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The ATLAS detector at the Large Hadron Collider has been used to measure jet substructure modification and
suppression in Pb+Pb collisions at a nucleon–nucleon center-of-mass energy

√
sNN = 5.02 TeV in comparison

with proton–proton (pp) collisions at
√

s = 5.02 TeV. The Pb+Pb data, collected in 2018, have an integrated
luminosity of 1.72 nb−1, while the pp data, collected in 2017, have an integrated luminosity of 260 pb−1. Jets used
in this analysis are clustered using the anti-kt algorithm with a radius parameter R = 0.4. The jet constituents,
defined by both tracking and calorimeter information, are used to determine the angular scale rg of the first hard
splitting inside the jet by reclustering them using the Cambridge–Aachen algorithm and employing the soft-
drop grooming technique. The nuclear modification factor, RAA, used to characterize jet suppression in Pb+Pb
collisions, is presented differentially in rg, jet transverse momentum, and in intervals of collision centrality. The
RAA value is observed to depend significantly on jet rg. Jets produced with the largest measured rg are found to
be twice as suppressed as those with the smallest rg in central Pb+Pb collisions. The RAA values do not exhibit
a strong variation with jet pT in any of the rg intervals. The rg and pT dependence of jet RAA is qualitatively
consistent with a picture of jet quenching arising from coherence and provides the most direct evidence in
support of this approach.

DOI: 10.1103/PhysRevC.107.054909

I. INTRODUCTION

In ultrarelativistic heavy-ion collisions a hot and dense
state of matter known as a quark-gluon plasma (QGP) is
produced. The temperatures attained in the fireball are such
that quarks and gluons are no longer confined within their
parent hadrons [1,2]. Producing a QGP in the laboratory pro-
vides unique opportunities to study quantum chromodynamics
(QCD). Experimental results from the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC) com-
paring proton–proton (pp) and heavy-ion collisions have led
to the conclusion that the QGP expands hydrodynamically.
The remarkably small viscosity needed to describe the data
suggests that this matter exhibits strong-coupling behavior at
large distance scales [3]. In contrast, at short distance scales
the interactions among quarks and gluons are expected to
become weaker because QCD exhibits asymptotic freedom.
It is not fully understood how such hydrodynamic behavior
arises from the interactions among elementary quarks and
gluons [4]. To address this challenge, the dynamics of the
QGP must be characterized over a range of length scales.

Jets are highly collimated sprays of particles resulting from
the point-like, hard scattering of quarks and gluons, collec-
tively referred to as partons. Jets are produced at the earliest
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stages of a high-energy heavy-ion collision and become at-
tenuated while passing through the plasma, a phenomenon
known as jet quenching [5,6]. The energy loss suffered by
a jet and the modification of its radiation pattern provide in-
formation about the plasma’s microscopic structure. Scattered
partons in the vacuum, studied using pp collisions, experience
a cascade of radiative processes and thus the modification of
the jet evolution process in the QGP is inherently a multiscale
problem.

Techniques that enable the identification of the hardest
splitting in the parton shower of a jet, and more generally
the substructure of the jet and its overall radiation pattern,
have been developed [7,8]. In theoretical calculations the soft-
drop grooming procedure [9], a generalization of the modified
mass-drop tagger [8], shows less sensitivity to the effects
of initial-state radiation, multiparton interactions, and non-
perturbative contributions to substructure observables. Since
these effects typically contribute large uncertainties, their mit-
igation allows more rigorous comparisons with experimental
data [10,11]. The potential of such techniques to characterize
jet substructure in heavy-ion collisions has also been recog-
nized [12–14], and a first series of measurements have been
performed indicating a mild modification of jet-substructure
variables in Pb+Pb collisions relative to pp results [15–19].
However these initial studies have not yet elucidated the re-
lationship between the observed modifications and the energy
loss of the jet.

Measurements of jet quenching in heavy-ion collisions
performed at RHIC and the LHC [20,21] typically fall into
one of two categories: quantifying the total energy loss or
studying the modification of the jet’s radiation pattern. The
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rate of jets produced in central heavy-ion collisions at a given
jet transverse momentum, pjet

T , is observed to be approxi-
mately a factor of two lower than in pp collisions [22–26].
Additionally, back-to-back dijet and photon/Z–jet pairs are
observed to have poorer pT balance in Pb+Pb collisions than
in pp collisions [27–30]. These measurements provide in-
formation about the total jet energy loss and its parametric
dependence on the in-medium path length and flavor of the
initiating parton. They also constrain how energy loss may
fluctuate on a jet-by-jet basis. Another class of measurements
which studies the fragmentation properties of quenched jets,
typically through the particle-momentum distributions within
jets [31–35], is less sensitive to the energy loss but can di-
rectly assess how the radiation pattern is modified. This class
includes the current heavy-ion jet-substructure measurements
[15–18,36] because the distributions of substructure quantities
are normalized per jet. Currently missing from the experimen-
tal program are analyses that correlate a jet’s energy loss with
its radiation pattern.

A common theoretical framework for describing jet
quenching is the coherence picture in which interference ef-
fects, crucial for determining the structure of the vacuum
parton shower [37], become disrupted by the medium, result-
ing in energy loss in the form of additional radiation [38].
Recent studies have also shown the emergence of a critical
angle in the first hard splitting of a jet, above which the
jet loses energy incoherently, i.e. as multiple color entities
[39–43]. This approach leads to the expectation that a wide
jet with two prongs, each of which may act as a separate
emitter of radiation, will lose more energy than a narrow jet
which acts as a single source of radiation. More generally,
jets with different substructure are expected to experience
different amounts of energy loss according to the degree to
which the medium resolves the jet and induces decoherence
of its radiation pattern [12].

This paper describes a measurement of jet suppression, a
measure of the energy loss, as a function of the observed sub-
structure of the jet. The measurements are based on 1.72 nb−1

of Pb+Pb collision data collected in 2018 and 260 pb−1 of pp
collision data collected in 2017, both at

√
sNN = 5.02 TeV.

The jets are reconstructed from energy deposits in the AT-
LAS calorimeters with the anti-kt algorithm with a radius
parameter of R = 0.4 [44] and by applying a subtraction pro-
cedure that removes the underlying event contribution to the
jet kinematics on an event-by-event basis [22]. The soft-drop
grooming procedure is applied with parameters β = 0 and
zcut = 0.2 to jet constituents formed from charged-particle
tracks and calorimeter energy deposits. The substructure is
quantified through rg, the angle subtended by the subjets
chosen using the soft-drop procedure to tag the first hard
splitting of a jet. Jets which fail the soft-drop requirement
are considered as single-prong jets and assigned rg = 0. The
per-event jet yields as a function of pjet

T and rg are measured
in four centrality intervals, which characterize the overlap
of the colliding nuclei in Pb+Pb collisions. The analogous
differential cross-sections are measured in pp collisions, and
the suppression is quantified through the nuclear modification
factor, RAA. The cross-sections, yields, and RAA are reported
for jets with pjet

T > 158 GeV and 0 � rg < 0.4. The measured

cross-sections and yields are unfolded to a particle-level phase
space.

II. ATLAS DETECTOR

The ATLAS detector [45] at the LHC is a multipurpose par-
ticle detector with a forward–backward symmetric cylindrical
geometry and a near-4π coverage in solid angle.1 It consists of
an inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer. The inner-detector system is immersed
in a 2 T axial magnetic field and provides charged-particle
tracking within |η| < 2.5. The high-granularity silicon pixel
detector covers the vertex region and typically provides four
measurements per track, with the first hit typically being
in the insertable B-layer installed before Run 2 [46,47]. It
is followed by the silicon microstrip tracker (SCT) which
usually provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker,
a drift-tube-based detector, which surrounds the SCT and has
coverage up to |η| = 2.0.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin
LAr presampler covering |η| < 1.8 to correct for energy
loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorime-
ter, segmented into three barrel structures within |η| < 1.7,
and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with copper/LAr and tung-
sten/LAr calorimeter modules (FCal), covering the forward
regions of 3.1 < |η| < 4.9. The zero-degree calorimeters
(ZDC) consist of layers of alternating quartz rods and tungsten
plates and are located symmetrically at z = ±140 m and cover
|η| � 8.3. In Pb+Pb collisions, the ZDCs primarily measure
“spectator” neutrons: neutrons that do not interact hadroni-
cally when the incident nuclei collide.

Events of interest are selected for recording and offline
analysis by the first-level (L1) trigger system implemented in
custom hardware, followed by selections made by algorithms
implemented in software in the high-level trigger [48].

An extensive software suite [49] is used in data simulation,
in reconstruction and analysis of real and simulated events,
in detector operations, and in the trigger and data acquisition
systems of the experiment. The events used in this analysis

1ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the center of the detector and the
z axis along the beam pipe. The x-axis points from the IP to the center
of the LHC ring, and the y-axis points upward. Cylindrical coordi-
nates (r, φ) are used in the transverse plane, φ being the azimuthal
angle around the z-axis. The pseudorapidity is defined in terms of
the polar angle θ as η = − ln tan(θ/2). The rapidity is defined as
y = 0.5 ln[(E + pz )/(E − pz )] where E and pz are the energy and z
component of the momentum along the beam direction, respectively.
Angular distance is measured in units of �R ≡ √

(�η)2 + (�φ)2.
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TABLE I. The 〈TAA〉 values and uncertainties for the centrality
selections used in this measurement.

Centrality selection 〈TAA〉 ± δ〈TAA〉[1/mb] δ〈TAA〉/〈TAA〉[%]

0–10% 23.21 ± 0.06 0.26
10–30% 11.57 ± 0.12 1.04
30–50% 3.92 ± 0.11 2.73
50–80% 0.73 ± 0.04 5.67

were selected by a jet trigger [48]. The L1 trigger identified
jet candidates by applying a sliding-window algorithm and se-
lecting events passing a pT threshold of 30 GeV. These events
were then passed to the high-level jet trigger, which uses a jet
reconstruction and background subtraction procedure similar
to that used in the offline analysis and requires a minimum pjet

T
of 100 GeV for anti-kt R = 0.4 jets. The jet trigger was fully
efficient for the pjet

T range considered in this measurement.

III. DATA SAMPLES AND EVENT SELECTION

The data used in this analysis are taken from the 2018
Pb+Pb and 2017 pp runs, both at

√
sNN = 5.02 TeV. The

average number of collisions per bunch-crossing (pileup) was
0.003 in the Pb+Pb data and ranges from 1.4 to 4.4 in the pp
data depending on the data-taking run. Events from both the
Pb+Pb and pp collisions were collected using the jet triggers
with the same pT threshold as described above. The events
are required to have been collected during stable beam con-
ditions, and to satisfy detector and data-quality requirements
[50]. Both the pp and Pb+Pb events are required to have at
least one reconstructed primary vertex, and the Pb+Pb events
are also required to satisfy nominal offline minimum-bias
Pb+Pb collision criteria, identical to those used in Ref. [51].
This additional requirement, based on a combination of the
total transverse energy ET measured in the FCal, denoted by
	EFCal

T , and the total energy deposited in the ZDC identifies
and rejects 0.2% of the selected events as pile-up events.

The degree of geometric overlap of the colliding Pb nuclei
is characterized by “event centrality,” and each collision event
is assigned to a centrality interval. The procedure used to
experimentally define centrality intervals in this paper fol-
lows that used in other measurements of Pb+Pb collisions
performed by the ATLAS Collaboration [28]. The distribution
of the total transverse energy deposited in the FCal is divided
into successive quantiles of the total inelastic cross-section for
Pb+Pb collisions, with the highest 	EFCal

T events correspond-
ing, on average, to the events with the largest geometric
overlap between the colliding nuclei. The centrality intervals
used are: 0–10% (highest 	EFCal

T ), 10–30%, 30–50%, and
50–80%. A Glauber model analysis of the 	EFCal

T distribution
is used to evaluate the mean nuclear thickness function, 〈TAA〉,
for different centrality intervals [52,53]. The 〈TAA〉 values and
uncertainties, which are discussed in Ref. [54], are listed in
Table I for each centrality selection considered in this mea-
surement.

The Monte Carlo (MC) simulations used in this analysis
are multijet events modeled with the PYTHIA 8 [55] MC

generator with leading-order matrix elements for dijet pro-
duction which were matched to the parton shower. The A14
set of tuned parameters [56] and the NNPDF23LO parton
distribution functions [57] were used. The events generated
by PYTHIA 8 were passed through a GEANT4-based simulation
[58,59] of the ATLAS detector and its response. By reproduc-
ing the detector conditions in the data-taking run, this allows
the simulations to account for underlying-event (UE) effects
in the jet reconstruction. For Pb+Pb collisions, the simulated
dijet events were overlaid with minimum-bias Pb+Pb data,
and this “overlay” sample was reweighted on an event-by-
event basis to obtain the same centrality distribution as in the
jet-triggered Pb+Pb data sample. The simulated events are
digitized and reconstructed in the same way as data events.

IV. ANALYSIS PROCEDURE

A. Jet reconstruction

The jet reconstruction procedures follow those used by
the ATLAS Collaboration for previous jet measurements in
Pb+Pb collisions [24,60]. Jets are reconstructed using the
anti-kt algorithm [44] implemented in the FastJet software
package [61]. In both pp and Pb+Pb collisions, jets with
R = 0.4 are formed by clustering calorimeter towers with
�η × �φ = 0.1 × π/32 in the pseudorapidity range |η| <

4.9 over the full azimuthal range. The energies in the towers
are obtained by summing the energies of calorimeter cells at
the electromagnetic energy scale [62] within the tower bound-
aries. The UE contribution to each tower is subtracted on an
event-by-event basis by estimating the average local energy
density, ρ(η, φ). This estimate is obtained by measuring the
average energy in calorimeter towers as a function of η and
including the azimuthal modulation due to harmonic flow
characterized by the second-, third-, and fourth-order flow
coefficients [63]. The φ-dependent background subtraction is
performed only for jet reconstruction in Pb+Pb events, as
the event activity is observed to be aziumthally symmetric in
minimum-bias pp data [64]. An iterative procedure is applied
to prevent the jets from biasing the determination of ρ [60].
Following the UE subtraction, new estimates of ρ are obtained
by excluding the contributions coming from towers within jets
from the average energy density and flow parametrization.
Additionally, the UE is also corrected for η- and φ-dependent
nonuniformities in the detector response to soft particles by
applying correction factors derived in minimum-bias Pb+Pb
data. In pp collisions, the same background subtraction pro-
cedure is used, but without the nonuniformity correction and
no harmonic modulation of the UE.

