction procedure.
Both panels are for the 0-10% most central collisions with /s = 2.76 ATeV. We have extended the
pr-range in the right panel down to 70 GeV even though present CMS measurements are for jets in
the range 100 < pi®* < 300 GeV to make it possible to compare the results from our model in the
pr-range where the two panels overlap in order to see the effect on Raa of choosing between the
two different background subtraction procedures. The difference between the two panels is small,
but visible.

uncertainty corresponding to the widths of the bands in all our plots in this paper and in
our previous publications. As we found when we included broadening in section 3, for the
high energy jets in the right panel of figure 8 the suppression factor Raa shows only a very
small dependence on R, consistent with LHC data [49].

As we saw in section 3, the suppression factor Raa shows a small decrease (i.e. increase
in suppression) with increasing R, corresponding to the fact that with increasing R the
angular size of the jets that are reconstructed increases together with the fact that wider
jets lose more energy. However, this effect is milder here than it was in figure 2 because
the effect of the backreaction of the medium that we are incorporating here is that some
particles coming from the wake in the plasma, which is to say some of the energy that the
jet lost, ends up reconstructed as if it were still part of the jet. Nevertheless, the wide
angular distribution of the spectrum of particles from the wake given by eq. (4.7) implies
that, even for the relatively large value of R = 0.5 explored in figure 8, the fraction of
the energy lost by the jet that is recovered by the reconstruction procedure is small. For
even larger values of the reconstruction parameter R, the full jet energy would in principle
be recovered and Raa would approach unity. However, for such large values of R the
fluctuations in the background make the reconstruction algorithm we have implemented
unreliable. (We have tested the recovery of jet energy by embedding our simulations in a
homogeneous background with no fluctuations.)

~ 31—



1.6 - 4
Strong Coupling R=0.3 0-10% Centrality
14 | Strong Coupling R=0.4 mem i
= Strong Cou 1 R=0.5
S12r PYTHIA R=0.4 —e— 1
e PYTHIA R=0.5 —e—
o1t i
~
S 0.8 L
I ° . b s
= 6] e — -]
S — o ° ° ° o
Z =
J&04 | -
=
0.2 | 4
0 1 1 1
40 60 80 100

Jet Pr (GeV)

Figure 9. Ratio of the spectra of jets reconstructed with the anti-k; parameter R = 0.2 to the
spectrum of jets reconstructed with various larger values of R as a function of the reconstructed
jet pi. The colored bands correspond to the prediction of our hybrid model, with no broadening
(K =0) and including the effects of the backreaction of the medium. The dots are the predictions
for jets in vacuum, in proton-proton collisions as described by PYTHIA. As explained in the text,
the fact that the three colored bands are closer together than the three sets of dots are is due to
the fact that wider jets lose more energy than narrower jets do.

In the left panel of figure 8, we show the jet Raa for smaller jet pp for the different
values of R. The calculated suppression factor shows a mild increase with pr. It is consis-
tent with all but the lowest pr ATLAS data point within the theoretical and experimental
uncertainties, although the data themselves don’t show evidence for such an increase. In
spite of the lower jet energy, the effect of including the particles coming from the backre-
action of the medium on Raa is small for all the values of R we have explored, meaning
that the R-dependence of our results for jet Raa is similarly small to that seen in the
right panel of the figure. This is in apparent contrast with Rcp measurements reported by
ATLAS in ref. [48], which seem to indicate that the suppression of jets decreases with R in
this range of momenta, albeit with sizeable systematic uncertainties. Since ATLAS reports
the R-dependence of Rcp (which can be thought of as the ratio of Ras for central events
to that for peripheral events) rather than of Raa, and since our simulations do not repro-
duce Ran for peripheral events well (since the small amount of energy lost in the hadronic
phase, which we do not include in our hybrid model, is proportionally more relevant in
peripheral events where the total energy lost is smaller [148, 149]) we will not attempt
to make any quantitative comparisons with these data. We look forward to anticipated
further measurements of the R-dependence of R itself, where a direct comparison will
be possible.

To further study the R-dependence of jet suppression in our model, and motivated by
the ALICE analysis reported in ref. [58], in figure 9 we show the ratio of spectra of jets
in PbPb collisions reconstructed with different values of the anti-k; parameter R to that
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for R = 0.2 jets. For comparison, we show the same ratio in proton-proton collisions as
simulated by PYTHIA. An important advantage of this observable is that it is constructed
with PbPb data only. This leads to a significant reduction in the theoretical uncertainties
in our model, since the errors in the spectra with different R are correlated. This is the
reason why the widths of the colored bands depicting our theoretical predictions displayed
in figure 9 are significantly narrower than those for our predictions of Raa. Because of
this reduction in the theoretical uncertainty, as we shall now explain this observable is
sufficiently discriminating to show that, within the range of R studied, the wider jets that
are reconstructed with larger values of R lose more energy than narrower jets. To see this,
let us first understand the behavior of this observable for jets produced in proton-proton
collisions, which evolve in vacuum. Predictions from PYTHIA for these jets are shown as
the colored dots in figure 9. In vacuum, the number of jets with a given pr increases
as R increases, since reconstructing wider jets incorporates a larger fraction of the initial
partonic energy into the jet. Therefore, the ratio of the spectra of jets reconstructed with
R = 0.2 to that of jets reconstructed with a given R decreases with increasing R. In the
medium produced in PbPb collisions, this general trend is also observed. However, this
ratio decreases more slowly with increasing R, meaning that the number of jets with a given
pt now increases more slowly with increasing R than was the case in vacuum. This means
that the wider jets reconstructed with larger R have lost more energy than the narrower
jets have.

Another interesting feature of this observable is that the deviation between the vac-
uum and medium ratios increases as the momentum of the jet increases. This, too, is a
consequence of the fact that wider jets which contain more in-medium partons lose more
energy than narrower jets. Low pr jets contain, on average, a smaller number of partons
propagating simultaneously in medium. The extreme case is a jet that consists only of a
single parton while it is in the medium, although it may branch later. In this case, the
energy loss is independent of the reconstruction parameter R: if this jet is reconstructed,
its energy loss is the energy lost by that single parton no matter what the value of R. The
fact that the three colored bands in figure 9 come closer together as pr increases indicates
that the lowest pr jets are dominated by jets that contain only very few partons while
they are in the medium. As the pr increases, the population of jets includes some that
are wider, with more partons, that lose more energy. And, at any given pr more of these
are reconstructed at larger R. Although a direct comparison with the semi-inclusive jet
measurements performed by ALICE [58] that motivated us to make figure 9 is not possible,
our analysis highlights the potential that precise measurements of this type will have to
discern the mechanisms of jet quenching in future.

Paralleling the discussion in section 3, to explore the effects of medium-modification of
jets on their angular structure we now turn to the jet shapes ratio, shown in figure 10 for two
different centralities. We set K = 0 since, as we saw in section 3, transverse momentum
broadening has little effect on this jet shapes ratio. We describe the way in which we
subtract the thermal background in appendix B. Since the fluctuations in our simplified
background do not coincide with those of an actual heavy ion collision, we need to correct for
the difference in jet energy resolution in order to do a fair comparison with CMS data [51].
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Figure 10. Ratio of the jet shape in PbPb collisions with /s = 2.76 ATeV with 0-10% centrality
(left) and 10-30% centrality (right) to the jet shape in proton-proton collisions. The two colored
bands show the results of our hybrid model calculation with no broadening, with both jets and
background hadronized, and with our background subtraction procedure for high-pr jets applied.
In the calculation shown as the red band we include the effects of backreaction, namely the particles
coming from a wake in the medium. We compare our calculation with and without backreaction to
data from CMS [51].