Following the UE subtraction, η- and pT-dependent mul-
tiplicative calibration factors derived in MC simulations are
applied to the jet four-momentum vector to account for the
noncompensating hadronic response of the calorimeter [65].
An additional correction based on in situ studies of jets re-
coiling against photons, Z bosons, and jets in other regions
of the calorimeter is applied to account for known differences
between data and the MC sample used to derive the calibration
[28]. This calibration is followed by a cross-calibration which
relates the jet energy scale (JES) of jets reconstructed using
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the procedure outlined in this section to the JES in 13 TeV
pp collisions [65]. The performance of the jet reconstruction
in pp and Pb+Pb collisions has been studied in detail as de-
scribed in Ref. [24]. The jet transverse momentum, denoted by
pjet

T , is defined as the calibrated pT of R = 0.4 jets formed from
calorimeter towers. Calibrations are applied to the pT of the
jet and not individually to the constituent calorimeter towers
in this procedure. Fully calibrated jets having pjet

T > 158 GeV
and |y| < 2.1 are used in this measurement. The pjet

T binning
was designed to match previous jet measurements by ATLAS
[22–24] and have uniformly spaced bins on the logarithmic
scale. MC-truth jets are defined in simulated events at particle
level by applying the anti-kt algorithm with R = 0.4 to stable
particles with a proper lifetime greater than 30 ps in the gener-
ator’s event record, but excluding muons and neutrinos, which
do not leave significant energy deposits in the calorimeter.

B. Jet constituents

The granularity of the ATLAS calorimeter towers, which
are used as constituents in the initial jet reconstruction, is
too coarse to resolve collimated prongs within a jet that have
small opening angles comparable to the expected resolving
power of the QGP [41,42]. In order to improve the angular and
energy resolution of the jet constituents, new constituents are
defined by combining the superior angular resolution of the
tracker with calorimeter information. These objects, referred
to as track-calo-clusters (TCCs), are built using the energies
of topological cell clusters (topoclusters) [66] and the spatial
coordinates of charged-particle tracks [67]. TCCs were used
in previous ATLAS studies to improve the resolution of jet-
substructure variables used in W /Z–boson tagging [68]. They
were also used in combination with particle-flow [69] objects
to optimize jet reconstruction in pp collisions [70]. In this
measurement, TCCs are reconstructed in a manner similar to
that in Ref. [67] but with some adjustments to account for the
UE in Pb+Pb collisions as detailed below.

Topo-clusters, used to define the energy scale of the TCCs,
are built from calorimeter cells using a noise-suppression
algorithm [66] and have been used extensively in jet-
substructure measurements in pp collisions [10,11]. In Pb+Pb
collisions, a φ-modulated background subtraction, similar to
the UE subtraction procedure employed for jet reconstruc-
tion (Sec. IV A), is applied to the calorimeter cells before
using them to build topoclusters. Charged-particle tracks are
reconstructed from hits in the inner detector using standard
optimization algorithms for Pb+Pb collisions as detailed in
Refs. [71,72]. Reconstructed tracks used as seeds in the
TCC reconstruction are required to have pT > 3 GeV and to
also meet several criteria designed to select primary charged
particles [31]. Tracks in an event are extrapolated to the
calorimeter and are matched to one or more topoclusters,
depending on the topocluster size and the track extrapolation
uncertainty.

Following the track and topocluster matching, the proce-
dure to determine TCC four-momentum vectors is described
briefly below and is detailed further in Ref. [67]. For an
isolated match between a track from the selected primary
vertex and a topocluster, the topocluster energy and the track

direction are used to form a single TCC. In the case of
topoclusters which do not match any tracks, the topoclus-
ter’s four-momentum vector is directly used to create a TCC.
Conversely, instances where tracks are not matched to any
topoclusters, observed to occur in less than 1% of the cases,
are treated analogously by creating a TCC using the track’s
four-momentum vector. In cases where multiple tracks are
matched to one or more topoclusters, the TCC algorithm is de-
signed to create exactly one TCC object per track originating
from the primary vertex. Such multiple matches are handled
by using the track’s angular coordinates, while splitting the
topocluster energy between the corresponding TCC objects to
account for energy sharing between the different matches.

The topocluster energy sharing procedure for tracks
matched to clusters makes use of three general concepts and
is detailed in Ref. [67]. First, each cluster matched to the
seed track should contribute to the resulting TCC object in
proportion to its share of the total pT of all matched clusters.
Second, if a cluster is matched to multiple TCC objects, its
contribution to a given TCC should be proportional to the
share of the seed track of the total pT of all tracks matched
to the cluster. Third, the proportion of topocluster energy
assigned to each of those tracks should itself be weighted by
that cluster’s share of the total energy of all clusters matching
the track. The 3 GeV pT threshold for charged tracks in the
TCC reconstruction is optimized to prevent low-pT UE tracks
from sharing the energy of high-pT topoclusters.

All TCCs having pT > 4 GeV are used in this mea-
surement. Jets considered in this measurement with pjet

T >

158 GeV and |y| < 2.1 have an average of 6–7 associated
TCCs above the 4 GeV threshold in pp and Pb+Pb colli-
sions. TCCs built by matching tracks to topoclusters account
for ≈77% of the total number of TCCs within a jet in pp
collisions. Due to the lower tracking efficiency in Pb+Pb
compared to pp collisions, the fraction of TCCs within a jet
built by matching tracks to topoclusters drops to ≈59% in
central Pb+Pb collisions. The remaining TCCs are mostly
cases where topoclusters are not matched to any tracks.

C. Jet grooming and rg

Jet grooming algorithms are used to isolate the prongs of
a jet that correspond to a hard splitting in the evolution of the
parton shower by systematically removing the contributions
of soft wide-angle radiation. The soft-drop grooming proce-
dure [9], a generalization of the modified mass-drop tagger [8]
is employed in this measurement to distinguish perturbative
radiation from soft, mostly nonperturbative, components of
the jet [15–17,36]. The angular distance rg between the subjets
that tag the first hard splitting of a jet is measured in this
analysis.

The procedure starts with reclustering the constituents of
a jet using the Cambridge–Aachen (C/A) algorithm [73,74]
to form a clustering tree with a purely angle-ordered struc-
ture. In this measurement, jets are initially reconstructed from
calorimeter towers with the anti-kt algorithm as described
in Sec. IV A, and the calorimeter’s response is well-defined
[60]. Calorimeter-tower jets satisfying the kinematic thresh-
olds listed in Sec. IV A are selected to be reclustered using the
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FIG. 1. Top: Self-normalized rg distributions measured using detector-level TCCs from pp data at
√

s = 5.02 TeV (left) and Pb+Pb data
at

√
sNN = 5.02 TeV (second and third panels) for different centrality intervals, compared with the detector-level distributions predicted by

the PYTHIA 8 generator. The error bars represent statistical uncertainties. Bottom: Data-to-MC ratios of rg distributions at detector level. The
legend applies to all the panels.

TCCs associated with the jet. TCCs having pT above 4 GeV
and within �R < 0.4 of a reconstructed jet’s axis are utilized
in the jet reclustering process of the soft-drop procedure. The
4 GeV pT threshold for the TCCs, applied only at the detector
level, is used to further reduce the influence of the UE on the
measurement of rg. When reclustering MC-truth particle-level
jets, all stable charged and neutral particles within the jets are
used in the soft-drop reclustering procedure. The C/A algo-
rithm clusters the nearest constituents first, working outward
toward the wider-angle constituents, independent of their pT.
The C/A reclustered jet is then recursively declustered into
two “subjets” and it is determined whether the subjets s j1 and
s j2 with transverse momenta ps j1

T and ps j2
T satisfy the soft-drop

condition:

min
(
ps j1

T , ps j2
T

)
ps j1

T + ps j2
T

> zcut

(
�R12

R

)β

, (1)

where zcut and β are algorithm parameters, R is the radius
parameter value used to cluster the jets (R = 0.4), and �R12 =√

(�y12)2 + (�φ12)2 is the distance in y–φ between the sub-
jets, where y is the rapidity. If the soft-drop condition in
Eq. (1) is not satisfied, then the subjet with the smaller pT

is dropped and the procedure is iterated on the remaining
subjets. If the soft-drop condition is satisfied at any point,
then the algorithm terminates and rg is set to the �R12 value
between the subjets s j1 and s j2.

If the condition described in Eq. (1) cannot be satisfied,
then rg = 0 is assigned to the jet to indicate that the soft-drop
procedure cannot find two subjets that satisfy Eq. (1). Jets
with rg = 0 are primarily those with a single TCC object
or MC-truth particle carrying a significant fraction of the jet
energy. For all zcut > 0 and β > 0, the procedure is infrared-
and collinear-safe, while it is infrared-safe when β = 0 [9].

The soft-drop parameter values zcut = 0.2 and β = 0, corre-
sponding to an angle-independent grooming setting, are used
for the results shown. These values are chosen to maximize the
efficiency of selecting the two hardest prongs of the jet against
the competing effect of jets failing the soft-drop grooming
with a high zcut value [75]. At the particle level, less than 4%
of the jets fail the soft-drop condition when using zcut = 0.2
and β = 0, thereby minimizing a possible bias from looking at
different populations of jets in pp and Pb+Pb collisions. The
rg value of a jet measured using zcut = 0.2 and β = 0 is also
observed to be insensitive to lowering the 4 GeV threshold for
the TCCs.

Distributions of rg measured using detector-level TCCs
from pp and Pb+Pb data are shown in Fig. 1, and are com-
pared with the detector-level distributions from the PYTHIA

8 MC events. The detector-level rg distributions measured
using TCCs show good agreement between data and MC
events in pp and peripheral Pb+Pb collisions. The rg dis-
tribution differences between data and simulation for central
Pb+Pb collisions can plausibly be attributed to effects from
jet quenching, not modeled in simulation, and are discussed
in detail in Sec. VI. No systematic uncertainties are shown in
Fig. 1 because it is only intended to demonstrate the perfor-
mance of TCCs in measuring rg.

D. Unfolding

The jet yields are unfolded in both jet pjet
T and rg to

the particle level in order to account for nonuniformities
in detector performance and bin migration due to the finite
resolution in jet energy, TCC energy, and TCC position, in-
cluding migration in and out of the measurement phase space.
The measurement phase space in this analysis corresponds to
pjet

T > 158 GeV, |y| < 2.1, and 0 < rg < 0.4 for the jets.
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At the particle level, the soft-drop procedure is applied
to MC-truth jets using all stable charged and neutral parti-
cles within the jet as constituents. Utilizing the RooUnfold
package [76], the yields of groomed jets are unfolded using a
two-dimensional iterative Bayesian unfolding algorithm [77]
simultaneously in pjet

T and rg, while the inclusive jet yields are
unfolded using a one-dimensional unfolding in pjet

T . The mi-
gration matrices are reweighted simultaneously in MC-truth
pjet

T and rg by the ratios of the corresponding distributions
in data to those in the reconstructed MC sample, separately
for pp collisions and each centrality interval in Pb+Pb col-
lisions. The reweighting factors are smoothed as a function
of rg and pjet

T , and their effect on bin values of the migration
matrices is typically less than 25%. The uncertainty from the
reweighting procedure is estimated by unfolding with and
without the reweighting factors and is detailed in Sec. V.
The effects of inefficiencies and misidentified jets in the mea-
surement are accounted for in the analysis by applying an
efficiency correction and subtraction procedure, respectively,
through the unfolding procedure. In the iterative Bayesian
unfolding method implemented in RooUnfold, the inefficien-
cies are handled by applying a multiplicative factor to each
MC-truth bin of the migration matrix. The inefficiencies in
this measurement arise mainly from jets migrating out of the
measurement phase space at the detector level because of
energy resolution effects and from jets that fail the soft-drop
grooming procedure. MC-truth jets having significantly lower
pT than 158 GeV (the pjet

T threshold) that migrate into the
measurement phase space at the detector level are treated as
misidentified jets. The rate of such misidentified jets is ob-
served to be negligible in this measurement, and are accounted
for by treating them as an additive background. The effect of
jets reconstructed entirely from overlapping UE particles in
this measurement is insignificant.

The migration matrices used in the unfolding procedure
are binned uniformly on a logarithmic scale and have 13
bins along rg from 0 to 0.4 and 16 bins along pjet

T from
158 GeV to 1 TeV. Additionally, in the MC-truth phase space,
pjet

T has one overflow bin and six underflow bins down to
80 GeV for a smooth inefficiency correction, and rg has one
overflow and one underflow bin in the migration matrix.
There is no significant migration between centrality intervals
in this measurement. A separate migration matrix is gener-
ated for each centrality interval in Pb+Pb collisions, using
the PYTHIA 8 sample overlaid with minimum-bias Pb+Pb
data and for pp collisions, using the PYTHIA 8 sample. The
number of iterations in the unfolding procedure is optimized
independently for different centrality intervals to balance
minimizing any bias from the unfolding against fluctuations
in MC samples. The optimal number of iterations ranges
from four to six depending on the centrality interval. The
remnant unfolding bias evaluated in MC samples is better
than 1%.

The differential jet cross-section in pp collisions is defined
as

d2σjet

d pjet
T drg

= 1

Lint

Njets

�pjet
T �rg

,

where Njets is the unfolded jet yield, �pjet
T and �rg are the

widths of the pjet
T and rg bins, respectively, and Lint is the

integrated luminosity.
The jet yield per minimum-bias event jet yield in Pb+Pb

collisions, referred to as the per-event yield for simplicity, is
defined as

1

Ncent
evt

d2Ncent
jet

d pjet
T drg

= 1

Ncent
evt

Ncent
jets

�pjet
T �rg

,

where Ncent
jet is the unfolded jet yield in Pb+Pb collisions

within intervals of pjet
T and rg for a given centrality (denoted by

the superscript “cent”), and Ncent
evt is the number of minimum-

bias events in the centrality interval.
Modification of the jet yield in Pb+Pb collisions in a given

centrality interval relative to the jet yield in pp collisions is
quantified using the nuclear modification factor, RAA, defined
as

RAA
(
pjet

T , rg
) = 1

Ncent
evt

1

〈TAA〉
d2Ncent

jet

d pjet
T drg

/
d2σjet

d pjet
T drg

, (2)

where 〈TAA〉 is the mean nuclear thickness function, presented
in Table I. At a given pjet

T , rg, and centrality interval, RAA < 1
indicates a suppression of jet production in Pb+Pb collisions
relative to that in pp collisions.

V. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty are considered
for this analysis. The systematic uncertainties in the jet cross-
sections in pp collisions and per-event yields in Pb+Pb
collisions arise from the jet energy scale and resolution, the
constituent TCC energy scale and resolution, the unfolding
procedure, integrated pp luminosity, and 〈TAA〉 (Pb+Pb only).
The jet- and TCC-related uncertainties are evaluated in the
analysis by modifying the migration matrix for each uncer-
tainty contribution. The deviations from the nominal unfolded
result for each variation are then combined in quadrature to
calculate the total contribution.

The systematic uncertainty in the JES has three parts. The
first (labeled “JES baseline” in Figs. 2–5) is a centrality-
independent component that is determined from in situ studies
of the calorimeter response to jets reconstructed with the
procedure used in 13 TeV pp collisions [62,78], with an addi-
tional component which accounts for the relative energy-scale
difference between the jet reconstruction procedures used in
13 TeV pp collisions and in this measurement [65]. The po-
tential mismodeling of relative abundances of jets initiated by
quarks and gluons in the MC events, and of the calorimetric
response to quark and gluon jets, are accounted for by the
second component (labeled “JES flavor” in Figs. 2–5). The
third, centrality-dependent component (applicable in Pb+Pb
collisions only and labeled “JES quenching” in Figs. 2–
5) accounts for modifications of the parton shower due to
quenching [31,35] resulting in a different detector response to
jets in Pb+Pb collisions that is not modeled by the MC sim-
ulation. It is evaluated by the method used for data collected
by ATLAS in 2011 and 2015 [65], which compares the jet pT

measured in the calorimeter with the sum of the pT of charged
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FIG. 2. The relative systematic uncertainties in inclusive pjet
T cross-sections in pp collisions at

√
s = 5.02 TeV (left) and in per-event jet

yields in Pb+Pb collisions at
√

sNN = 5.02 TeV for different event centralities (middle and right panels). The legend applies to all of the
panels.

particles within the jet, in both the data and MC samples. The
selected charged-particle tracks have pT > 4 GeV to exclude
particles from the UE. The ratio of the sum of the charged-
particle pT to the pjet

T provides a data-driven estimate of the
centrality-dependence of the JES. The centrality-dependent
JES component, pertinent only to jets in Pb+Pb collisions,
is the dominant source of uncertainty in the jet RAA measure-
ment, contributing to a relative uncertainty of ≈8% in central
collisions.

The uncertainty due to the jet energy resolution (JER)
is evaluated by applying a Gaussian smearing factor to the
reconstructed pjet

T in the MC sample. The smearing factor
is evaluated using an in situ technique in 13 TeV pp data
that involves studies of dijet pT balance [78,79]. Further, an
uncertainty is included to account for differences between the
tower-based jet reconstruction and the jet reconstruction used
in 13 TeV pp data analyses, as well as differences between

calibration procedures [65]. The jet energy scale and reso-
lution are the dominant sources of uncertainty in measuring
the jet cross-sections and RAA in this analysis and con-
tribute a maximum relative uncertainty of about 14% and 9%,
respectively.

Although the TCC energies are not utilized in measuring
pjet

T , they are used in the measurement of rg via the soft-drop
procedure. The TCC energy response is primarily determined
by the topocluster energy response. The uncertainties in the
topocluster energy scale and resolution, measured using 13
TeV pp data [11], are applied directly to pp data. The cluster
uncertainties from 13 TeV pp data [11] are scaled conser-
vatively by a factor of two for Pb+Pb data to cover the
uncertainty in the topocluster energy response in the dense
Pb+Pb collision environment. The inefficiency of matching
between tracks and topoclusters is driven by the angular reso-
lution of the topoclusters, which is used to match these objects

FIG. 3. The relative systematic uncertainties in inclusive rg cross-sections in pp collisions at
√

s = 5.02 TeV (left) and in per-event jet
yields in Pb+Pb collisions at

√
sNN = 5.02 TeV for different event centralities (middle and right panels) shown for soft-drop parameters

zcut = 0.2 and β = 0. The legend applies to all of the panels.
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FIG. 4. The relative systematic uncertainties in the RAA measurements as a function of pjet
T in different centrality intervals of Pb+Pb

collisions at
√

sNN = 5.02 TeV. The legend applies to all of the panels.

in the TCC reconstruction. A random Gaussian smearing of
5-mrad is applied independently in η and φ, following pre-
vious ATLAS measurements [11,80], to account for potential
mismodeling of topocluster positions and is observed to have
a negligible effect on the resulting TCCs and the rg distribu-
tions. TCCs are reconstructed using topoclusters with energies
and positions varied according to their uncertainties in MC
events and are used to unfold the data. The deviations from
the nominal unfolded result, due to individual topocluster
uncertainty sources, are combined in quadrature.

The effects of topocluster splitting and merging were
studied in detail, following the method used in previous
measurements [11]. The MC generator predictions precisely
match each of the splitting and merging scenarios tested in
data and thus no systematic uncertainty is assigned to these
effects.

The angular coordinates (η, φ) of a TCC corresponding to a
charged particle are determined by the track seeding the TCC
object. Systematic variations of these coordinates are evalu-

ated to account for tracking mismodeling in MC events. These
differences are decomposed into two components: one from
the uncertainty in the inner-detector material derived from
studies in pp collisions [81], and the other from the modeling
of pixel cluster merging inside dense environments [71,82],
such as inside the core of high-energy jets and in central
Pb+Pb collisions. These track uncertainties are propagated
through the TCC reconstruction and are observed to have a
negligible effect on the final rg distributions.

In this measurement the TCC-related uncertainties typi-
cally have a more modest effect than jet-related uncertainties
as only the angular distance between the subjets (rg) is
measured. They become significant, contributing a relative
uncertainty of up to 15%, at large rg (>0.3) in central Pb+Pb
collisions as UE fluctuations in the outer region of the jet lead
to poorer performance in identifying the hard subjets.

The differences between the unfolded results with and
without the migration-matrix reweighting factors are as-
signed as systematic uncertainties arising from the unfolding

FIG. 5. The relative systematic uncertainties in the RAA measurements as a function of rg in different centrality intervals of Pb+Pb collisions
at

√
sNN = 5.02 TeV shown for soft-drop parameters zcut = 0.2 and β = 0. The legend applies to all of the panels.
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FIG. 6. Differential cross-section of jets passing the soft-drop grooming condition in different rg intervals in pp collisions at
√

s = 5.02 TeV
as a function of pjet

T . Distributions for inclusive jets (no grooming) and for those jets that fail the soft-drop requirement (rg = 0) are also shown.
For visual clarity, the distributions are scaled by factors specified in the legend. The statistical uncertainties are smaller than the symbols,
while shaded bars represent systematic uncertainties. Note that the highest pjet

T bin does not contain the overflow and that the 1.6% luminosity
uncertainty is not shown. The pp jet cross-sections are compared with predictions from three MC generators, PYTHIA 8 (top), HERWIG (bottom
left), and SHERPA (bottom right). The ratios of jet cross-section predictions from different MC generators to the unfolded data are shown in
the lower panels. The statistical uncertainties on the ratios are smaller than the line widths, while shaded bars in the lower panels represent
systematic uncertainties in inclusive cross-section ratios.

procedure. The unfolding uncertainty is observed to have a
smaller effect than other sources, contributing a relative un-
certainty of <5% to the cross-section, yield, and RAA results.

The statistical uncertainties in the unfolding due to the
statistical uncertainties associated with the size of the ac-

cumulated dataset are evaluated using the pseudoexperiment
technique with 500 separate stochastic variations of the input
spectrum as described in Ref. [83]. The contributions from
statistical fluctuations in the response matrix are similarly
evaluated using the same number of stochastic variations. The
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FIG. 7. Differential cross-section of jets passing the soft-drop grooming condition in pp collisions at
√

s = 5.02 TeV as a function of rg is
shown for different pjet

T intervals and also for pjet
T > 158 GeV. The error bars represent statistical uncertainties, and are smaller than the marker

size here, while the shaded bars represent systematic uncertainties. The 1.6% uncertainty in the pp luminosity is not shown. The last bin does
not contain the overflow. The ratios of jet cross-section predictions from different MC generators to the unfolded data are shown in the lower
panels. The shaded bars in the lower panels represent systematic uncertainties in cross-section ratios.
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FIG. 8. The per-event inclusive jet yields in Pb+Pb collisions at
√

sNN = 5.02 TeV normalized by 〈TAA〉 as a function of pjet
T in four

centrality intervals. Distributions for inclusive jets (no grooming) and for those jets that fail the soft-drop requirement (denoted by rg = 0) are
also shown. For visual clarity, the distributions are scaled by factors specified in the legend. The last bin does not contain the overflow. The
statistical uncertainties are indicated by the error bars while the systematic uncertainties are indicated by the shaded bars. The normalization
uncertainties of 〈TAA〉 for each centrality interval are not shown, but are listed in Table I.

two contributions to the statistical uncertainty are combined
in quadrature and are observed to contribute <1% to the total
systematic uncertainty in the results.

For the 2017 pp data, the LUCID-2 detector [84] was used
for the primary luminosity measurement. The uncertainty in
the integrated luminosity is estimated to be 1.6% using the
methods described in Ref. [85]. For Pb+Pb collisions, the
systematic uncertainty in the mean nuclear thickness function,
〈TAA〉, is estimated by varying the MC Glauber model param-
eters as detailed in Ref. [63], and is listed in Table I.

A summary of the relative uncertainties in the unfolded
inclusive jet cross-sections, yields, and nuclear modification

factor are shown in Figs. 2–5. Figures 2 and 3 present a
summary of the total and individual relative uncertainties
in the jet cross-sections and per-event yields as a function
of pjet

T and rg, respectively. The individual uncertainties are
summed in quadrature to obtain the total uncertainty. The
jet energy scale is the dominant source of uncertainty in the
cross-sections and per-event jet yields except at large rg in
central Pb+Pb collisions, where the TCC energy-scale un-
certainties have a comparable effect. A summary of the total
and individual relative uncertainties in the RAA is shown in
Figs. 4 and 5 as a function of pjet

T and rg, respectively. The
uncertainties which are common to pp and Pb+Pb collisions,

054909-11



G. AAD et al. PHYSICAL REVIEW C 107, 054909 (2023)

FIG. 9. The per-event jet yields in Pb+Pb collisions at
√

sNN = 5.02 TeV normalized by 〈TAA〉 as a function of soft-drop rg in four centrality

intervals and three pjet
T intervals as well for pjet

T > 158 GeV. The last bin does not contain the overflow. The statistical uncertainties are indicated
by the error bars while the systematic uncertainties are indicated by the shaded bars. The normalization uncertainties of 〈TAA〉 for each centrality
interval are not shown, but are listed in Table I.

such as the centrality-independent JES and JER uncertainties,
are treated as correlated when determining the uncertainty in
RAA. However, as the centrality-dependent component of the
JES uncertainty (only for Pb+Pb collisions) does not cancel
out in the cross-section ratios, it becomes the dominant source
of uncertainty in the RAA results.

VI. RESULTS

The unfolded differential jet cross-sections obtained from
pp collision data are shown in Fig. 6 as a function of pjet

T
and rg. The differential cross-sections are reported for four
intervals in rg, each scaled up by successive powers of 10. The
cross-sections are also reported for jets that fail the soft-drop
grooming condition. These are assigned a value of rg = 0 in

this analysis and they make up about 3.5% of the inclusive pp
jet cross-section, and are also shown in Fig. 6.

Figure 7 shows the unfolded inclusive differential cross-
section in pp collision data as a function of rg. The differential
cross-sections in rg are also reported for four bins in
pjet

T . The distributions are observed to peak at lower val-
ues of rg with increasing pjet

T . Tighter collimation of jets
with increasing pjet

T is expected from the larger boost of
the fragmenting parton and an increased quark-initiated jet
fraction [67].

The jet differential cross-sections measured in pp data
are compared with particle-level predictions from the PYTHIA

8, HERWIG, and SHERPA generators in Figs. 6 and 7. The
HERWIG predictions are obtained from multijet events gener-
ated at next-to-leading order by HERWIG 7.1.3 [86] with the
NNPDF3.0 PDF set [87] for the matrix element calculation.
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FIG. 10. Nuclear modification factor, RAA, as a function of pjet
T for soft-drop groomed jets with |y| < 2.1 in four centrality intervals and

four intervals of rg. Groomed jet RAA values are compared with RAA values of jets without significant splitting identified by the soft-drop
procedure (rg = 0) and jets without grooming (inclusive). The error bars represent statistical uncertainties while the shaded bars represent
bin-wise correlated systematic uncertainties. The uncertainties in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I.

The SHERPA predictions are from multijet events generated
using SHERPA 2.2.5 [88]. The matrix element calculation was
included for the 2 → 2 process at leading order, and the de-
fault SHERPA parton shower [89] based on Catani–Seymour
dipole factorization was used for the showering with pT or-
dering, using the CT14NNLO PDF set [90]. The PYTHIA 8
predictions overestimate the pp data jet cross-sections but
describe the shape of the pjet

T and rg distributions well,
both inclusively and differentially in pjet

T and rg. The HERWIG

and SHERPA predictions underestimate the cross-sections but
describe the shape of both the inclusive jet differential cross-
section as a function of pjet

T and the differential cross-section in
different rg bins. The HERWIG generator predicts a slightly
wider rg distribution than seen in pp data across all pjet

T regions
studied here. The SHERPA generator predicts a significantly
narrower rg distribution than seen in pp data at low pjet

T and

underestimates the jet cross-sections at high pjet
T . The trend of

tighter collimation of jets with increasing pjet
T observed in pp

data is reproduced by all three MC generators with varying
levels of accuracy.

Figures 8 and 9 show the Pb+Pb per-event yields normal-
ized by 〈TAA〉 for four centrality intervals as a function of
pjet

T and rg, respectively. The yields are also shown for jets
that fail the soft-drop grooming condition (denoted by rg = 0)
as a function of pjet

T ; they account for about 4–5.5% of the
inclusive Pb+Pb jet yield. The per-event jet yields in Pb+Pb
data normalized by 〈TAA〉 fall below the corresponding pp jet
cross-sections for a given rg or pjet

T interval, indicating jet sup-
pression, and this difference increases for more central events
and for increasing rg. The rg distributions are also observed
to peak at lower values of rg with increasing pjet

T in both pp
collisions and all centrality intervals in Pb+Pb collisions. The
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FIG. 11. Nuclear modification factor, RAA, as a function of rg for soft-drop groomed jets with |y| < 2.1 in four centrality intervals and three
intervals of pjet

T , in comparison with the pT-inclusive results. The error bars represent statistical uncertainties while the shaded bars represent
bin-wise correlated systematic uncertainties. The uncertainties in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in
Table I.

pjet
T spectra are observed to have similar slopes in the different

rg regions for both pp and Pb+Pb collisions.
The nuclear modification factor RAA, which quantifies the

jet suppression in Pb+Pb collisions relative to pp collisions,
is shown as a function of pjet

T in Fig. 10 and as a function
of rg in Fig. 11 for four centrality intervals. The RAA value
for inclusive jets is observed to vary from ≈0.95 for jets in
the 50–80% centrality interval to ≈0.55 for the most central
collisions. The RAA values for inclusive jets are also observed
to have an upward slope with increasing pjet

T and are consistent
with the results measured for jets using 2015 Pb+Pb data with
a lower integrated luminosity of 0.49 nb−1 [24].