This amounts to smearing the jet energies with a Gaussian whose width corresponds to
the difference between the jet energy resolution in the presence of our background and the
jet energy resolution measured by CMS; we describe the procedure in appendix B. Last,
we subtract background tracks in the jet cone following a simple procedure from ref. [51]
in which we subtract the n-reflection of each event from that event. This procedure does
not work for jets near n = 0; this is why |n| < 0.3 is excluded from both our analysis and
the measurement reported in [51].

To gauge the effects of adding our simplified background, performing the background
subtraction procedure, and hadronization on one hand, and the effects due to the backreac-
tion of the medium, namely the particles coming from the wake in the plasma, on the other
in both panels we show the jet shape ratio computed at the hadronic level with and without
backreaction. As we saw in section 4, energy loss serves to narrow the angular size of jets
in a given window of energies in heavy ion collisions relative to that of jets with the same
energies in proton-proton collisions. As a consequence, without backreaction the effect of
energy loss is to increase the importance of narrow jets in the quenched jet sample, leading
to a depletion of the jet shape at large angles r. Note that the only differences between
the simulations without backreaction in figure 10 and the K = 0 simulations displayed
in figure 5 are: adding the simplified but fluctuating background that we are employing,
performing our background subtraction and jet reconstruction, and adding hadronization.
The partonic distributions whose ratio is plotted in figure 5 give rise to narrower distribu-
tions that the hadronic ones that go into figure 10, a natural consequence of the non-trivial
angular distribution of the Lund strings connecting the hard partons within the jet which
means that hadronization broadens the jet somewhat. (See for example ref. [185].)

Despite the hadronic uncertainties, the jet shape ratio shows a clear increase at larger
values of the angular variable » when we include backreaction, confirming the expectation
that some of the particles from the wake in the plasma do end up reconstructed as part
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of the jet, and confirming the expectation that they are less tightly focused in angle than
the jet itself was. That said, it is also clear from figure 10 that the data features a much
stronger increase in the jet shape ratio at large angular distance r from the jet axis than
we obtain from our calculation. (Although the effect is large when plotted in this way,
it is important to keep in mind that the enhancement in the ratio of jet shapes at large
r does not mean that in-medium jets are significantly wider than vacuum jets: in both
populations, most of the jet energy is concentrated at small r; at large r what is plotted
is the ratio of two quantities that are both small. The data indicate that in PbPb jets
the fraction of the jet energy at r > 0.2 is larger than in proton-proton jets, but both are
small.) Comparing the measured jet shape ratio to our calculations in figure 10 tells us that
our treatment of backreaction substantially underestimates the amount of energy that ends
up correlated with the jet axis but separated from it by a relatively large value of r. The
hadronization of the wake in the hydrodynamic medium accomplishes this, but at least in
our treatment it does not do enough. It could be that we are underestimating the amount
of energy deposited in the medium at these angles, or it could be that we are missing
energy at these angles that corresponds to energy lost by the jet that hydrodynamizes
only partially or not at all, or it could be that our treatment of background fluctuations,
background subtraction, and jet reconstruction is subtracting away more of the particles
originating from the backreaction of the medium than happens in analyses of experimental
data. And, as we will elaborate in section 5, the jet shape analysis is sensitive to semi-hard
particles in the region of pr > 2 GeV, in which the small-perturbation assumption behind
eq. (4.7) starts to break down. We shall continue this discussion in section 5.

Next, we now turn from the angular jet shape variable to another intrinsically hadronic
observable that assesses the longitudinal structure of jets: jet fragmentation functions.
These show the distribution of the z of the tracks in a jet, where z = prack cos 0/pjet is
the ratio of the longitudinal momentum of a single charged hadron in the jet (a single
track) to the momentum of the whole jet. (6 is the angle between the track and the jet
axis.) Unlike in our previous publications [148, 149], where we only analyzed partonic
fragmentation functions, the inclusion of hadronization allows us to do a direct comparison
with experimental measurements. However, we must keep in mind that the hadronization
process is not under good theoretical control and that we have only implemented a simpli-
fied prescription which ignores changes in the color flow of jets that shower in a medium.
We defer the study of effects of different prescriptions for hadronization in vacuum and in
medium within our model to the future.

Results from our hybrid model calculations of jet fragmentation functions are shown
in figure 11 for LHC heavy ion collisions with 0-10% and 10-30% centrality. Both panels
display the ratio between hadronic fragmentation functions in PbPb collisions to those
in proton-proton collisions compared to experimental measurements of this quantity by
CMS [51]. We include two bands, one for the full calculation including the effects of the
backreaction of the medium, and the other without it. The overall background subtrac-
tion and hadronization are the same in both calculations, as is the jet energy resolution
correction and the subtraction of background tracks in the jet cone by 7-reflection.
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Figure 11. Ratio of the jet fragmentation function in PbPb collisions at /s = 2.76 ATeV to that
in proton-proton collisions. As in figure 10, we compare the results of our hybrid model calculation
with and without the inclusion of the particles coming from the backreaction of the medium in
0-10% centrality (left) and 10-30% centrality (right) collisions to data measured by CMS [51].

By comparing the results of our simulations with and without backreaction, the jet
fragmentation functions clearly show where the particles resulting from the wake in the
plasma that get reconstructed as part of the jet end up. The hard part of the jet is practi-
cally unaffected by the backreaction of the medium, with an almost identical distribution
of hard fragments in the two calculations. (The small differences arise from the the small
change in reconstructed jet momentum associated with the addition of soft particles from
the backreaction of the medium to the jet.) Both of the simulations show an enhance-
ment of hard fragments at the largest values of z (smallest log1/z) in PbPb collisions.
As we have seen in other ways, wide jets (with more softer fragments) lose more energy,
so at any given energy the jets that remain tend to be narrower, and tend to contain
fewer, and therefore more energetic fragments, than in proton-proton collisions. Such an
enhancement therefore seems generic to any mechanism of energy loss which significantly
reduces the soft, large angle, components of jets. (See ref. [105] for a similar effect in a
perturbative-based jet quenching Monte Carlo [76, 77, 81, 82].) The small-z region of the
fragmentation function is sensitive to backreaction effects. The emission of soft particles by
the jet-induced wake compensates the suppression of soft fragments due to energy loss and
leads to an overall enhancement of soft tracks in the PbPb jets relative to proton-proton
jets. The comparison between our calculations with and without the particles coming from
the backreaction of the medium also shows the range of momenta at which back reaction
contributes significantly to the particles reconstructed as part of a jet, namely pt up to
pr ~ 2.5GeV. At this scale our approximate approach to the wake distribution eq. (4.7)
underestimates particle production, as we discussed after eq. (4.5). At softer momenta, by
neglecting the effects of viscosity as the sound waves produced by the jet damp out and
heat the plasma we are underestimating the particle production also.

Comparing the fragmentation function ratios that we have obtained in our calculations
including the particles from the backreaction of the medium to the ratios measured by
CMS [51], we see qualitative similarities, but not quantitative agreement. At large z (small
In(1/2)) our calculated ratio is above 1 while there is no evidence for this in the data.
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However, in this regime the uncertainties in both data and theory are significant. At
small z (large In(1/z)) we see that the particles from the wake in the plasma that are
reconstructed as part of the jet turn the fragmentation function ratio upwards, but they
do not turn it as far upward as in the data, and they turn it upward at a larger value
of In(1/z) than in the data. This suggests that our treatment of the back reaction of the
medium is missing an increase in the production of few GeV particles. We have already
suggested several possible interpretations of this above. It is quite reasonable to expect
that whatever physics it is that our approximations have missed that would push the large
In(1/z) fragmentation function ratios up would also push the jet shapes up at larger values
of r in figure 10. We are missing some soft to few GeV particles at these values of 7.