The values of RAA are observed to depend significantly on
rg, with a clear ordering with respect to the splitting angle. Jets
that fail the soft-drop grooming procedure or have rg < 0.02
are observed to be the least suppressed with an RAA value

of ≈0.75 in central Pb+Pb collisions. In contrast, jets with
the widest splitting angle between their hardest subjets are
observed to be suppressed with an RAA value of ≈0.3. Notably,
the difference in the RAA values is largest between jets having
rg values below or above 0.02, supporting a coherence picture
of jet quenching [41,42]. The RAA values for jets in different
rg regions are observed to have a weaker dependence on pjet

T
in comparison with the RAA behavior for the inclusive jets,
especially in more central collisions. The increase in RAA

for inclusive jets as a function of pjet
T may be explained as

arising from tighter jet collimation with increasing pjet
T . Jets

with lower rg values in Pb+Pb collisions are significantly
less suppressed than jets with large rg values and they also
constitute a larger fraction of the inclusive jets with increasing
pjet

T , resulting in a rising trend for RAA as a function of pjet
T . As

a function of rg, RAA decreases smoothly with increasing rg
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FIG. 12. Comparison of RAA as a function of (left) pjet
T for inclusive jets and for four intervals of rg, (right) rg for inclusive jets and for three

intervals of pjet
T , and in three centrality intervals of Pb+Pb events with predictions from the JETSCAPE framework [43,91]. The error bars and

the open boxes around the data points represent the statistical and systematic uncertainties, respectively. The uncertainties in the pp luminosity
(1.6%) and 〈TAA〉 are not included, but are listed in Table I. The widths of the bands representing the JETSCAPE predictions indicate their
statistical uncertainties.
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FIG. 13. Comparison of RAA as a function of (left) pjet
T for inclusive jets and for four intervals of rg and (right) as a function of rg for inclusive

jets in 0–10% centrality Pb+Pb events with theoretical predictions from the pQCD framework of Caucal et al., described in Refs. [41,42,92].
The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively. The uncertainties
in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The shaded areas around the theoretical predictions represent
the uncertainties arising from the variation of the transport coefficient (q̂) and shower cutoff parameters.

(shown on logarithmic scale) in all centrality intervals and is
again noted to not significantly depend on pjet

T in the measured
kinematic range.

The jet suppression measurements are compared with pre-
dictions from various theoretical models and frameworks
including those from the JETSCAPE MC framework [43,91],
Caucal et al. [41,42,92] and Ringer et al. [93]. JETSCAPE
provides a multistage model of jet evolution by combin-
ing several jet-quenching formalisms applied in its range
of validity in shower energy and virtuality. The JETSCAPE
predictions combine jet energy-loss calculations from the

MATTER [94] and LBT [95,96] models at high and low
virtualities of the parton shower in the QGP medium, re-
spectively. The parameters used in generating the predictions,
including the transport coefficient (q̂) and the virtuality at
which to switch parton energy loss from MATTER to LBT
(Qsw), can be found in Ref. [43]. JETSCAPE also includes
a virtuality-dependent onset of coherence effects in order to
model the inability of the medium to resolve narrow splittings
of highly virtual partons at earlier timescales. The model from
Caucal et al. presents a perturbative QCD (pQCD) picture of
jet quenching dictated by the factorization of medium-induced

FIG. 14. Comparison of RAA as a function of rg for three intervals of pjet
T in 0–10% centrality Pb+Pb events with theoretical predictions from

Ringer et al. [93]. The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively.
The uncertainties in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The green curve (med q/g) represents the
quark and gluon differential energy loss setting. The red curve (med q/g + pT broadening) adds transverse momentum broadening effects for
all subjets in the medium.
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parton branchings and vacuum-like emissions in a longitudi-
nally expanding medium. An important aspect of this model
is the onset of incoherent jet energy loss beyond a critical
angle between the branches of the hardest jet splitting. It
should be noted that the calculations from Caucal et al. are
purely at the parton level and hadronization effects are not
included. The analytic calculations for jet RAA by Ringer et al.
are based on medium-modified quark and gluon jet functions
using a MC sampling approach. In conjunction with the quark
and gluon differential jet energy loss, transverse momentum
broadening is applied to all the subjets in this model, based on
the transport coefficient parameter.

The jet RAA results are compared with predictions from
the above frameworks and models as a function of pjet

T and
rg in Figs. 12–14. Predictions from JETSCAPE (MATTER +
LBT), shown in Fig. 12, are able to capture the trend of
rg-dependent jet suppression in three centrality intervals of
Pb+Pb collisions. However, JETSCAPE overestimates the
RAA values for jets in the low rg (<0.01) region, especially
at higher pjet

T . The RAA predictions from the pQCD picture
modeled by Caucal et al., shown in Fig. 13, qualitatively
describe the rg-dependent suppression trend observed in the
most central collisions. Compared to the data in Fig. 13, the
parton-level pQCD model calculations predict a sharper drop
in RAA around the critical angle beyond which incoherent
jet energy loss sets in. The quark versus gluon differential
quenching effects modeled by Ringer et al., labeled “med
q/g” in Fig. 14, are able to describe the rg-dependent jet
suppression in three intervals of pjet

T . Transverse momentum
broadening effects are included in the model calculations by
adding pT kicks perpendicular to the direction of each sub-
jet by sampling from a simple Gaussian distribution, whose
width is determined using the transport coefficient parameter
[93]. The combined model calculations with quark and gluon
differential jet energy loss and transverse momentum broad-
ening effects are labeled as “med q/g + pT broadening” in
Fig. 14. Adding pT-broadening effects to the model results
in a significant suppression of jets at lower rg values and a
peak in RAA at mid-rg values, neither of which are observed in
data.

VII. CONCLUSION

Jet production in Pb+Pb and pp collisions, both at
√

sNN =
5.02 TeV, is measured with the ATLAS detector at the LHC,
using integrated luminosities of 1.72 nb−1 and 260 pb−1,
respectively. The jets are reconstructed using the anti-kt

algorithm with R = 0.4 and groomed using the soft-drop
procedure with parameters zcut = 0.2 and β = 0. The jet dif-
ferential cross-sections and yields are presented as a function
of pjet

T and rg, the opening angle of the hardest splitting, and in
intervals of collision centrality. Results unfolded to the parti-
cle level are presented for jets with pjet

T > 158 GeV, |y| < 2.1,
and 0 � rg < 0.4.

The rg distributions obtained in pp collisions are observed
to peak at lower values of rg with increasing pjet

T , indicating
that higher-momentum jets are more collimated. The differ-
ential cross-sections as a function of pjet

T and rg are compared
with results from MC event generators (PYTHIA 8, HERWIG,

and SHERPA), with the PYTHIA 8 predictions best describing
the shape of the pjet

T and rg spectra seen in pp collisions.
The jet energy loss and the resulting suppression in Pb+Pb

collisions is quantified by the nuclear modification factor, RAA.
The RAA values are observed to depend primarily on the jet
rg value and the event centrality. In the most central colli-
sions, the RAA value ranges between RAA ≈ 0.75 for the most
collimated jets (rg < 0.02) and RAA ≈ 0.3 for the widest jets
(0.26 < rg < 0.4). The RAA values are observed to decrease
monotonically with increasing rg, and do not depend strongly
on pjet

T for a selected rg range. Although the energy loss is not
measured directly and must be inferred from the RAA values
and slope of the differential cross-sections as a function of
pjet

T , the pjet
T -dependence is observed to be similar for different

rg ranges. These features together with the dependence of RAA

on rg indicate that jets with larger opening angles lose more
energy. Predictions from theoretical models of jet quenching
are compared with the RAA measurements presented here and
are observed to describe the rg-dependent jet suppression
features with varying accuracy. The results presented here
are qualitatively consistent with a picture of jet quenching
dictated by coherence and provide the most direct evidence
supporting this approach so far.

ACKNOWLEDGMENTS

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We
acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS,
Azerbaijan; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; ANID, Chile; CAS, MOST and NSFC,
China; Minciencias, Colombia; MEYS CR, Czech Republic;
DNRF and DNSRC, Denmark; IN2P3-CNRS and CEA-
DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF and
MPG, Germany; GSRI, Greece; RGC and Hong Kong SAR,
China; ISF and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; NWO, Netherlands;
RCN, Norway; MEiN, Poland; FCT, Portugal; MNE/IFA, Ro-
mania; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ,
Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and
Wallenberg Foundation, Sweden; SERI, SNSF and Cantons
of Bern and Geneva, Switzerland; MOST, Taiwan; TEN-
MAK, Türkiye; STFC, United Kingdom; DOE and NSF,
United States of America. In addition, individual groups and
members have received support from BCKDF, CANARIE,
Compute Canada and CRC, Canada; PRIMUS 21/SCI/017
and UNCE SCI/013, Czech Republic; COST, ERC, ERDF,
Horizon 2020 and Marie Skłodowska-Curie Actions, Euro-
pean Union; Investissements d’Avenir Labex, Investissements
d’Avenir Idex and ANR, France; DFG and AvH Founda-
tion, Germany; Herakleitos, Thales and Aristeia programmes
co-financed by EU-ESF and the Greek NSRF, Greece; BSF-
NSF and MINERVA, Israel; Norwegian Financial Mechanism
2014–2021, Norway; NCN and NAWA, Poland; La Caixa
Banking Foundation, CERCA Programme Generalitat de
Catalunya and PROMETEO and GenT Programmes General-
itat Valenciana, Spain; Göran Gustafssons Stiftelse, Sweden;

054909-17



G. AAD et al. PHYSICAL REVIEW C 107, 054909 (2023)

The Royal Society and Leverhulme Trust, United Kingdom.
The crucial computing support from all WLCG partners
is acknowledged gratefully, in particular from CERN, the
ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA

(Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC
(Spain), ASGC (Taiwan), RAL (UK) and BNL (USA), the
Tier-2 facilities worldwide, and large non-WLCG resource
providers. Major contributors of computing resources are
listed in Ref. [97].

[1] STAR Collaboration, Experimental and theoretical challenges
in the search for the quark gluon plasma: The STAR Collabora-
tion’s critical assessment of the evidence from RHIC collisions,
Nucl. Phys. A 757, 102 (2005).

[2] PHENIX Collaboration, Formation of dense partonic matter in
relativistic nucleus-nucleus collisions at RHIC: Experimental
evaluation by the PHENIX collaboration, Nucl. Phys. A 757,
184 (2005).

[3] M. Gyulassy and L. McLerran, New forms of QCD matter
discovered at RHIC, Nucl. Phys. A 750, 30 (2005).

[4] W. Busza, K. Rajagopal, and W. van der Schee, Heavy ion
collisions: The big picture, and the big questions, Ann. Rev.
Nucl. Part. Sci. 68, 339 (2018).

[5] M. Gyulassy and M. Plümer, Jet quenching in dense matter,
Phys. Lett. B 243, 432 (1990).

[6] J. D. Bjorken, Energy Loss of Energetic Partons in Quark-
Gluon Plasma: Possible Extinction of High p(t) Jets in Hadron-
Hadron Collisions, FERMILAB-PUB-82-059-THY (1982).

[7] D. Krohn, J. Thaler, and L.-T. Wang, Jet trimming, J. High
Energy Phys. 02 (2010) 084.

[8] M. Dasgupta, A. Fregoso, S. Marzani, and G. P. Salam, Towards
an understanding of jet substructure, J. High Energy Phys. 09
(2013) 029.

[9] A. J. Larkoski, S. Marzani, G. Soyez, and J. Thaler, Soft drop,
J. High Energy Phys. 05 (2014) 146.

[10] ATLAS Collaboration, Measurement of the Soft-Drop Jet Mass
in pp Collisions at

√
s = 13 TeV with the ATLAS Detector,

Phys. Rev. Lett. 121, 092001 (2018).
[11] ATLAS Collaboration, Measurement of soft-drop jet observ-

ables in pp collisions with the ATLAS detector at
√

s =
13 TeV, Phys. Rev. D 101, 052007 (2020).

[12] Y. Mehtar-Tani and K. Tywoniuk, Groomed jets in heavy-
ion collisions: Sensitivity to medium-induced bremsstrahlung,
J. High Energy Phys. 04 (2017) 125.

[13] Y.-T. Chien and I. Vitev, Probing the Hardest Branching Within
Jets in Heavy-Ion Collisions, Phys. Rev. Lett. 119, 112301
(2017).

[14] H. A. Andrews et al., Novel tools and observables for jet physics
in heavy-ion collisions, J. Phys. G 47, 065102 (2020).

[15] CMS Collaboration, Measurement of the Splitting Function in
pp and PbPb Collisions at

√
sNN = 5.02 TeV, Phys. Rev. Lett.

120, 142302 (2018).
[16] CMS Collaboration, Measurement of the groomed jet mass in

PbPb and pp collisions at
√

sNN = 5.02 TeV, J. High Energy
Phys. 10 (2018) 161.

[17] ALICE Collaboration, Exploration of jet substructure using it-
erative declustering in pp and Pb-Pb collisions at LHC energies,
Phys. Lett. B 802, 135227 (2020).

[18] ALICE Collaboration, Measurement of the Groomed Jet Radius
and Momentum Splitting Fraction in pp and Pb − Pb Collisions
at

√
sNN = 5.02 TeV, Phys. Rev. Lett. 128, 102001 (2022).

[19] STAR Collaboration, Differential measurements of jet
substructure and partonic energy loss in Au+Au collisions

at
√

SNN = 200 GeV, Phys. Rev. C 105, 044906
(2022).

[20] P. Foka and M. A. Janik, An overview of experimental results
from ultra-relativistic heavy-ion collisions at the CERN LHC:
Hard probes, Rev. Phys. 1, 172 (2016).

[21] L. Cunqueiro and A. M. Sickles, Studying the QGP with Jets at
the LHC and RHIC, Prog. Part. Nucl. Phys. 124, 103940 (2022).

[22] ATLAS Collaboration, Measurement of the jet radius and trans-
verse momentum dependence of inclusive jet suppression in
lead–lead collisions at

√
sNN = 2.76 TeV with the ATLAS de-

tector, Phys. Lett. B 719, 220 (2013).
[23] ATLAS Collaboration, Measurements of the Nuclear Modifica-

tion Factor for Jets in Pb+Pb Collisions at
√

sNN = 2.76TeV
with the ATLAS Detector, Phys. Rev. Lett. 114, 072302 (2015).

[24] ATLAS Collaboration, Measurement of the nuclear modifica-
tion factor for inclusive jets in Pb+Pb collisions at

√
sNN =

5.02 TeV with the ATLAS detector, Phys. Lett. B 790, 108
(2019).

[25] CMS Collaboration, Measurement of inclusive jet cross-
sections in pp and PbPb collisions at

√
sNN = 2.76 TeV, Phys.

Rev. C 96, 015202 (2017).
[26] CMS Collaboration, First measurement of large area jet trans-

verse momentum spectra in heavy-ion collisions, J. High
Energy Phys. 05 (2021) 284.

[27] ATLAS Collaboration, Observation of a Centrality-Dependent
Dijet Asymmetry in Lead–Lead Collisions at

√
sNN = 2.76 TeV

with the ATLAS Detector at the LHC, Phys. Rev. Lett. 105,
252303 (2010).

[28] ATLAS Collaboration, Measurement of photon-jet transverse
momentum correlations in 5.02 TeV Pb+Pb and pp collisions
with ATLAS, Phys. Lett. B 789, 167 (2019).

[29] CMS Collaboration, In-medium modification of dijets in PbPb
collisions at

√
sNN = 5.02 TeV, J. High Energy Phys. 05 (2021)

116.
[30] CMS Collaboration, Study of Jet Quenching with Z+Jet Corre-

lations in PbPb and pp Collisions at
√

sNN = 5.02 TeV, Phys.
Rev. Lett. 119, 082301 (2017).

[31] ATLAS Collaboration, Measurement of jet fragmentation in
Pb+Pb and pp collisions at

√
sNN = 5.02 TeV with the ATLAS

detector, Phys. Rev. C 98, 024908 (2018).
[32] ATLAS Collaboration, Comparison of Fragmentation Func-

tions for Jets Dominated by Light Quarks and Gluons from pp
and Pb+Pb Collisions in ATLAS, Phys. Rev. Lett. 123, 042001
(2019).

[33] CMS Collaboration, Measurement of jet fragmentation in PbPb
and pp collisions at

√
sNN = 2.76 TeV, Phys. Rev. C 90,

024908 (2014).
[34] CMS Collaboration, Observation of Medium Induced Modifi-

cations of Jet Fragmentation in Pb-Pb Collisions at
√

sNN =
5.02 TeV Using Isolated Photon-Tagged Jets, Phys. Rev. Lett.
121, 242301 (2018).

[35] CMS Collaboration, Jet properties in PbPb and pp collisions at√
sNN = 5.02 TeV, J. High Energy Phys. 05 (2018) 006.

054909-18

https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1016/0370-2693(90)91409-5
https://doi.org/10.1007/JHEP02(2010)084
https://doi.org/10.1007/JHEP09(2013)029
https://doi.org/10.1007/JHEP05(2014)146
https://doi.org/10.1103/PhysRevLett.121.092001
https://doi.org/10.1103/PhysRevD.101.052007
https://doi.org/10.1007/JHEP04(2017)125
https://doi.org/10.1103/PhysRevLett.119.112301
https://doi.org/10.1088/1361-6471/ab7cbc
https://doi.org/10.1103/PhysRevLett.120.142302
https://doi.org/10.1007/JHEP10(2018)161
https://doi.org/10.1016/j.physletb.2020.135227
https://doi.org/10.1103/PhysRevLett.128.102001
https://doi.org/10.1103/PhysRevC.105.044906
https://doi.org/10.1016/j.revip.2016.11.001
https://doi.org/10.1016/j.ppnp.2022.103940
https://doi.org/10.1016/j.physletb.2013.01.024
https://doi.org/10.1103/PhysRevLett.114.072302
https://doi.org/10.1016/j.physletb.2018.10.076
https://doi.org/10.1103/PhysRevC.96.015202
https://doi.org/10.1007/JHEP05(2021)284
https://doi.org/10.1103/PhysRevLett.105.252303
https://doi.org/10.1016/j.physletb.2018.12.023
https://doi.org/10.1007/JHEP05(2021)116
https://doi.org/10.1103/PhysRevLett.119.082301
https://doi.org/10.1103/PhysRevC.98.024908
https://doi.org/10.1103/PhysRevLett.123.042001
https://doi.org/10.1103/PhysRevC.90.024908
https://doi.org/10.1103/PhysRevLett.121.242301
https://doi.org/10.1007/JHEP05(2018)006


MEASUREMENT OF SUBSTRUCTURE-DEPENDENT JET … PHYSICAL REVIEW C 107, 054909 (2023)

[36] STAR Collaboration, Measurement of groomed jet substructure
observables in p+p collisions at

√
s = 200 GeV with STAR,

Phys. Lett. B 811, 135846 (2020).
[37] Yu. L. Dokshitzer, V. A. Khoze, S. I. Troyan, and A. H. Mueller,

QCD coherence in high-energy reactions, Rev. Mod. Phys. 60,
373 (1988).

[38] R. Baier, Yu. L. Dokshitzer, A. H. Mueller, S. Peigné, and D.
Schiff, Radiative energy loss of high-energy quarks and gluons
in a finite volume quark - gluon plasma, Nucl. Phys. B 483, 291
(1997).

[39] J. Casalderrey-Solana, Y. Mehtar-Tani, C. A. Salgado, and K.
Tywoniuk, New picture of jet quenching dictated by color co-
herence, Phys. Lett. B 725, 357 (2013).

[40] G. Milhano, U. A. Wiedemann, and K. C. Zapp, Sensitivity of
jet substructure to jet-induced medium response, Phys. Lett. B
779, 409 (2018).

[41] P. Caucal, E. Iancu, and G. Soyez, Deciphering the zg distri-
bution in ultrarelativistic heavy ion collisions, J. High Energy
Phys. 10 (2019) 273.

[42] P. Caucal, E. Iancu, and G. Soyez, Jet radiation in a longitu-
dinally expanding medium, J. High Energy Phys. 04 (2021)
209.

[43] A. Kumar et al., Inclusive jet and hadron suppression
in a multistage approach, Phys. Rev. C 107, 034911
(2023).

[44] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet cluster-
ing algorithm, J. High Energy Phys. 04 (2008) 063.

[45] ATLAS Collaboration, The ATLAS experiment at the CERN
Large Hadron Collider, J. Instrum. 3, S08003 (2008).

[46] ATLAS Collaboration, ATLAS Insertable B-Layer Technical
Design Report, ATLAS-TDR-19; CERN-LHCC-2010-013
(2010), https://cds.cern.ch/record/1291633, Addendum:
ATLAS-TDR-19-ADD-1; CERN-LHCC-2012-009 (2012),
https://cds.cern.ch/record/1451888.

[47] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, JINST 13, T05008 (2018).

[48] ATLAS Collaboration, Performance of the ATLAS trigger sys-
tem in 2015, Eur. Phys. J. C 77, 317 (2017).

[49] ATLAS Collaboration, The ATLAS Collaboration Software and
Firmware, ATL-SOFT-PUB-2021-001 (2021), https://cds.cern.
ch/record/2767187.

[50] ATLAS Collaboration, ATLAS data quality operations and
performance for 2015–2018 data-taking, JINST 15, P04003
(2020).

[51] ATLAS Collaboration, Measurement of azimuthal anisotropy of
muons from charm and bottom hadrons in Pb+Pb collisions at√

sNN = 5.02 TeV with the ATLAS detector, Phys. Lett. B 807,
135595 (2020).

[52] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg,
Glauber modeling in high-energy nuclear collisions, Ann. Rev.
Nucl. Part. Sci. 57, 205 (2007).

[53] C. Loizides, J. Nagle, and P. Steinberg, Improved version of the
PHOBOS Glauber Monte Carlo, SoftwareX 1-2, 13 (2015).

[54] ATLAS Collaboration, Measurement of W ± boson production
in Pb+Pb collisions at

√
sNN = 5.02 TeV with the ATLAS de-

tector, Eur. Phys. J. C 79, 935 (2019).
[55] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput.

Phys. Commun. 191, 159 (2015).
[56] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data,

ATL-PHYS-PUB-2014-021 (2014), https://cds.cern.ch/record/
1966419.

[57] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys.
B 867, 244 (2013).

[58] S. Agostinelli et al., Geant4–a simulation toolkit, Nucl. Instrum.
Meth. A 506, 250 (2003).

[59] ATLAS Collaboration, The ATLAS Simulation Infrastructure,
Eur. Phys. J. C 70, 823 (2010).

[60] ATLAS Collaboration, Measurements of azimuthal anisotropies
of jet production in Pb+Pb collisions at

√
sNN = 5.02 TeV with

the ATLAS detector, Phys. Rev. C 105, 064903 (2022).
[61] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,

Eur. Phys. J. C 72, 1896 (2012).
[62] ATLAS Collaboration, Jet energy measurement with the AT-

LAS detector in proton–proton collisions at
√

s = 7 TeV, Eur.
Phys. J. C 73, 2304 (2013).

[63] ATLAS Collaboration, Measurement of the azimuthal
anisotropy of charged particles produced in

√
sNN = 5.02 TeV

Pb+Pb collisions with the ATLAS detector, Eur. Phys. J. C 78,
997 (2018).

[64] ATLAS Collaboration, Observation of Long-Range Elliptic Az-
imuthal Anisotropies in

√
s = 13 and 2.76 TeV pp Collisions

with the ATLAS Detector, Phys. Rev. Lett. 116, 172301 (2016).
[65] ATLAS Collaboration, Jet energy scale and its uncertainty

for jets reconstructed using the ATLAS heavy ion jet al-
gorithm, ATLAS-CONF-2015-016 (2015), https://cds.cern.ch/
record/2008677.

[66] ATLAS Collaboration, Topological cell clustering in the AT-
LAS calorimeters and its performance in LHC Run 1, Eur. Phys.
J. C 77, 490 (2017).

[67] ATLAS Collaboration, Improving jet substructure performance
in ATLAS using Track-CaloClusters, ATL-PHYS-PUB-2017-
015 (2017), https://cds.cern.ch/record/2275636.

[68] ATLAS Collaboration, A W/Z-boson tagger using Track-
CaloCluster jets with ATLAS, ATL-PHYS-PUB-2020-008
(2020), https://cds.cern.ch/record/2718218.

[69] ATLAS Collaboration, Jet reconstruction and performance us-
ing particle flow with the ATLAS Detector, Eur. Phys. J. C 77,
466 (2017).

[70] ATLAS Collaboration, Optimisation of large-radius jet recon-
struction for the ATLAS detector in 13 TeV proton–proton
collisions, Eur. Phys. J. C 81, 334 (2020).

[71] ATLAS Collaboration, Performance of the ATLAS track recon-
struction algorithms in dense environments in LHC Run 2, Eur.
Phys. J. C 77, 673 (2017).

[72] ATLAS Collaboration, Measurement of charged-particle spec-
tra in Pb+Pb collisions at

√
sNN = 2.76 TeV with the ATLAS

detector at the LHC, J. High Energy Phys. 09 (2015) 050.
[73] M. Wobisch and T. Wengler, Hadronization corrections to jet

cross-sections in deep inelastic scattering, in Proceedings of
the Workshop on Monte Carlo Generators for HERA Physics
(Plenary Starting Meeting) (1998), p. 270.

[74] Yu. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber,
Better jet clustering algorithms, J. High Energy Phys. 08 (1997)
001.

[75] J. Mulligan and M. Ploskon, Identifying groomed jet splittings
in heavy-ion collisions, Phys. Rev. C 102, 044913 (2020).

[76] T. Adye, Unfolding algorithms and tests using RooUnfold, in
Proceedings of the Workshop on Statistical Issues Related to
Discovery Claims in Search Experiments and Unfolding (PHY-
STAT’11) (CERN, Geneva, Switzerland, 2011), p. 313.

[77] G. D’Agostini, A multidimensional unfolding method based on
Bayes’ theorem, Nucl. Instrum. Meth. A 362, 487 (1995).

054909-19

https://doi.org/10.1016/j.physletb.2020.135846
https://doi.org/10.1103/RevModPhys.60.373
https://doi.org/10.1016/S0550-3213(96)00553-6
https://doi.org/10.1016/j.physletb.2013.07.046
https://doi.org/10.1016/j.physletb.2018.01.029
https://doi.org/10.1007/JHEP10(2019)273
https://doi.org/10.1007/JHEP04(2021)209
https://doi.org/10.1103/PhysRevC.107.034911
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://cds.cern.ch/record/2767187
https://doi.org/10.1088/1748-0221/15/04/P04003
https://doi.org/10.1016/j.physletb.2020.135595
https://doi.org/10.1146/annurev.nucl.57.090506.123020
https://doi.org/10.1016/j.softx.2015.05.001
https://doi.org/10.1140/epjc/s10052-019-7439-3
https://doi.org/10.1016/j.cpc.2015.01.024
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1103/PhysRevC.105.064903
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-013-2304-2
https://doi.org/10.1140/epjc/s10052-018-6468-7
https://doi.org/10.1103/PhysRevLett.116.172301
https://cds.cern.ch/record/2008677
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://cds.cern.ch/record/2275636
https://cds.cern.ch/record/2718218
https://doi.org/10.1140/epjc/s10052-017-5031-2
https://doi.org/10.1140/epjc/s10052-021-09054-3
https://doi.org/10.1140/epjc/s10052-017-5225-7
https://doi.org/10.1007/JHEP09(2015)050
https://doi.org/10.1088/1126-6708/1997/08/001
https://doi.org/10.1103/PhysRevC.102.044913
https://doi.org/10.1016/0168-9002(95)00274-X


G. AAD et al. PHYSICAL REVIEW C 107, 054909 (2023)

[78] ATLAS Collaboration, Jet energy scale measurements and their
systematic uncertainties in proton–proton collisions at

√
s =

13 TeV with the ATLAS detector, Phys. Rev. D 96, 072002
(2017).

[79] ATLAS Collaboration, Jet energy resolution in proton–proton
collisions at

√
s = 7 TeV recorded in 2010 with the ATLAS

detector, Eur. Phys. J. C 73, 2306 (2013).
[80] ATLAS Collaboration, Measurements of jet vetoes and az-

imuthal decorrelations in dijet events produced in pp collisions
at

√
s = 7 TeV using the ATLAS detector, Eur. Phys. J. C 74,

3117 (2014).
[81] ATLAS Collaboration, Study of the material of the ATLAS

inner detector for Run 2 of the LHC, JINST 12, P12009 (2017).
[82] ATLAS Collaboration, Measurement of track reconstruction

inefficiencies in the core of jets via pixel dE/dx with the ATLAS
experiment using

√
s = 13 TeV pp collision data, ATL-PHYS-

PUB-2016-007 (2016), https://cds.cern.ch/record/2140460.
[83] ATLAS Collaboration, Evaluating statistical uncertainties and

correlations using the bootstrap method, ATL-PHYS-PUB-
2021-011 (2021), https://cds.cern.ch/record/2759945.

[84] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, JINST 13, P07017
(2018).