Certainly a more complete description of the backreaction dynamics, from the wake
in the plasma to the resulting particles reconstructed as part of a jet, would be helpful.
It is also worth mentioning, though, that we have found a disagreement between the frag-
mentation functions from PYTHIA simulations of jets in proton-proton collisions and the
fragmentation functions measured in small R jets in these collisions, for example with the
fragmentation functions from PYTHIA high by as much as 30% at small z, at least with
the PYTHIA tunes we have explored (Monash, 4C and 4C with a modified @)y parameter).
A similar disagreement has also been found between state-of-the-art parametrizations of
fragmentation functions and proton-proton data [186]. These uncertainties are comparable
in size to the size of medium modifications themselves. This means that understanding
fragmentation function ratios more quantitatively will require a better understanding of
hadronization of jets, both those in vacuum and those that have been modified by passage
through a medium. Regardless, it is already an inescapable conclusion that backreaction
dynamics has a significant impact on the jet fragmentation function at small z.

In the next section we will explore a suite of observables that are even more sensitive
to the soft particles from the wake in the plasma that end up reconstructed as a part of
the jet than the jet shape or the jet fragmentation function.

4.4 Recovering the “lost” jet energy and “missing” pr deposited by a di-
jet pair

We have seen in the previous subsection that the backreaction of the medium in response to
the passage of a jet, namely the wake in the plasma, contributes to single jet observables like
the jet Raa, jet shape, and jet fragmentation function because some of the particles that
result from the hadronization of the wake in the plasma must of necessity end up counted
as part of the jet after the jet is reconstructed and the background is subtracted. In these
observables, the effects of the particles coming from hadronizing the wake in the plasma
constitute small corrections overall, although they can play a significant role in certain
kinematic regimes (like in the soft region of the fragmentation function ratio and the large
r region of the jet shape ratio). In this subsection, we focus on a suite of observables which
are dominated by effects originating from the backreaction of the medium in response to
the passage of two jets, a dijet, through it.

The principles behind our simplified calculation of the spectrum of particles produced
as the medium (including the wake therein) hadronizes are that the medium acquires
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the energy and momentum lost by the jets passing through it, which thermalizes subject
to energy and momentum conservation. This implies collective motion of the medium,
a wake in the quark-gluon plasma. After hadronization, this energy and momentum is
recovered in the form of soft particles with a wide angular distribution given by eq. (4.7).
This makes it natural for us to calculate the so-called “missing-pt observables” introduced
recently by CMS [60], and compare our calculations to measurements made by CMS. These
observables are defined to extract the spectrum and angular distribution of the particles
that correspond to the net momentum lost by the two jets in a dijet pair. Each jet in the
pair loses energy and momentum to the plasma, but in general one will lose more than
the other. By constructing observables designed to recover the net momentum lost by
the pair of jets we obtain observables that are dominated by the response of the medium
to the jets. These observables are constructed from all the tracks in an event, not just
those reconstructed as part of a jet. We shall set K = 0 throughout this subsection,
neglecting transverse momentum broadening. We have obtained results with K # 0, but
the K-dependent effects that we see in these missing-pt observables are all much smaller
in magnitude than the effects of particles coming from the hadronization of the wake in
the plasma. As these observable consequences of the backreaction of the medium are our
focus in this subsection, there is no reason to introduce K # 0.

The observables that we look at in this subsection are intrinsically hadronic and,
therefore, are hard to bring under full theoretical control without significant modelling of
the differences between hadronization in heavy ion collisions and proton-proton collisions.
Nevertheless, we will observe several qualitative features of our results which are similar
to what is seen in the experimental data. This indicates that our treatment, although
simplified, captures some of the main aspects of the collective reaction of the plasma to
the deposited jet energy.

Following ref. [60], the missing pr analysis consists in studying the conservation of
momentum in heavy ion events which include hard jets reconstructed with a specified anti-
k: reconstruction parameter R. The first step in the analysis is to use the anti-k; algorithm
to find a sample of events containing at least two jets and to determine the pt and the jet
axis of the leading and subleading jet in each event. We then define the dijet angle ¢gjjet
as the bisection between @eading and —@subleading; Where @(sup)leading 18 the azimuthal angle
of the (sub)leading jet. The only use of the jet reconstruction algorithm is the selection of
the event sample and the determination of the jet pr’s and axes and hence ¢gjjet- In the
remainder of the analysis, all charged tracks in the events in the sample are used.

The next step in the analysis is to project the momenta of each of the charged tracks
in an event along the dijet axis. This projection is defined by

% = —pr o8 (Pdijet — @) (4.11)

where pt and ¢ are the transverse momentum and azimuthal angle of the track. With
this convention, p% is positive for tracks in the subleading jet hemisphere and negative for

tracks in the leading jet hemisphere. By momentum conservation, the sum of all the ‘"‘r for
all the tracks in an event must be zero. However, in the experimental analysis only charged

— 38 —



tracks with |n| < 3 are considered, and therefore, the net pl} need not cancel identically.
Nevertheless, by studying the approximate cancellation of this momentum component as a
function of which tracks we include in the analysis, out to what angular distance from the
dijet axis, we can extract valuable information about the distribution of the lost jet energy.

We start by computing the 41 distribution sliced in A bins, where A is the distance
in the (n,¢) plane between the track in question and either the leading jet axis or the
subleading jet axis, whichever the track is closest to. We consider dijet pairs with leading
and subleading transverse momenta pp'©di08 > 120 GeV and ppsiPleading > 50 GeV respec-
tively, and with both jets within |n| < 2. We also limit our sample to events in which
the two jets are back-to-back, our criterion being A¢ > 57/6. Finally, after identifying
the dijet pair, only those dijets in which both jets have |n| < 0.6 are considered. (We
start by finding jets within a much larger |n| window in order to be as confident as we
can be that when we have identified a dijet in which both jets have || < 0.6 these two
jets really are the leading and subleading jets in the event.) All these specifications of our
event sample are the same as those in the experimental analysis of ref. [60]. The result of
this analysis is shown in figure 12 for our full calculations including the medium response
(left) and, for comparison, without medium backreaction (right). In the right panel, we
confirm that momentum is not conserved in our hybrid model by its construction, when
we do not include the particles coming from the wake in the plasma. The left-most bin in
A shows the momentum imbalance between the high-momentum tracks in the two dijets
themselves, with more momentum in the leading jet direction and less in the subleading
jet direction. In our hybrid model the two jets have lost different amounts of momentum,
and in the right panel we have neglected the fact that the lost momentum is deposited as
two wakes in the medium. The left panel of figure 12 clearly shows how the inclusion of
the response of the medium, modeled via eq. (4.7), results in a population of soft particles
spread broadly in A with a net momentum in the subleading jet hemisphere (positive p%
The subleading jet has lost more momentum, and hence the wake in the plasma moving in
the subleading jet direction contains more momentum than the wake moving in the leading
jet direction.

Another way to see the effect of including the backreaction of the medium is to compare
the solid black curves in the two panels of figure 12. While the accumulated ZZ)UF tends to
zero as A increases in the calculations in the left panel, in the right panel the accumulated
pﬂf is ~ 20 GeV after all A bins have been summed. This value, which corresponds to the
average imbalance in the energy lost by the two jets in the dijet pair, compares well with
simple estimates [85]. The medium response transforms the “lost” energy from the two
jets into two wakes, and hence into softer particles in the range of ~ 0.5 —2 GeV whose net
momentum is preferentially in the hemisphere of the more quenched, subleading, jet. This
is shown by the enhancement of soft p% tracks observed in the left panel of the figure.

The dashed curve, which is the same in both panels, shows the accumulated p% for
proton-proton collision events as described by our PYTHIA tune. Recalling that our analysis
employs all the tracks in an event, not just those reconstructed as part of a jet, it is perhaps
not too surprising that the % distribution generated by PYTHIA that is described by the

-39 —



10 Quenching + Medium Response 10 Quenching Only -

() [GeV]

0 0.5 1 1.5

Figure 12. Results from our calculations of the missing pqﬂ for tracks that are A away from the dijet
axis in (7, ¢)-space, in PbPb collisions containing a pair of R = 0.3 jets satisfying kinematic criteria
described in the text. The first nine bins in A are each 0.2 wide, together covering 0 < A < 1.8.
The tenth bin, plotted at A = 1.9, contains the missing pl} for all the tracks with A > 1.8. Note
that we limit our analysis to tracks with |n| < 3. In the left panel, we show the results of our full
calculation, with energy loss calculated within our hybrid model with no momentum broadening,
and with particles coming from the backreaction of the medium included. The right panel shows
our results if we leave out the particles coming from the backreaction of the medium. In both
plots, the solid black points show the net pl} of all charged tracks with || < 3 in each A bin. The
contribution to this net momentum of tracks in different momentum bins are codified by the colored
histograms. In both plots, the solid line shows the cumulative sum of all the pl} in a A bin and all
the A bins to its left. The black points, the colored histograms, and the solid line are all calculated
for 0-30% central PbPb collisions with /s = 2.76 ATeV. For comparison, we have repeated the
calculation for proton-proton collisions as described by our PYTHIA tune, and the dashed line in
each plot shows the same cumulative sum of pl‘r for proton-proton collisions that the solid line shows
for PbPb collisions.

dashed curve is not in full agreement with measurements made in proton-proton collisions
reported in ref. [60]. This small discrepancy illustrates the difficulty in obtaining full the-
oretical control over this inherently hadronic observable. What we shall do in subsequent
figures is to subtract the p% distribution in our PYTHIA calculation of proton-proton cal-

culations from the pr. distribution in our PbPb calculation including black-reaction. That
is, we shall subtract the dashed curve from the solid curve in the left panel of figure 12. In
this way, we shall focus explicitly on effects that are due to medium-induced energy loss,

and the wake in the medium, both of which our model is intended to describe.

By comparing the solid and dashed curves in the left panel of figure 12, we see that
the net momentum lost by the pair of jets is distributed over a wide angular region, over
A < 1. We can also see from the similarity between the red histograms in the two panels in
the figure that the backreaction of the medium does not affect the hard tracks in the event,
namely the hard components of the jet. We also see that almost the entire imbalance in the
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high-momentum tracks is an imbalance at small A with the net momentum in the leading
jet hemisphere, whereas almost the entire imbalance in soft tracks is in the hemisphere of
the event in which that corresponds to particles from the (larger) wake of the subleading
jet. The experimentally measured distributions [60] are quite similar to what we see in the
left panel of figure 12, but because of the discrepancy between our calculations and data for
proton-proton collisions we will postpone a quantitative comparison until we have results for
the difference between the missing momentum in PbPb and proton-proton collisions, below.

Following ref. [60], we sharpen the analysis by studying how the g distribution de-
pends on the dijet asymmetry AJ = <pTleading _ stubleading)/(pTleading 4 stubleading). In
events in which the dijet pair features a larger A; we should expect a correspondingly
larger momentum asymmetry in the soft particles coming from the hadronization of the
wakes of the two jets. As discussed above and as in ref. [60], we shall also focus on the
difference between the l} distribution in PbPb collisions and that in proton-proton col-
lisions containing dijets satisfying the same kinematic criteria. Jet quenching makes the
A j-distribution wider in PbPb collisions, but it is already rather wide in proton-proton col-
lisions because dijets are often produced in association with a third jet or other radiation,
making it important for us to focus on the difference between PbPb and proton-proton
collisions.

In the upper and middle panels of figure 13 we show the value of p% obtained from our
calculations upon integrating over all angular separations A in PbPb collisions minus the
same obtained in proton-proton collisions, in both cases for dijet events reconstructed using
the anti-k; algorithm with R = 0.3 in bins of the dijet asymmetry Az, in both cases for
collisions with two different centralities. In the upper panels, we include the modifications
to the jets because of energy loss but leave out the contributions from the backreaction
of the medium. The middle panels show the results from our full calculation, including
both the modifications to the jets and the wakes in the plasma. The black points in the
upper panels show the momentum imbalance in dijet events when the momentum carried
by the wakes are neglected. The black points in the middle panels confirm that total
momentum is conserved regardless of the asymmetry Aj; — once we include the particles
coming from the wakes in the plasma. We see from the red, green and orange histograms in
the upper panels of figure 13, though, that events with a larger and larger dijet asymmetry
Aj feature more and more missing pl}, in particular for tracks with pr > 2GeV, with a
sign corresponding to there being more tracks with these (hard) momenta in the leading
jet direction. That is, jet quenching — here described in our hybrid model — suppresses
the hard particle contribution in the subleading jet hemisphere, as the subleading jet has
lost more energy. The energy and momenta lost by both jets have been thermalized as
wakes, which in turn are transformed into softer hadrons when the medium including the
wakes freezes out. We see the contributions of the momentum carried by hadrons coming
from the wakes in the plasma by comparing the upper and middle panels of figure 13. In
the blue and yellow histograms in the upper panels of the figure, we see the missing p%
for tracks with pr < 2GeV with a sign corresponding to there being more tracks with
these (soft) momenta in the subleading jet direction. Since the subleading jet lost more
momentum, its wake contains more momentum and this shows up in the missing p% of the
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Figure 13. The middle two panels show the results of our full calculation, while the upper two
panels show the results from our hybrid model for energy loss with the contribution from the
backreaction of the medium left out. Black points with error bars show the difference between
the missing p!, in PbPb and pp collisions, integrated over all A, summed over all track momenta,
binned in the dijet asymmetry Aj;, for events containing R = 0.3 dijets in collisions with 0-10%
(left) and 10-30% (right) centrality. The colored histograms show the missing ,7)% for tracks whose
momenta is in the indicated range. The lower two panels, obtained from ref. [60], show the results
from the same analysis performed on experimental data by the CMS collaboration.
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soft tracks in the event. All these effects are larger in the central collisions on the left than
in the more peripheral collisions on the right, as expected since due to the smaller size of
the fireball the dijets are on average less quenched in more peripheral collisions.

Almost all the features seen in the middle panels of figure 13 that we have described
above are present in the missing p& measurements reported by the CMS collaboration [60]
that we show as the lower panels in figure 13, at the least at a qualitative level and in most
cases to a degree that constitutes agreement within the uncertainties.

The biggest difference between the results of our calculations and the experimental
results is found for semi-hard particles in the 2 GeV< pt < 4 GeV momentum range. By
comparing the orange histograms in the upper and middle panels of figure 13, we see
that in our calculation the wake contributes little in this momentum range: the “orange
contribution” to the missing p% imbalance due to jet quenching that is seen in the upper
panels remains almost unmodified in the middle panels. Instead, in the data there is
almost no missing pl} imbalance in this momentum range. Furthermore, by comparing the

upper and middle panels we see that in our calculation the contribution to the missing p%
from soft particles with pr < 2 GeV is dominated by the effects of the backreaction of the
medium, and then by comparing the middle and lower panels we see that our calculations
yield a greater contribution from these soft particles than in the data. So, although our
implementation of medium backreaction does restore momentum conservation — the %
excess in hard particles in the direction of the leading jet due to jet quenching is balanced
by the l} excess in soft particles in the direction of the subleading jet coming from the
wake in the plasma — our calculation of the particles coming from the wake seems to yield
somewhat more particles with pr < 2 GeV than in the data and substantially fewer particles
with 2GeV < pr < 4 GeV. We will defer further discussion of the origin of this discrepancy
to section 5. For the present it suffices to remember from our discussion earlier in this
section that several of the approximations that we used in setting up our crude treatment
of the particles from the wake break down for particles with pr substantially greater than
the temperature of the medium at freezeout, and they break down in a way such that we
anticipated underpredicting the production of semi-hard particles from the wake.