[85] ATLAS Collaboration, Luminosity determination in pp col-
lisions at

√
s = 13 TeV using the ATLAS detector at the

LHC, ATLAS-CONF-2019-021 (2019), https://cds.cern.ch/
record/2677054.

[86] J. Bellm et al., Herwig 7.1 Release Note, arXiv:1705.06919.
[87] R. D. Ball et al., Parton distributions for the LHC run II, J. High

Energy Phys. 04 (2015) 040.

[88] E. Bothmann et al., Event generation with Sherpa 2.2, SciPost
Phys. 7, 034 (2019).

[89] S. Schumann and F. Krauss, A parton shower algorithm based
on Catani–Seymour dipole factorisation, J. High Energy Phys.
03 (2008) 038.

[90] S. Dulat, T. J. Hou, J. Gao, M. Guzzi, J. Huston, P. Nadolsky,
J. Pumplin, C. Schmidt, D. Stump, and C. P. Yuan, New parton
distribution functions from a global analysis of quantum chro-
modynamics, Phys. Rev. D 93, 033006 (2016).

[91] J. H. Putschke et al., The JETSCAPE framework,
arXiv:1903.07706.

[92] P. Caucal, E. Iancu, A. H. Mueller, and G. Soyez, Vacuumlike
Jet Fragmentation in a Dense QCD Medium, Phys. Rev. Lett.
120, 232001 (2018).

[93] F. Ringer, B.-W. Xiao, and F. Yuan, Can we observe jet PT -
broadening in heavy-ion collisions at the LHC? Phys. Lett. B
808, 135634 (2020).

[94] A. Majumder, Incorporating space-time within medium-
modified jet event generators, Phys. Rev. C 88, 014909 (2013).

[95] Y. He, T. Luo, X.-N. Wang, and Y. Zhu, Linear Boltzmann
transport for jet propagation in the quark-gluon plasma: Elastic
processes and medium recoil, Phys. Rev. C 91, 054908 (2015);
97, 019902(E) (2018).

[96] S. Cao, T. Luo, G.-Y. Qin, and X.-N. Wang, Linearized Boltz-
mann transport model for jet propagation in the quark-gluon
plasma: Heavy quark evolution, Phys. Rev. C 94, 014909
(2016).

[97] ATLAS Collaboration, ATLAS Computing Acknowledge-
ments, ATL-SOFT-PUB-2021-003 (2021), https://cds.cern.ch/
record/2776662.

G. Aad ,101 B. Abbott ,119 D. C. Abbott ,102 K. Abeling ,55 S. H. Abidi ,29 A. Aboulhorma ,35e H. Abramowicz ,150

H. Abreu ,149 Y. Abulaiti ,116 A. C. Abusleme Hoffman ,136a B. S. Acharya ,68a,68b,a B. Achkar ,55 L. Adam ,99

C. Adam Bourdarios ,4 L. Adamczyk ,84a L. Adamek ,154 S. V. Addepalli ,26 J. Adelman ,114 A. Adiguzel ,21c

S. Adorni ,56 T. Adye ,133 A. A. Affolder ,135 Y. Afik ,36 M. N. Agaras ,13 J. Agarwala ,72a,72b A. Aggarwal ,99

C. Agheorghiesei ,27c J. A. Aguilar-Saavedra ,129f A. Ahmad ,36 F. Ahmadov ,38,b W. S. Ahmed ,103 S. Ahuja ,94

X. Ai ,48 G. Aielli ,75a,75b I. Aizenberg ,167 M. Akbiyik ,99 T. P. A. Åkesson ,97 A. V. Akimov ,37 K. Al Khoury ,41

G. L. Alberghi ,23b J. Albert ,163 P. Albicocco ,53 M.J. Alconada Verzini ,89 S. Alderweireldt ,52 M. Aleksa ,36

I. N. Aleksandrov ,38 C. Alexa ,27b T. Alexopoulos ,10 A. Alfonsi ,113 F. Alfonsi ,23b M. Alhroob ,119 B. Ali ,131

S. Ali ,147 M. Aliev ,37 G. Alimonti ,70a C. Allaire ,36 B. M. M. Allbrooke ,145 P. P. Allport ,20 A. Aloisio ,71a,71b

F. Alonso ,89 C. Alpigiani ,137 E. Alunno Camelia,75a,75b M. Alvarez Estevez ,98 M. G. Alviggi ,71a,71b

Y. Amaral Coutinho ,81b A. Ambler ,103 C. Amelung,36 C. G. Ames ,108 D. Amidei ,105 S. P. Amor Dos Santos ,129a

S. Amoroso ,48 K. R. Amos ,161 C. S. Amrouche,56 V. Ananiev ,124 C. Anastopoulos ,138 N. Andari ,134 T. Andeen ,11

J. K. Anders ,19 S. Y. Andrean ,47a,47b A. Andreazza ,70a,70b S. Angelidakis ,9 A. Angerami ,41,c A. V. Anisenkov ,37

A. Annovi ,73a C. Antel ,56 M. T. Anthony ,138 E. Antipov ,120 M. Antonelli ,53 D. J. A. Antrim ,17a,17b F. Anulli ,74a

M. Aoki ,82 T. Aoki ,152 J. A. Aparisi Pozo ,161 M. A. Aparo ,145 L. Aperio Bella ,48 C. Appelt ,18 N. Aranzabal ,36

V. Araujo Ferraz ,81a C. Arcangeletti ,53 A. T. H. Arce ,51 E. Arena ,91 J.-F. Arguin ,107 S. Argyropoulos ,54

J.-H. Arling ,48 A. J. Armbruster ,36 O. Arnaez ,154 H. Arnold ,113 Z. P. Arrubarrena Tame,108 G. Artoni ,74a,74b

H. Asada ,110 K. Asai ,117 S. Asai ,152 N. A. Asbah ,61 E. M. Asimakopoulou ,159 J. Assahsah ,35d K. Assamagan ,29

R. Astalos ,28a R. J. Atkin ,33a,33b M. Atkinson,160 N. B. Atlay ,18 H. Atmani,62b P. A. Atmasiddha ,105 K. Augsten ,131

S. Auricchio ,71a,71b A. D. Auriol ,20 V. A. Austrup ,169 G. Avner ,149 G. Avolio ,36 K. Axiotis ,56 M. K. Ayoub ,14c

G. Azuelos ,107,d D. Babal ,28a H. Bachacou ,134 K. Bachas ,151,e A. Bachiu ,34 F. Backman ,47a,47b A. Badea ,61

P. Bagnaia ,74a,74b M. Bahmani ,18 A. J. Bailey ,161 V. R. Bailey ,160 J. T. Baines ,133 C. Bakalis ,10 O. K. Baker ,170

P. J. Bakker ,113 E. Bakos ,15 D. Bakshi Gupta ,8 S. Balaji ,146 R. Balasubramanian ,113 E. M. Baldin ,37 P. Balek ,132

E. Ballabene ,70a,70b F. Balli ,134 L. M. Baltes ,63a W. K. Balunas ,32 J. Balz ,99 E. Banas ,85 M. Bandieramonte ,128

A. Bandyopadhyay ,24 S. Bansal ,24 L. Barak ,150 E. L. Barberio ,104 D. Barberis ,57b,57a M. Barbero ,101 G. Barbour,95

K. N. Barends ,33a T. Barillari ,109 M.-S. Barisits ,36 J. Barkeloo ,122 T. Barklow ,142 R. M. Barnett ,17a P. Baron ,121

054909-20

https://doi.org/10.1103/PhysRevD.96.072002
https://doi.org/10.1140/epjc/s10052-013-2306-0
https://doi.org/10.1140/epjc/s10052-014-3117-7
https://doi.org/10.1088/1748-0221/12/12/P12009
https://cds.cern.ch/record/2140460
https://cds.cern.ch/record/2759945
https://doi.org/10.1088/1748-0221/13/07/P07017
https://cds.cern.ch/record/2677054
http://arxiv.org/abs/arXiv:1705.06919
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.1088/1126-6708/2008/03/038
https://doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/arXiv:1903.07706
https://doi.org/10.1103/PhysRevLett.120.232001
https://doi.org/10.1016/j.physletb.2020.135634
https://doi.org/10.1103/PhysRevC.88.014909
https://doi.org/10.1103/PhysRevC.91.054908
https://doi.org/10.1103/PhysRevC.97.019902
https://doi.org/10.1103/PhysRevC.94.014909
https://cds.cern.ch/record/2776662
https://orcid.org/0000-0002-6665-4934
https://orcid.org/0000-0002-5888-2734
https://orcid.org/0000-0002-7248-3203
https://orcid.org/0000-0002-1002-1652
https://orcid.org/0000-0002-8496-9294
https://orcid.org/0000-0002-9987-2292
https://orcid.org/0000-0001-5329-6640
https://orcid.org/0000-0002-1599-2896
https://orcid.org/0000-0003-0403-3697
https://orcid.org/0000-0003-0762-7204
https://orcid.org/0000-0002-8588-9157
https://orcid.org/0000-0002-0288-2567
https://orcid.org/0000-0001-6005-2812
https://orcid.org/0000-0002-2634-4958
https://orcid.org/0000-0002-5859-2075
https://orcid.org/0000-0003-1562-3502
https://orcid.org/0000-0002-2919-6663
https://orcid.org/0000-0002-1041-3496
https://orcid.org/0000-0001-6644-0517
https://orcid.org/0000-0003-3620-1149
https://orcid.org/0000-0003-0627-5059
https://orcid.org/0000-0002-9058-7217
https://orcid.org/0000-0001-8102-356X
https://orcid.org/0000-0002-4355-5589
https://orcid.org/0000-0002-4754-7455
https://orcid.org/0000-0002-1922-2039
https://orcid.org/0000-0003-3695-1847
https://orcid.org/0000-0002-5475-8920
https://orcid.org/0000-0001-8638-0582
https://orcid.org/0000-0003-3644-540X
https://orcid.org/0000-0003-0128-3279
https://orcid.org/0000-0003-4368-9285
https://orcid.org/0000-0003-3856-2415
https://orcid.org/0000-0002-0573-8114
https://orcid.org/0000-0003-2150-1624
https://orcid.org/0000-0002-7342-3130
https://orcid.org/0000-0003-4141-5408
https://orcid.org/0000-0002-2846-2958
https://orcid.org/0000-0002-0547-8199
https://orcid.org/0000-0003-2388-987X
https://orcid.org/0000-0003-0253-2505
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0003-2212-7830
https://orcid.org/0000-0002-8224-7036
https://orcid.org/0000-0002-1936-9217
https://orcid.org/0000-0001-7381-6762
https://orcid.org/0000-0003-0922-7669
https://orcid.org/0000-0002-8977-279X
https://orcid.org/0000-0001-7406-4531
https://orcid.org/0000-0002-0966-0211
https://orcid.org/0000-0001-7569-7111
https://orcid.org/0000-0001-8653-5556
https://orcid.org/0000-0001-5216-3133
https://orcid.org/0000-0002-9012-3746
https://orcid.org/0000-0002-7128-9046
https://orcid.org/0000-0003-4745-538X
https://orcid.org/0000-0002-5738-2471
https://orcid.org/0000-0001-7303-2570
https://orcid.org/0000-0002-3883-6693
https://orcid.org/0000-0001-9431-8156
https://orcid.org/0000-0002-7641-5814
https://orcid.org/0000-0002-8181-6532
https://orcid.org/0000-0003-0026-982X
https://orcid.org/0000-0002-1798-7230
https://orcid.org/0000-0003-2184-3480
https://orcid.org/0000-0002-2126-4246
https://orcid.org/0000-0002-6814-0355
https://orcid.org/0000-0001-7566-6067
https://orcid.org/0000-0001-5450-0447
https://orcid.org/0000-0003-1757-5620
https://orcid.org/0000-0003-3649-7621
https://orcid.org/0000-0003-1587-5830
https://orcid.org/0000-0002-4935-4753
https://orcid.org/0000-0002-4413-871X
https://orcid.org/0000-0002-1846-0262
https://orcid.org/0000-0002-9766-2670
https://orcid.org/0000-0001-5161-5759
https://orcid.org/0000-0002-8274-6118
https://orcid.org/0000-0001-7834-8750
https://orcid.org/0000-0002-7201-5936
https://orcid.org/0000-0002-4649-4398
https://orcid.org/0000-0001-9683-0890
https://orcid.org/0000-0002-5270-0143
https://orcid.org/0000-0002-6678-7665
https://orcid.org/0000-0002-2293-5726
https://orcid.org/0000-0001-8084-7786
https://orcid.org/0000-0003-2734-130X
https://orcid.org/0000-0001-7498-0097
https://orcid.org/0000-0002-6618-5170
https://orcid.org/0000-0001-7401-4331
https://orcid.org/0000-0003-4675-7810
https://orcid.org/0000-0003-3942-1702
https://orcid.org/0000-0003-1205-6784
https://orcid.org/0000-0001-9013-2274
https://orcid.org/0000-0003-1177-7563
https://orcid.org/0000-0001-8648-2896
https://orcid.org/0000-0002-7255-0832
https://orcid.org/0000-0001-5970-8677
https://orcid.org/0000-0003-0229-3858
https://orcid.org/0000-0001-7748-1429
https://orcid.org/0000-0002-1577-5090
https://orcid.org/0000-0002-9007-530X
https://orcid.org/0000-0002-6096-0893
https://orcid.org/0000-0003-3578-2228
https://orcid.org/0000-0002-3477-4499
https://orcid.org/0000-0003-1420-4955
https://orcid.org/0000-0002-3670-6908
https://orcid.org/0000-0001-5279-2298
https://orcid.org/0000-0001-8381-2255
https://orcid.org/0000-0003-2127-373X
https://orcid.org/0000-0002-3207-9783
https://orcid.org/0000-0002-4826-2662
https://orcid.org/0000-0001-5095-605X
https://orcid.org/0000-0002-1972-1006
https://orcid.org/0000-0003-1094-4825
https://orcid.org/0000-0002-7639-9703
https://orcid.org/0000-0001-8324-0576
https://orcid.org/0000-0001-7599-7712
https://orcid.org/0000-0002-3623-1228
https://orcid.org/0000-0001-6918-9065
https://orcid.org/0000-0003-1616-3587
https://orcid.org/0000-0003-2664-3437
https://orcid.org/0000-0003-3664-8186
https://orcid.org/0000-0001-5265-2674
https://orcid.org/0000-0003-4241-022X
https://orcid.org/0000-0001-7657-6004
https://orcid.org/0000-0002-2256-4515
https://orcid.org/0000-0002-9047-6517
https://orcid.org/0000-0001-8599-024X
https://orcid.org/0000-0001-7489-9184
https://orcid.org/0000-0001-5199-9588
https://orcid.org/0000-0003-4578-2651
https://orcid.org/0000-0003-4173-0926
https://orcid.org/0000-0002-3301-2986
https://orcid.org/0000-0001-8291-5711
https://orcid.org/0000-0003-0770-2702
https://orcid.org/0000-0002-9931-7379
https://orcid.org/0000-0003-1346-5774
https://orcid.org/0000-0002-3479-1125
https://orcid.org/0000-0002-1110-4433
https://orcid.org/0000-0002-6580-008X
https://orcid.org/0000-0002-5364-2109
https://orcid.org/0000-0001-5840-1788
https://orcid.org/0000-0002-9854-975X
https://orcid.org/0000-0002-0942-1966
https://orcid.org/0000-0001-9700-2587
https://orcid.org/0000-0003-0844-4207
https://orcid.org/0000-0001-7041-7096
https://orcid.org/0000-0002-7048-4915
https://orcid.org/0000-0003-2866-9446
https://orcid.org/0000-0001-5325-6040
https://orcid.org/0000-0003-2014-9489
https://orcid.org/0000-0002-5256-839X
https://orcid.org/0000-0002-8754-1074
https://orcid.org/0000-0002-3436-2726
https://orcid.org/0000-0002-3111-0910
https://orcid.org/0000-0002-3938-4553
https://orcid.org/0000-0002-7824-3358
https://orcid.org/0000-0002-9165-9331
https://orcid.org/0000-0001-7326-0565
https://orcid.org/0000-0003-0253-106X
https://orcid.org/0000-0002-5132-4887
https://orcid.org/0000-0002-7709-037X
https://orcid.org/0000-0002-7210-9887
https://orcid.org/0000-0002-5170-0053