Finally, we turn to the dependence of the missing pl} distribution on the value of the
parameter R used in finding and reconstructing the jets, recalling that using a large R
results in finding a sample of jets that have a larger average angular size. In figure 14 we
show the l distribution as a function of the angular separation A for different values of the
jet reconstruction parameter. For the purposes of focusing on the effects of jet quenching
and in order to make a comparison with experimental data, we show the difference be-
tween PbPb and proton-proton collisions. As in the previous plots, the colored histograms
show the contributions of tracks in different pp-ranges, and the black points show p% for
tracks with all values of pr in a given A-bin. (As always when we show results from our
calculations, the error bars include the uncertainties coming from the error bar on the
experimental data point that we used to fix the k¢ parameter in our hybrid model and
from our estimate of the systematic uncertainty in our model that we make by varying the
temperature T, below which we turn off parton energy loss.) As in figure 12, in the middle
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Figure 14. Evolution in R of the missing pq, observable, A inclusive and sliced in A, for the
difference between PbPb and pp collisions. Top four panels are the results of our calculations with
no contributions from the backreaction of the medium. Middle four panels are the results of our full
calculations, in which the pqﬂ imbalance in hard particles due to jet quenching is balanced by that in
soft particles coming from the wakes of the two jets. The R = 0.3 panels are the difference between
the PbPDb results shown in figure 12 and the same for proton-proton collisions. Bottom four panels
come from the analysis of experimental data by the CMS collaboration reported in ref. [60]. There
is some hint of R-dependence, despite the big error bars, especially in the first A bin.

panels of figure 14 momentum conservation is (approximately) recovered after summing
over all A bins, although not precisely because we only use tracks with pp > 0.5 GeV and
In| < 3 in the analysis.

As already mentioned, in this analysis the anti-k; reconstruction algorithm is only
% distribution is computed,
as well as the jet and dijet axes in these events. All tracks in the events are then used in
the analysis, whether or not the reconstruction algorithm counted them as being within a
jet. By increasing the anti-k; parameter R while keeping the momentum cuts on the dijet

employed to determine the sample of events over which the
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selection fixed, we include jets that are on average wider in angle and that include more,
and hence softer, fragments. Since wider jets containing a larger number of fragments
lose more energy, the missing pUF in the hardest pr tracks in the smallest A bin grows in
magnitude with increasing R. Despite the large error bars in our calculations and in data,
this enhancement is present in both, as seen in figure 14. This is further evidence for the
fact that wider jets lose more energy than narrower jets do.

Beyond the first A bin, we see in figure 14 that the distribution of pl} is dominated

by softer particles with net p% in the subleading jet direction. The A-dependence of the

softest components of the % distribution shows very little sensitivity to R. This may

be understood as a consequence of the wide angular region in which energy is recovered,
controlled by eq. (4.7). If we look carefully at the p% distribution for the hardest particles
in the 0.2 < A < 0.8 range of angles, we do see an R-dependence in the results from
our calculations and in data: the pl} imbalance in this kinematic regime decreases with
increasing R. In our calculations and in the data, this imbalance comes from the proton-
proton collisions: there is no significant imbalance in the hard particles at these angles in
the PbPb collisions for any R. This indicates that the effect is a sign of the presence of third
jets at these angles. When R is small, a structure that would have been reconstructed as
a single jet if R were larger can be reconstructed instead as two nearby jets, which end up
being counted as the subleading jet in a dijet and as a third jet. The third jet results in an
imbalance in the % distribution for hard particles away from the dijet axis in the proton-
proton collisions, but this weak third jet is greatly quenched in the PbPb collisions. The
result in the difference between PbPb and proton-proton collisions is as seen in figure 14,
and the effect is reduced when jets are reconstructed with larger R.

Remarkably, for all the features in figure 14 that we have described to this point there
is good qualitative agreement between the results of our calculations in the middle panels
and the experimental distributions reported in [60] that we show in the lower panels. We
do wish to note two qualitative disagreements, however. First, our results for the missing

‘"‘r distribution differ from the experimental results in the last bin in A which, we recall,

corresponds to the p& imbalance for particles with all A > 1.8. We have checked that this
disagreement is entirely due to a difference between our results and experimental results
for proton-proton collisions; we do not know how to interpret this particular difference
between PYTHIA and experiment. Second, as in figure 13 we see that our calculation of
the qw distribution of the particles coming from the backreaction of the plasma to the
jets, (which we can discern by comparing the middle panels to the top panels) is lacking in
“orange particles” with 2 GeV < pr < 4 GeV relative to what we see in the data in the lower
panels. Correspondingly, our calculation restores momentum conservation with a greater
imbalance in the softest particles with pr < 2GeV than in the data. Our calculation
of the particles coming from the wakes in the plasma has significantly fewer semi-hard
particles and somewhat more soft particles. We will discuss this disagreement further in
the next section.

Before we move on, it is important to look back at the way in which we defined the new
observable that we introduced at the end of section 3 that, as we argued in our discussion
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around figure 6 and figure 7, is particularly sensitive to the effects of transverse momentum
broadening. In constructing the hadronic observable in figure 7, we only used particles
with 5GeV < pr < 10GeV. We can now see clearly why we chose not to use particles
with pr < 5GeV in this observable. We want this observable to only be sensitive to
(modifications of) the jets themselves. We want it to be unaffected by the wake in the
plasma and, more generally, by the energy lost from the jet wherever that lost energy
ends up. In our calculation, that lost energy dominates the missing p% distribution for
pr < 2GeV; in the data, it is clear that it is important for pr < 4 GeV. In order to avoid
all the physics that is of interest to us here in section 4, in figure 7 in section 3 we ignored
particles with pp < 5 GeV.

5 Discussion and outlook

In this paper we have described the origin and observable consequences of two important
effects upon implementing and describing them in our hybrid model of jet quenching:
transverse momentum broadening, as the partons in the jet are kicked transverse to their
direction of motion during their passage through the medium, and the backreaction of the
medium to the momentum and energy deposited in it by the passage of the jet through it.

Our discussion of transverse momentum broadening is based on a Gaussian distribution
of kicks in transverse momentum experienced by each parton in the jet. This approximation
captures the bulk of the distribution of transverse momentum-transfer but neglects rare
scatterings by larger angles that impart more transverse momentum. Quite surprisingly,
we have found that adding Gaussian momentum broadening has little impact on typical jet
observables such as the jet spectrum, jet shapes and dijet acoplanarity, even when we choose
unrealistically large values of K = /7, the new second parameter that we add to our
model to quantify the strength of the transverse momentum broadening. The reason why
it is hard to see effects of broadening in these observables can be traced back to the parton
energy loss and consequent jet quenching, described successfully by our hybrid model.
We find that in our hybrid model parton energy loss results in jets with a given energy
observed in PbPb collisions being narrower than jets with the same energy in proton-proton
collisions. This happens because jets that are wider in opening angle lose more energy than
those that are narrower and because the jet energy spectrum is steeply falling, and has
also been seen recently in entirely weakly coupled analyses [105] and in entirely strongly
coupled analyses [147]. This narrowing of jets with a given energy because of energy loss
turns out to be a larger effect than the broadening of jets due to kicks to the transverse
momentum of partons in the jets. Also, for narrower jets the principal effect of transverse
kicks is a change in the overall direction of the jet, rather than changes to its shape. (As an
extreme case, think of a jet containing only one parton.) For a high energy jet the resulting
acoplanarity is small, but for narrow jets the change to their shape is even smaller. (In
the extreme case of a single parton, the shape of the resulting jet does not change at all
if the direction of that parton changes.) Although initially surprising, once understood
these considerations make it clear that it will be exceedingly difficult to extract the value
of K, or the jet quenching parameter ¢, directly from the effect of transverse momentum
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broadening on traditional jet observables. (In weakly coupled analyses but not in general,
q is related to parton energy loss and so can be constrained indirectly via observables that
are sensitive to energy loss.)

We have, however, found a new kind of jet shape ratio that is partially differential
in the pr of the tracks entering its definition that does exhibit sensitivity to the value
of K. In figure 6 we restrict the pp-range of the partons entering the analysis to be
10 < prParton <« 20 GeV, as among the options we have investigated it is for partons in
this momentum range that we have found the most sensitivity to the value of K. We
then need a hadronic observable that is sensitive to the angular distribution of partons
in this momentum range, and in figure 7 we construct a partially differential jet shape
ratio observable using hadrons in the pp-range 5 < pp"d™® < 10 GeV. The results we
obtain indicate that experimental measurements of this observable, or similar observables,
could be used to constrain the value of the broadening parameter K, a key property of
the medium. Restricting attention to pr above a minimum value (like the 5 GeV we have
chosen) is important because it makes the observable insensitive to the other physical effect
that we describe in this paper, namely the reaction of the medium to the passage of the
jet. More on that below. Restricting attention to pp below a maximum value (like the
10 GeV we have chosen) ensures that we are looking at jets containing many tracks and are
looking at tracks that are not too energetic and thus can be affected visibly by transverse
momentum broadening.

Although the successes of our model to date [148, 149] motivate the investments in
improving it that we describe in this paper, in the long run the most instructive use of
a simple few-parameter model like our hybrid model is to discover and understand the
ways in which it fails to describe data. Let us look ahead by imagining one particularly
interesting way in which this could happen in future. Let us imagine a day when the mea-
surement of observables like the partially differential jet shape ratio \If;%bleading (r) plotted
in figure 7 have been used to discover experimental evidence for medium-induced transverse
momentum broadening and to constrain the value of K. What will the next step be? At
such a point in time, the key next question will be to ask whether the event-by-event and
parton-by-parton distribution of the transverse kicks contributing to an ensemble-averaged
observable like U348 (1) ig indeed Gaussian. This distribution is Gaussian by hypothe-
sis in our hybrid model, meaning that our model will ultimately serve as a baseline against
which to look for evidence of a non-Gaussian distribution. If the quark-gluon plasma in
QCD were strongly coupled on all length scales, including short length scales, the distri-
bution of transverse kicks would be Gaussian for all values of the momentum transfer,
including large momentum transfers. This is not what is expected in an asymptotically
free theory like QCD. If the strongly coupled liquid QCD plasma can be probed at high
enough momentum transfer, the weakly coupled quarks and gluons present within it at
short length scales should manifest themselves. Once the overall strength of the broaden-
ing K has been constrained, the way to look for point-like scatterers within the strongly
coupled plasma will be to look for rare events in which a parton within a jet is scattered
by an angle that would be improbably large if the distribution of transverse momentum
kicks were a Gaussian with overall strength specified by K [151, 170]. The hallmark of
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point-like scatterers is a distribution of momentum transfer that has a power-law tail at
large momentum transfers. If in future our hybrid model, with its Gaussian distribution
of transverse kicks with strength K, fails to describe data because it neglects rare (but
only power-law-rare) large angle scatterings, their discovery may potentially be used to
determine at which small length scale the fluctuations within strongly coupled quark-gluon
plasma behave as weakly coupled quark and gluon quasiparticles.

We find that standard intrajet observables, like the conventional jet shape and jet
fragmentation function, are sensitive to the presence of the wake in the plasma left behind
by the passing jet. Since the wake carries the momentum lost by the jet, the particles in
the final state that come from the hadronization of the medium including the wake must
have net momentum in the direction of the jet, meaning that some component of what
experimentalists reconstruct as a jet, even after background subtraction, must in fact be
composed of soft particles coming from the wake in the plasma. Motivated by expectations
coming from explicit calculations of the wake in strongly coupled plasma [123, 125] and by
recent weakly coupled calculations in which the energy lost by a jet cascades into multiple
soft particles [150—-156] we analyze the wake upon making the simplifying assumptions that
all the energy and momentum lost by the jet is incorporated into hydrodynamic motion
and that the resulting perturbations to the temperature and velocity of the hydrodynamic
fluid are small. That is, we assume that all of the lost momentum and energy go into a
hydrodynamic wake that is as thermalized as it can be by the time of freezeout, yielding
only small corrections to the spectra of the hadrons in the final state, a final state that
remembers nothing about the origin of this perturbation other than the momentum and
energy dumped into the plasma. (In a weakly coupled calculation as in [156] in which a part
of the lost energy hydrodynamizes, these assumptions are relevant for this component of the
lost energy, denoted A Eipermal in [156].) In our calculation of the corrections to the hadronic
spectra coming from the wake in the plasma, we have made further simplifying assumptions
(for example assuming boost invariant longitudinal expansion and neglecting transverse
expansion) such that we have been able to determine the corrections to the hadron spectra
in the final state coming from the hadronization of the wake in the plasma analytically, and
without needing to incorporate any additional parameters into our model. By comparing
our computations with and without the effects of the backreaction of the medium, we
have established that, indeed, these collective effects have important consequences for jet
shapes, fragmentation function and missing-pr observables as discussed in sections 4.3 and
section 4.4.

Including the effects of the backreaction of the medium results in enhanced jet shapes
at large angles and enhanced fragmentation functions at soft momenta. These effects go
in the directions favored by experimental data, but in our treatment they are not as large
in magnitude as the data seem to require. It should also be noted that these observables
are not dominated by these effects.

The distribution of the missing-pr observable % constructed from dijet events is par-
ticularly interesting because at all but the smallest angles it is dominated by effects coming
directly from the backreaction of the medium. Even with our simplified approach to the
backreaction of the medium and to hadronization, we obtain a rather good qualitative de-
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scription of the shape, pp-dependence, angular dependence, and A j- and R-dependence of
the l} distributions, see figure 13 and figure 14. This indicates that our simplified analysis
of the backreaction of the medium is on the right track, and confirms the absolute necessity
of including this physics if one aims to understand the soft and/or large-angle components
of jets as reconstructed in heavy ion collisions.

The main discrepancy that we find between the results of our calculations and the
experimentally measured p% distributions is that our calculation does not yield enough
semi-hard particles coming from the wake in the plasma in the 2 < pr < 4 GeV regime at
angles less than ~ 0.5 radians from the jet axis. Given that it has momentum conservation
built into it, our calculation must overproduce particles in some other regime, and indeed
we find that our wake results in somewhat more particles with pr < 2 GeV than indicated
in the data, over an even broader range of angles. Although we cannot be sure of this, we
expect that the remaining discrepancies between our results and experimental data on jet
shapes and fragmentation functions can also be traced to our calculation not producing
enough particles with 2 < pt < 4 GeV.

We are aware of three possible reasons for the discrepancy that we have found in the
semi-hard momentum regime, for momenta well above T but not so high that particles
coming from the wake can be neglected. First, we know that our perturbative expres-
sion (4.5) for the correction to the spectrum of particles coming from the plasma due to
the wake is not valid for pr well above T', and furthermore we know that because it is based
on a linear approximation to an exponential the expression (4.5) necessarily underestimates
particle production from the wake in this regime. And, even if the modifications of the
flow field induced by the wake are small their effect on the spectrum of particles produced
at freezeout can be significant on the tail of the thermal distribution. Going beyond our
simplified expressions (4.5) and (4.7) in order to improve upon our description of the semi-
hard momentum regime requires taking account of the explicit space-time dependence of
the hydrodynamic wake in the plasma [174]. It would be interesting to investigate the ef-
fect of the full flow profile as predicted by holographic computations of the hydrodynamic
wake [123, 125] on the final particle production spectrum to see how this modifies our
results in the semi-hard momentum regime.