MEASUREMENT OF SUBSTRUCTURE-DEPENDENT JET … PHYSICAL REVIEW C 107, 054909 (2023)

D. A. Baron Moreno ,100 A. Baroncelli ,62a G. Barone ,29 A. J. Barr ,125 L. Barranco Navarro ,47a,47b F. Barreiro ,98

J. Barreiro Guimarães da Costa ,14a U. Barron ,150 M. G. Barros Teixeira ,129a S. Barsov ,37 F. Bartels ,63a

R. Bartoldus ,142 A. E. Barton ,90 P. Bartos ,28a A. Basalaev ,48 A. Basan ,99 M. Baselga ,49 I. Bashta ,76a,76b

A. Bassalat ,66 M. J. Basso ,154 C. R. Basson ,100 R. L. Bates ,59 S. Batlamous,35e J. R. Batley ,32 B. Batool ,140

M. Battaglia ,135 M. Bauce ,74a,74b P. Bauer ,24 A. Bayirli ,21a J. B. Beacham ,51 T. Beau ,126 P. H. Beauchemin ,157

F. Becherer ,54 P. Bechtle ,24 H. P. Beck ,19,f K. Becker ,165 C. Becot ,48 A. J. Beddall ,21d V. A. Bednyakov ,38

C. P. Bee ,144 L. J. Beemster,15 T. A. Beermann ,36 M. Begalli ,81d,81d M. Begel ,29 A. Behera ,144 J. K. Behr ,48

C. Beirao Da Cruz E Silva ,36 J. F. Beirer ,55,36 F. Beisiegel ,24 M. Belfkir ,115a,115b G. Bella ,150 L. Bellagamba ,23b

A. Bellerive ,34 P. Bellos ,20 K. Beloborodov ,37 K. Belotskiy ,37 N. L. Belyaev ,37 D. Benchekroun ,35a

F. Bendebba ,35a Y. Benhammou ,150 D. P. Benjamin ,29 M. Benoit ,29 J. R. Bensinger ,26 S. Bentvelsen ,113

L. Beresford ,36 M. Beretta ,53 D. Berge ,18 E. Bergeaas Kuutmann ,159 N. Berger ,4 B. Bergmann ,131 J. Beringer ,17a

S. Berlendis ,7 G. Bernardi ,5 C. Bernius ,142 F. U. Bernlochner ,24 T. Berry ,94 P. Berta ,132 A. Berthold ,50

I. A. Bertram ,90 S. Bethke ,109 A. Betti ,74a,74b A. J. Bevan ,93 M. Bhamjee ,33c S. Bhatta ,144 D. S. Bhattacharya ,164

P. Bhattarai,26 V. S. Bhopatkar ,6 R. Bi,128 R. Bi,29,g R. M. Bianchi ,128 O. Biebel ,108 R. Bielski ,122 M. Biglietti ,76a

T. R. V. Billoud ,131 M. Bindi ,55 A. Bingul ,21b C. Bini ,74a,74b S. Biondi ,23b,23a A. Biondini ,91 C. J. Birch-sykes ,100

G. A. Bird ,20,133 M. Birman ,167 T. Bisanz ,36 E. Bisceglie ,43b,43a D. Biswas ,168,h A. Bitadze ,100 K. Bjørke ,124

I. Bloch ,48 C. Blocker ,26 A. Blue ,59 U. Blumenschein ,93 J. Blumenthal ,99 G. J. Bobbink ,113 V. S. Bobrovnikov ,37

M. Boehler ,54 D. Bogavac ,36 A. G. Bogdanchikov ,37 C. Bohm ,47a V. Boisvert ,94 P. Bokan ,48 T. Bold ,84a

M. Bomben ,5 M. Bona ,93 M. Boonekamp ,134 C. D. Booth ,94 A. G. Borbély ,59 H. M. Borecka-Bielska ,107

L. S. Borgna ,95 G. Borissov ,90 D. Bortoletto ,125 D. Boscherini ,23b M. Bosman ,13 J. D. Bossio Sola ,36

K. Bouaouda ,35a J. Boudreau ,128 E. V. Bouhova-Thacker ,90 D. Boumediene ,40 R. Bouquet ,5 A. Boveia ,118

J. Boyd ,36 D. Boye ,29 I. R. Boyko ,38 J. Bracinik ,20 N. Brahimi ,62d G. Brandt ,169 O. Brandt ,32 F. Braren ,48

B. Brau ,102 J. E. Brau ,122 W. D. Breaden Madden,59 K. Brendlinger ,48 R. Brener ,167 L. Brenner ,36 R. Brenner ,159

S. Bressler ,167 B. Brickwedde ,99 D. Britton ,59 D. Britzger ,109 I. Brock ,24 G. Brooijmans ,41 W. K. Brooks ,136f

E. Brost ,29 P. A. Bruckman de Renstrom ,85 B. Brüers ,48 D. Bruncko ,28b,i A. Bruni ,23b G. Bruni ,23b M. Bruschi ,23b

N. Bruscino ,74a,74b L. Bryngemark ,142 T. Buanes ,16 Q. Buat ,137 P. Buchholz ,140 A. G. Buckley ,59

I. A. Budagov ,38,i M. K. Bugge ,124 O. Bulekov ,37 B. A. Bullard ,61 S. Burdin ,91 C. D. Burgard ,48 A. M. Burger ,40

B. Burghgrave ,8 J. T. P. Burr ,32 C. D. Burton ,11 J. C. Burzynski ,141 E. L. Busch ,41 V. Büscher ,99 P. J. Bussey ,59

J. M. Butler ,25 C. M. Buttar ,59 J. M. Butterworth ,95 W. Buttinger ,133 C. J. Buxo Vazquez,106 A. R. Buzykaev ,37

G. Cabras ,23b S. Cabrera Urbán ,161 D. Caforio ,58 H. Cai ,128 Y. Cai ,14a,14d V. M. M. Cairo ,36 O. Cakir ,3a

N. Calace ,36 P. Calafiura ,17a G. Calderini ,126 P. Calfayan ,67 G. Callea ,59 L. P. Caloba,81b D. Calvet ,40 S. Calvet ,40

T. P. Calvet ,101 M. Calvetti ,73a,73b R. Camacho Toro ,126 S. Camarda ,36 D. Camarero Munoz ,98 P. Camarri ,75a,75b

M. T. Camerlingo ,76a,76b D. Cameron ,124 C. Camincher ,163 M. Campanelli ,95 A. Camplani ,42 V. Canale ,71a,71b

A. Canesse ,103 M. Cano Bret ,79 J. Cantero ,161 Y. Cao ,160 F. Capocasa ,26 M. Capua ,43b,43a A. Carbone ,70a,70b

R. Cardarelli ,75a J. C. J. Cardenas ,8 F. Cardillo ,161 T. Carli ,36 G. Carlino ,71a B. T. Carlson ,128,j

E. M. Carlson ,163,155a L. Carminati ,70a,70b M. Carnesale ,74a,74b S. Caron ,112 E. Carquin ,136f S. Carrá ,70a,70b

G. Carratta ,23b,23a F. Carrio Argos ,33g J. W. S. Carter ,154 T. M. Carter ,52 M. P. Casado ,13,k A. F. Casha,154

E. G. Castiglia ,170 F. L. Castillo ,63a L. Castillo Garcia ,13 V. Castillo Gimenez ,161 N. F. Castro ,129a,129e

A. Catinaccio ,36 J. R. Catmore ,124 V. Cavaliere ,29 N. Cavalli ,23b,23a V. Cavasinni ,73a,73b E. Celebi ,21a F. Celli ,125

M. S. Centonze ,69a,69b K. Cerny ,121 A. S. Cerqueira ,81a A. Cerri ,145 L. Cerrito ,75a,75b F. Cerutti ,17a A. Cervelli ,23b

S. A. Cetin ,21d Z. Chadi ,35a D. Chakraborty ,114 M. Chala ,129f J. Chan ,168 W. S. Chan ,113 W. Y. Chan ,152

J. D. Chapman ,32 B. Chargeishvili ,148b D. G. Charlton ,20 T. P. Charman ,93 M. Chatterjee ,19 S. Chekanov ,6

S. V. Chekulaev ,155a G. A. Chelkov ,38,l A. Chen ,105 B. Chen ,150 B. Chen ,163 C. Chen,62a H. Chen ,14c H. Chen ,29

J. Chen ,62c J. Chen ,26 S. Chen ,152 S. J. Chen ,14c X. Chen ,62c X. Chen ,14b,m Y. Chen ,62a C. L. Cheng ,168

H. C. Cheng ,64a A. Cheplakov ,38 E. Cheremushkina ,48 E. Cherepanova ,113 R. Cherkaoui El Moursli ,35e E. Cheu ,7

K. Cheung ,65 L. Chevalier ,134 V. Chiarella ,53 G. Chiarelli ,73a N. Chiedde ,101 G. Chiodini ,69a A. S. Chisholm ,20

A. Chitan ,27b Y. H. Chiu ,163 M. V. Chizhov ,38 K. Choi ,11 A. R. Chomont ,74a,74b Y. Chou ,102 E. Y. S. Chow ,113

T. Chowdhury ,33g L. D. Christopher ,33g K. L. Chu,64a M. C. Chu ,64a X. Chu ,14a,14d J. Chudoba ,130

J. J. Chwastowski ,85 D. Cieri ,109 K. M. Ciesla ,84a V. Cindro ,92 A. Ciocio ,17a F. Cirotto ,71a,71b Z. H. Citron ,167,n

M. Citterio ,70a D. A. Ciubotaru,27b B. M. Ciungu ,154 A. Clark ,56 P. J. Clark ,52 J. M. Clavijo Columbie ,48

S. E. Clawson ,100 C. Clement ,47a,47b J. Clercx ,48 L. Clissa ,23b,23a Y. Coadou ,101 M. Cobal ,68a,68c A. Coccaro ,57b

R. F. Coelho Barrue ,129a R. Coelho Lopes De Sa ,102 S. Coelli ,70a H. Cohen ,150 A. E. C. Coimbra ,70a,70b B. Cole ,41

J. Collot ,60 P. Conde Muiño ,129a,129g M. P. Connell ,33c S. H. Connell ,33c I. A. Connelly ,59 E. I. Conroy ,125

F. Conventi ,71a,o H. G. Cooke ,20 A. M. Cooper-Sarkar ,125 F. Cormier ,162 L. D. Corpe ,36 M. Corradi ,74a,74b

E. E. Corrigan ,97 F. Corriveau ,103,p A. Cortes-Gonzalez ,18 M. J. Costa ,161 F. Costanza ,4 D. Costanzo ,138

B. M. Cote ,118 G. Cowan ,94 J. W. Cowley ,32 K. Cranmer ,116 S. Crépé-Renaudin ,60 F. Crescioli ,126

M. Cristinziani ,140 M. Cristoforetti ,77a,77b,q V. Croft ,157 G. Crosetti ,43b,43a A. Cueto ,36 T. Cuhadar Donszelmann ,158