The second possible reason for the discrepancy that we have found in the semi-hard
momentum regime could be that the energy lost by the jet does not fully hydrodynamize.
That is, a part of the discrepancy at semi-hard momenta between our results for the %
distribution and the experimental results in figure 13 and figure 14 could be a manifes-
tation of non-equilbrium, and non-hydrodynamic, physics in quark-gluon plasma that has
been disturbed by the passage of the jet. This possibility can be thought of in two ways
that sound different but are operationally equivalent in the present context. One way of
describing this possibility is to say that the energy and momentum deposited by the jet
in the plasma has not all had time to thermalize as fully as we assume in our simplified
analysis. This may be particularly relevant to energy deposited not long before the jet
exits the droplet of plasma. Another way of describing the same possibility is to say that
our hybrid model neglects medium-induced gluon radiation: in our model, the partons in
the jet lose energy to a wake in the plasma and are kicked in transverse momentum but the
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branching structure of the jet shower is not modified in the way that happens in entirely
weakly coupled treatments of jet quenching. In a weakly coupled analysis in which energy
is lost via medium-induced gluon radiation, a fraction of the energy lost in this way (called
AFElhermal in ref. [156]) is carried by radiated gluons that themselves further radiate and
cascade down to the medium scale and form a hydrodynamized wake in the plasma [156].
With regards to this component of the energy lost via medium-induced gluon radiation,
neglecting the medium-modification of the branching structure of the jet shower as we do
in our model makes absolutely no difference: our model includes the loss of energy from
the partons in the jet and includes the hydrodynamized wake in the plasma. Where these
details will matter is for those radiated gluons that do not thermalize as fully as we assume,
as may be particularly relevant to gluons radiated not long before the jet exits the droplet
of plasma. The first description uses words that arise in strongly coupled analyses of jet
quenching. The second description uses words that arises in weakly coupled analyses. The
two are operationally equivalent here.

Another physical process which has not been incorporated into our approach is the
effect of imperfect resolution. In our hybrid model as currently implemented, as soon
as one parton in the jet shower splits into two, the two daughter partons are treated as
separate losers of energy. That is, the medium can resolve the separation of one parton into
two as soon as it happens, when the two daughters are still very close to each other. This
cannot be correct. In reality, the medium can only resolve two partons as two separate
losers of energy after they have separated by some resolution length that can reasonably be
expected to be of order the Debye length of the plasma. The main effect that the inclusion
of the effect of imperfect resolution would have in our model is that semi-hard partons
within jets, in particular within narrow jets, would start losing their energy rapidly on
their own later than in our present model, and so would end up less quenched. Hence, our
neglect of these effects of imperfect resolution is a third possible reason for the discrepancy
that we have found in the semi-hard momentum regime.

It would be very interesting to assess how much of the discrepancy that we find in the
semi-hard momentum regime is hydrodynamic (and due to our simplifications), or arises
because some of the energy lost by the jet does not fully hydrodynamize, or is related
to our neglect of resolution effects. Each explanation is quite interesting in its own right
and deserves investigation. We leave this to future work, but note here that this example
serves very well to make our point that the most instructive uses of a few-parameter
model like the one we have constructed are to discover, and subsequently understand, the
ways in which it fails to describe data. This example also serves to highlight the full
power of the suite of experimental data on intrajet structure now available, including jet
shapes, fragmentation functions, and the missing-pt observables. We encourage theorists
pursuing other approaches to calculate all these observables and compare to data. Consider
for example the weakly coupled calculations in which energy is lost to radiated gluons
which themselves are quickly degraded down to soft gluons with momenta of order the
temperature [150-156], which leads to rapid hydrodynamization of the emitted energy [156].
These approaches yield qualitative agreement with the pl}—distribution that we have shown
in figure 12 [152], but fail to reproduce the soft enhancement of the fragmentation function
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unless further soft radiation attributed to decoherence is added [187]. It would be very
interesting to see how well they predict the A j-dependence and the R-dependence of the pi}—
distribution as in figure 13 and figure 14, in particular in the soft and semi-hard momentum
regimes. Weakly coupled approaches in which it is assumed that the emitted gluons do
not further interact at all are able to reproduce the enhancement of jet shapes at large
angles [104]; it would be interesting to analyze the %-distributions in these approaches.
Although the physics of the wake in the plasma is of interest in its own right, if in
the longer term our goal is to quantify broadening, determine the value of the key medium
property K, and ultimately to see rare but not-too-rare large angle scattering of partons
within jets that may allow us to see the length scale at which strongly coupled quark-gluon
plasma emerges from the fluctuations at even smaller length scales that behave as weakly
coupled quark and gluon quasiparticles, then we will want to focus on observables sensitive
to the angular distribution of 10-20 GeV partons within jets as in figure 7, where the wake

makes no contribution.

A Transverse kicks kinematics

As a parton propagates though the plasma, it receives a random transverse kick in the
local fluid rest frame that we shall denote by ¢. In this appendix, we provide a precise
specification of what we mean by this. Denoting the momenta of the parton in the fluid
rest frame before and after a transverse kick by P* = Ep(1,wp) and P'* = Ep(1,w/),
and assuming that the transverse kick serves only to change the direction of wr, meaning

wg = w%, the momentum after the kick is given by

2
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where e is a vector perpendicular to the parton velocity in the rest frame of the fluid.
Note that the virtuality of the parton has not changed. And, in the fluid rest frame, neither
has its energy.

Since our computation is performed in the collision center-of-mass frame, we need to
express the acquired momentum in that frame. Let us define the four-vector W = P/E,
with E the energy of the parton in the collision frame. Denoting the fluid velocity in the
collision center-of-mass frame by u = g (1, v), the energies in the fluid and collision frames
are related by Er = Evyp (1 — wv), with w the velocity of the parton in the collision frame.
We construct a four-vector transverse to the fluid velocity

1

Wp=—0
T W}g

(W — (W -u)u) , (A.2)
which, in the fluid frame, has components Wy = (0,wg). We use this vector to express
the change in four-momentum associated with the kick as
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where E%w% = E% — E*(1 — w?) and the four-vector ¢/ satisfies the conditions
u-e; =0, W-e =0, et = 1. (A.4)

It is then possible to show that e, can be written as a linear combination of two orthogonal
vectors satisfying the conditions

W X V 1
with
u W W XV _ B W2
l5 = (0, W] X7|w><v|)’ W, =w 7u-Wu’ (A.6)
. . . 2— 2 . 2
a:—(l2 u) (u VV)7 N:(u WH)e — W41+ (I u)) (A7)
(w-W)2 = W2 RGESE

These expressions allow us to determine the change in momentum in terms of collision
frame quantities alone, once ¢ and the angle in the (e, e2) plane have been chosen. After
each time interval dt in the collision frame, we select a random value of ¢ according to a
Gaussian probability distribution with width AQi = ¢ dtp, where the relation between dt g
and dt is dtp = dtyp (1 — wv). The angle is chosen randomly with a uniform distribution.
This procedure is repeated for each parton in the shower as long as it is in a location where
the temperature of the expanding cooling hydrodynamic fluid still satisfies T' > T.
The kick that the parton receives is transverse only in the local fluid rest frame. In
the collision center-of-mass frame, the kick has a transverse component but it also has a
longitudinal component which results in energy loss given by
|w X v

2 2 2 W]
AFE = —[BEyi(vw — v7) — q? S p—

: (A.8)

where ¢(@ is the component of the momentum transfer along the ey direction. (Note that
this formula is badly behaved when the velocities of the particle and the fluid are identical,
since in that case it is not possible to define the transverse direction in the fluid frame. We
have tested that in our simulation this does not occur over the whole propagation of the
parton in the plasma.)

B Background subtraction procedure

As we have described in section 4, in order to analyze the observable consequences of
the wake in the hydrodynamic medium, we need to add a background of particles that
reproduces the measured particle yields and spectra so that we can then incorporate the
effects of the wake as a perturbation on these spectra. So, our PYTHIA simulations of jet
showers, modified as in our hybrid model, are now embedded in a (perturbed) background,
meaning that we must run a background subtraction algorithm. We have used an iterative
noise/pedestal subtraction procedure similar to the one implemented by the experimental
collaborations. Since the algorithms employed by ATLAS and CMS are different, we have
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employed different version of the procedure for the analysis of observables for jets with
pr > 100 GeV, where we follow CMS [184], and for the observables that cover jets with
pr < 100 GeV, where we follow ATLAS [48]. See the figures in section 4 for the results we
have obtained after following these procedures, procedures which we detail below.

For high pp jet observables, our procedure follows the following steps:

(1) Discretize the (1, ¢) space in cells of size 0.091 x 0.087. Sum the transverse energy
Er of all particles falling into the same cell.

(ii) Compute the average transverse energy and the standard deviation in the transverse
energy for all the cells in a strip with a given rapidity, i.e. (Ep(n)) and o(n) =

V{ER®) — (Br(n)™.

(7i7) For each cell, subtract the average for the strip in which the cell is found and sub-

tract a contribution proportional to the standard deviation for that strip, with the
proportionality constant 8 a parameter that we shall return to below. If the result
is negative, set it to zero instead. That is, for the ¢’th cell in the strip compute:

Bl =max [Er — (Br(n)) — Ba(n), 0] (B.1)

(iv) Run the anti-k; clustering algorithm using all cells whose E%. is different from zero.
Each such cell is given to the anti-k; algorithm as a null four-vector with transverse
momentum E% located at an 1 and ¢ corresponding to the geometric center of the
cell.

(v) Repeat step (ii) excluding all cells that the anti-k; algorithm has already identified as
belonging to a jet with transverse energy above ES". Jets with energy above this cut
are considered signal jets. We now make a second pass, re-evaluating the background
outside these jets.

(vi) Repeat the background subtraction (éi7) and the jet finding step(iv) using the values
obtained in previous step. The jets found by the anti-k; algorithm on this second
pass, which may have transverse energies above or below Efp“t, are added to the
collection of signal jets for this event.

This procedure involves choosing two parameters, namely 8 and ES". The best choice for
these parameters will in general depend on the anti-k; reconstruction parameter R, the jet
pr range under study, and the magnitude of the cell-to-cell fluctuations of the background.
The factor 5 controls the effect of background fluctuations. For a homogeneous background
with no fluctuations, one should choose 8 = 0. For a cell-to-cell fluctuating background,
one needs to increase § accordingly, at the risk of potentially removing some of the signal
of interest. The value of ES™ determines whether a group of cells corresponds to signal
and should therefore be excluded from the background estimation. The choice of these
two parameters should be guided by the criterion that the pr of a jet that was artificially
embedded into the background and then reconstructed upon performing the background
subtraction procedure above is, on average, as close as possible to the original pp of the
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artificial jet, within 2% for jets with pp ~ 100 GeV. This is referred to as ensuring that

one has a good jet energy scale (JES). We have done this test using PYTHIA jets. We

choose ES"™ = 30 GeV throughout, and have then picked a value of 3 for each centrality

and each value of the anti-k; parameter R so as to opimize the JES. For events with 0-10%

centrality, we choose 8 = 0.48,0.72,1.00,1.17 for R = 0.2,0.3, 0.4, 0.5 while for events with

10-30% centrality the corresponding values that we choose are 8 = 0.42,0.71,0.94,1.13.
For jets in the lower pp region, with pr < 100 GeV, the procedure that we adopt begins

with the same discretization of (7, ¢) space and then continues as follows:

(4)

(vi)

(vii)

(viid)

Reconstruct jets using the anti-k; algorithm for many different values of the recon-
struction parameter R, in each case using the uncorrected the Er in each cell in
(n, ¢), introducing null four-vectors with transverse momentum Ep with a 1 and ¢
corresponding to the geometric center of the cell. Because in this procedure we start
by reconstructing jets before subtracting background, after subtracting background

we must then also remove combinatorial jets.

Select a set of seed jets with R = 0.2 which have at least one constituent cell with
Er > 3 GeV and whose cell with the maximum transverse energy E7®* satisfies
EF® > 4(Er), where (E7) is the average transverse energy of the cells within the
seed jet.

Compute the average transverse energy of each rapidity strip, i.e. (Ep(n)), but ex-
cluding all those cells that belong to a seed jet.

Subtract from each cell the average transverse energy for that rapidity strip, E% =
E — (Ep(n)). This subtraction is applied to all cells in a strip, including those in
a seed jet, meaning that it modifies the pr of the seed jets. This is the first of two
subtractions.

The second subtraction, below, will employ a subset of the seed jets with R = 0.2
from above whose transverse momenta after the first subtraction above satisfy pJTBt >
25 GeV. It will also employ a set of seed “track jets” with pl_,‘ft > 10 GeV. Track jets
are built using only charged tracks with pgfad‘ > 4 GeV and are reconstructed using
the anti-k; algorithm with R = 0.4.

Recompute the average transverse energy (E/.(n)), now excluding all those cells that
lie within Ar = 0.4 from the axis of any of the seed jets or seed track jets, where AR
is the angular distance in (7, ¢) space.

Subtract the new average energy (E/.(n)) from all cells and update the kinematics of
all jets reconstructed with all values of R. Keep only those jets with Er > 20 GeV.

In order to suppress the contribution of combinatorial jets, we impose that the re-
constructed jets have to lie within Ar = 0.2 of a seed track jet (defined above) with
pr > 7GeV, making it probable that the signal jets include one or a few hard particles
in them.
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Depending on which observables we want to compute and compare to data, we will need
to apply one or more further corrections to the jets in PbPb events that we have extracted
via the background subtraction and jet reconstruction procedures detailed above.

For all observables, we will follow the experimental analyses and apply a JES correction
which takes into account the remaining average disagreement between the energy of a
proton-proton jet from PYTHIA and the energy of that jet after it has been embedded into
one of our PbPb events and reconstructed as above. For the first of the two procedures
above, the one that we employ for jets with pr > 100 GeV, the JES correction is less than
2%, as we noted above. For the procedure that we employ for jets with pr < 100 GeV, the
JES correction can be as large as 12% or 20% for R = 0.4 or R = 0.5 jets with pr = 40 GeV.

If we wish to compare to experimental data that has not been unfolded, as we shall do
in the case of several high-pt observables measured by CMS, we must include an additional
jet energy resolution (JER) correction. We start by doing a Monte Carlo study in which
we insert jets from PYTHIA into an event, fit the distribution of the energy reconstruction
efficiency (reconstructed jet energy over generator level jet energy as a function of generator
level jet energy) for each jet pr bin with a Gaussian and extract the corresponding standard
deviation o, which tells us how much the reconstructed jet energy varies from event to event
and jet to jet. (This o is unrelated to the o in the background subtraction procedure above;
both are conventionally referred to as 0.) When we do this calculation using the events in
our model including its simplified background, we denote what we obtain by oy0de1. CMS
has done this analysis on data from heavy ion collisions, obtaining oppc which they have
tabulated as a function of jet pr in ref. [46]. We are now ready to correct for the fact that
the JER in the real background measured by CMS is different from that in our simplified
model background. We do so by smearing the jet energies in our model calculation with a
Gaussian whose width corresponds to Oextra = 4 /O'%HC — O‘rzno del”

If we wish to compare to data that has been unfolded, we will perform the simplest ver-
sion of the so called bin-by-bin unfolding. This affects the jet spectrum measurements. The
correction applied consists of multiplying the spectrum of the medium-modified jets that
we have reconstructed via one of the two procedures above by the ratio of two other spec-
tra: the jet spectrum obtained directly from PyTHIA divided by the jet spectrum obtained
after embedding PYTHIA jets into heavy ion collision events and reconstructing them.
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