H. Cui ,14a,14d Z. Cui ,7 A. R. Cukierman ,142 W. R. Cunningham ,59 F. Curcio ,43b,43a P. Czodrowski ,36

054909-21

https://orcid.org/0000-0001-9864-7985
https://orcid.org/0000-0001-7090-7474
https://orcid.org/0000-0001-5163-5936
https://orcid.org/0000-0002-3533-3740
https://orcid.org/0000-0002-3380-8167
https://orcid.org/0000-0002-3021-0258
https://orcid.org/0000-0003-2387-0386
https://orcid.org/0000-0002-3455-7208
https://orcid.org/0000-0003-0914-8178
https://orcid.org/0000-0003-2872-7116
https://orcid.org/0000-0002-3407-0918
https://orcid.org/0000-0001-5317-9794
https://orcid.org/0000-0001-9696-9497
https://orcid.org/0000-0003-1419-3213
https://orcid.org/0000-0001-5623-2853
https://orcid.org/0000-0001-8021-8525
https://orcid.org/0000-0002-1533-0876
https://orcid.org/0000-0002-2961-2735
https://orcid.org/0000-0002-0129-1423
https://orcid.org/0000-0001-9278-3863
https://orcid.org/0000-0003-1693-5946
https://orcid.org/0000-0002-6923-5372
https://orcid.org/0000-0001-7658-7766
https://orcid.org/0000-0001-6544-9376
https://orcid.org/0000-0001-9608-543X
https://orcid.org/0000-0002-9148-4658
https://orcid.org/0000-0002-4568-5360
https://orcid.org/0000-0003-3542-7242
https://orcid.org/0000-0003-3623-3335
https://orcid.org/0000-0002-2022-2140
https://orcid.org/0000-0003-4889-8748
https://orcid.org/0000-0003-0562-4616
https://orcid.org/0000-0003-3479-2221
https://orcid.org/0000-0001-7212-1096
https://orcid.org/0000-0002-6691-6498
https://orcid.org/0000-0003-0473-512X
https://orcid.org/0000-0002-8451-9672
https://orcid.org/0000-0003-4864-8909
https://orcid.org/0000-0001-6294-6561
https://orcid.org/0000-0001-9805-2893
https://orcid.org/0000-0003-4868-6059
https://orcid.org/0000-0002-1634-4399
https://orcid.org/0000-0002-7739-295X
https://orcid.org/0000-0002-5501-4640
https://orcid.org/0000-0002-1231-3819
https://orcid.org/0000-0001-9024-4989
https://orcid.org/0000-0002-7659-8948
https://orcid.org/0000-0001-9974-1527
https://orcid.org/0000-0002-4009-0990
https://orcid.org/0000-0001-7098-9393
https://orcid.org/0000-0001-6775-0111
https://orcid.org/0000-0003-2049-9622
https://orcid.org/0000-0003-0945-4087
https://orcid.org/0000-0003-4617-8819
https://orcid.org/0000-0002-1131-7121
https://orcid.org/0000-0001-5196-8327
https://orcid.org/0000-0002-5360-5973
https://orcid.org/0000-0002-0392-1783
https://orcid.org/0000-0001-9338-4581
https://orcid.org/0000-0002-8623-1699
https://orcid.org/0000-0002-6117-4536
https://orcid.org/0000-0003-3280-0953
https://orcid.org/0000-0002-3080-1824
https://orcid.org/0000-0002-7026-8171
https://orcid.org/0000-0002-2918-1824
https://orcid.org/0000-0002-1253-8583
https://orcid.org/0000-0002-7963-9725
https://orcid.org/0000-0002-8076-5614
https://orcid.org/0000-0002-9975-1781
https://orcid.org/0000-0003-1911-772X
https://orcid.org/0000-0002-2837-2442
https://orcid.org/0000-0003-3433-1687
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0002-9569-8231
https://orcid.org/0000-0003-0780-0345
https://orcid.org/0000-0002-3824-409X
https://orcid.org/0000-0003-4073-4941
https://orcid.org/0000-0003-0073-3821
https://orcid.org/0000-0003-0839-9311
https://orcid.org/0000-0002-4105-9629
https://orcid.org/0000-0002-2697-4589
https://orcid.org/0000-0002-9045-3278
https://orcid.org/0000-0003-3837-4166
https://orcid.org/0000-0003-3024-587X
https://orcid.org/0000-0001-7345-7798
https://orcid.org/0000-0002-8663-6856
https://orcid.org/0000-0002-2079-5344
https://orcid.org/0000-0001-5442-1351
https://orcid.org/0000-0002-6280-3306
https://orcid.org/0000-0001-6172-545X
https://orcid.org/0000-0002-2455-8039
https://orcid.org/0000-0001-6674-7869
https://orcid.org/0000-0002-1492-6715
https://orcid.org/0000-0002-1559-3473
https://orcid.org/0000-0001-6329-9191
https://orcid.org/0000-0003-2025-5935
https://orcid.org/0000-0002-3835-0968
https://orcid.org/0000-0002-7820-3065
https://orcid.org/0000-0001-6410-9046
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0003-3485-0321
https://orcid.org/0000-0002-6696-5169
https://orcid.org/0000-0001-6898-5633
https://orcid.org/0000-0002-7716-5626
https://orcid.org/0000-0002-6134-0303
https://orcid.org/0000-0001-5412-1236
https://orcid.org/0000-0001-8462-351X
https://orcid.org/0000-0002-2003-0261
https://orcid.org/0000-0001-9734-574X
https://orcid.org/0000-0003-2138-9062
https://orcid.org/0000-0002-8635-9342
https://orcid.org/0000-0003-3807-7831
https://orcid.org/0000-0002-7736-0173
https://orcid.org/0000-0002-2668-889X
https://orcid.org/0000-0002-2432-411X
https://orcid.org/0000-0002-9807-861X
https://orcid.org/0000-0002-9660-580X
https://orcid.org/0000-0003-0078-9817
https://orcid.org/0000-0001-5880-7761
https://orcid.org/0000-0002-6890-1601
https://orcid.org/0000-0002-5702-739X
https://orcid.org/0000-0003-0012-7856
https://orcid.org/0000-0002-4226-9521
https://orcid.org/0000-0002-1287-4712
https://orcid.org/0000-0001-9207-6413
https://orcid.org/0000-0002-7290-643X
https://orcid.org/0000-0002-7134-8077
https://orcid.org/0000-0002-7723-5030
https://orcid.org/0000-0002-9314-5860
https://orcid.org/0000-0002-5103-1558
https://orcid.org/0000-0002-7809-3118
https://orcid.org/0000-0001-9683-7101
https://orcid.org/0000-0002-6647-6699
https://orcid.org/0000-0001-7360-0726
https://orcid.org/0000-0002-2704-835X
https://orcid.org/0000-0002-3355-4662
https://orcid.org/0000-0001-5762-3477
https://orcid.org/0000-0003-0992-3509
https://orcid.org/0000-0001-7992-0309
https://orcid.org/0000-0001-5219-1417
https://orcid.org/0000-0003-4339-4727
https://orcid.org/0000-0001-9726-4376
https://orcid.org/0000-0003-1292-9725
https://orcid.org/0000-0002-9096-780X
https://orcid.org/0000-0001-5791-4872
https://orcid.org/0000-0001-5350-7081
https://orcid.org/0000-0002-8204-4124
https://orcid.org/0000-0003-4194-2734
https://orcid.org/0000-0003-3518-3057
https://orcid.org/0000-0001-9998-4342
https://orcid.org/0000-0002-9246-7366
https://orcid.org/0000-0003-0903-8948
https://orcid.org/0000-0002-3354-1810
https://orcid.org/0000-0001-6161-3570
https://orcid.org/0000-0002-6800-9808
https://orcid.org/0000-0002-0206-1160
https://orcid.org/0000-0002-1479-2112
https://orcid.org/0000-0003-0208-2372
https://orcid.org/0000-0003-4806-0718
https://orcid.org/0000-0001-5667-7748
https://orcid.org/0000-0002-4319-4023
https://orcid.org/0000-0002-6168-689X
https://orcid.org/0000-0002-8420-3408
https://orcid.org/0000-0002-8977-121X
https://orcid.org/0000-0001-7318-5251
https://orcid.org/0000-0002-4049-0134
https://orcid.org/0000-0001-8355-9237
https://orcid.org/0000-0002-3711-148X
https://orcid.org/0000-0002-8650-8125
https://orcid.org/0000-0002-5687-2073
https://orcid.org/0000-0001-7148-6536
https://orcid.org/0000-0003-4831-4132
https://orcid.org/0000-0002-6900-825X
https://orcid.org/0000-0003-0685-4122
https://orcid.org/0000-0001-5686-0948
https://orcid.org/0000-0001-6726-6362
https://orcid.org/0000-0002-3427-6537
https://orcid.org/0000-0002-4690-0528
https://orcid.org/0000-0003-4482-2666
https://orcid.org/0000-0001-9196-0629
https://orcid.org/0000-0003-0988-7878
https://orcid.org/0000-0003-2834-836X
https://orcid.org/0000-0003-0188-6491
https://orcid.org/0000-0002-5905-5394
https://orcid.org/0000-0002-5116-1897
https://orcid.org/0000-0002-5458-5564
https://orcid.org/0000-0002-8467-8235
https://orcid.org/0000-0001-7640-7913
https://orcid.org/0000-0001-7808-8442
https://orcid.org/0000-0001-7575-3603
https://orcid.org/0000-0003-4946-153X
https://orcid.org/0000-0002-0758-7575
https://orcid.org/0000-0002-9016-138X
https://orcid.org/0000-0002-1494-9538
https://orcid.org/0000-0002-1692-1678
https://orcid.org/0000-0002-9495-9145
https://orcid.org/0000-0003-1600-464X
https://orcid.org/0000-0001-5969-3786
https://orcid.org/0000-0002-9953-5333
https://orcid.org/0000-0002-2531-3463
https://orcid.org/0000-0002-3342-3566
https://orcid.org/0000-0003-0125-2165
https://orcid.org/0000-0002-9192-8028
https://orcid.org/0000-0003-0479-7689
https://orcid.org/0000-0002-2855-7738
https://orcid.org/0000-0002-5732-5645
https://orcid.org/0000-0002-9417-8613
https://orcid.org/0000-0001-6097-2256
https://orcid.org/0000-0001-5929-1357
https://orcid.org/0000-0001-6746-3374
https://orcid.org/0000-0002-6386-9788
https://orcid.org/0000-0003-2303-9306
https://orcid.org/0000-0002-9227-5217
https://orcid.org/0000-0002-8880-434X
https://orcid.org/0000-0001-8449-1019
https://orcid.org/0000-0001-8747-2809
https://orcid.org/0000-0002-3562-9592
https://orcid.org/0000-0002-2443-6525
https://orcid.org/0000-0002-4117-3800
https://orcid.org/0000-0003-4541-4189
https://orcid.org/0000-0002-6511-7096
https://orcid.org/0000-0002-4478-3524
https://orcid.org/0000-0003-4058-5376
https://orcid.org/0000-0002-3924-0445
https://orcid.org/0000-0002-7550-7821
https://orcid.org/0000-0002-4139-9543
https://orcid.org/0000-0003-4535-2926
https://orcid.org/0000-0003-3570-7332
https://orcid.org/0000-0003-2941-2829
https://orcid.org/0000-0002-7863-1166
https://orcid.org/0000-0001-8650-942X
https://orcid.org/0000-0002-8846-2714
https://orcid.org/0000-0003-1990-2947
https://orcid.org/0000-0002-7836-4264
https://orcid.org/0000-0003-2966-6036
https://orcid.org/0000-0002-0394-5646
https://orcid.org/0000-0001-7991-2018
https://orcid.org/0000-0002-1172-1052
https://orcid.org/0000-0003-1396-2826
https://orcid.org/0000-0002-8245-1790
https://orcid.org/0000-0001-8491-4376
https://orcid.org/0000-0001-8774-8887
https://orcid.org/0000-0001-8915-0184
https://orcid.org/0000-0002-4297-8539
https://orcid.org/0000-0002-1096-5290
https://orcid.org/0000-0001-6203-9347
https://orcid.org/0000-0003-3793-0159
https://orcid.org/0000-0001-6962-4573
https://orcid.org/0000-0002-7945-4392
https://orcid.org/0000-0003-0683-2177
https://orcid.org/0000-0002-4300-703X
https://orcid.org/0000-0002-1904-6661
https://orcid.org/0000-0002-8077-7850
https://orcid.org/0000-0001-9669-9642
https://orcid.org/0000-0002-0518-1459
https://orcid.org/0000-0001-5050-8441
https://orcid.org/0000-0002-3117-5415
https://orcid.org/0000-0002-9865-4146
https://orcid.org/0000-0002-4343-9094
https://orcid.org/0000-0001-7069-0295
https://orcid.org/0000-0003-2150-1296
https://orcid.org/0000-0002-5369-8540
https://orcid.org/0000-0002-2926-8962
https://orcid.org/0000-0002-5376-2397
https://orcid.org/0000-0003-0211-2041
https://orcid.org/0000-0001-6288-5236
https://orcid.org/0000-0003-4241-7405
https://orcid.org/0000-0001-7314-7247
https://orcid.org/0000-0002-4034-2326
https://orcid.org/0000-0002-3468-9761
https://orcid.org/0000-0001-9973-7966
https://orcid.org/0000-0002-3034-8943
https://orcid.org/0000-0002-7985-9023
https://orcid.org/0000-0002-5895-6799
https://orcid.org/0000-0002-9936-0115
https://orcid.org/0000-0002-2554-2725
https://orcid.org/0000-0003-1586-5253
https://orcid.org/0000-0001-7987-9764
https://orcid.org/0000-0003-0447-5348
https://orcid.org/0000-0003-4977-2717
https://orcid.org/0000-0003-4027-3305
https://orcid.org/0000-0001-6793-3604
https://orcid.org/0000-0002-4086-1847
https://orcid.org/0000-0002-8912-4389
https://orcid.org/0000-0002-0967-2351
https://orcid.org/0000-0002-8772-0961
https://orcid.org/0000-0002-3150-8478
https://orcid.org/0000-0002-5842-2818
https://orcid.org/0000-0002-2562-9724
https://orcid.org/0000-0003-2176-4053
https://orcid.org/0000-0003-3762-7264
https://orcid.org/0000-0002-4210-2924
https://orcid.org/0000-0001-9851-4816
https://orcid.org/0000-0003-1256-1043
https://orcid.org/0000-0002-2458-9513
https://orcid.org/0000-0001-9214-8528
https://orcid.org/0000-0003-2262-4773
https://orcid.org/0000-0002-9487-9348
https://orcid.org/0000-0001-5841-3316
https://orcid.org/0000-0003-0748-694X
https://orcid.org/0000-0002-3243-5610
https://orcid.org/0000-0002-2204-5731
https://orcid.org/0000-0002-4549-2219
https://orcid.org/0000-0002-2681-8105
https://orcid.org/0000-0002-2509-0132
https://orcid.org/0000-0002-1971-0403
https://orcid.org/0000-0003-2848-0184
https://orcid.org/0000-0002-6425-2579
https://orcid.org/0000-0002-6190-8376
https://orcid.org/0000-0002-3533-3847
https://orcid.org/0000-0003-2751-3474
https://orcid.org/0000-0002-2037-7185
https://orcid.org/0000-0002-3081-4879
https://orcid.org/0000-0001-6556-856X
https://orcid.org/0000-0003-1831-6452
https://orcid.org/0000-0002-0842-0654
https://orcid.org/0000-0002-8920-4880
https://orcid.org/0000-0001-8341-5911
https://orcid.org/0000-0002-3777-0880
https://orcid.org/0000-0003-3210-1722
https://orcid.org/0000-0001-9952-934X
https://orcid.org/0000-0003-3122-3605
https://orcid.org/0000-0002-7478-0850
https://orcid.org/0000-0002-4876-5200
https://orcid.org/0000-0001-8195-7004
https://orcid.org/0000-0003-3309-0762
https://orcid.org/0000-0003-2368-4559
https://orcid.org/0000-0001-8985-5379
https://orcid.org/0000-0001-5200-9195
https://orcid.org/0000-0002-5145-3646
https://orcid.org/0000-0001-6437-0981
https://orcid.org/0000-0003-2301-1637
https://orcid.org/0000-0002-5092-2148
https://orcid.org/0000-0002-9412-7090
https://orcid.org/0000-0002-9187-7478
https://orcid.org/0000-0002-4799-7560
https://orcid.org/0000-0001-6000-7245
https://orcid.org/0000-0001-9127-6827
https://orcid.org/0000-0002-0215-2767
https://orcid.org/0000-0002-5575-1413
https://orcid.org/0000-0001-9297-1063
https://orcid.org/0000-0002-7107-5902
https://orcid.org/0000-0002-2532-3207
https://orcid.org/0000-0003-2136-4842
https://orcid.org/0000-0001-8729-466X
https://orcid.org/0000-0003-2485-0248
https://orcid.org/0000-0002-4970-7600
https://orcid.org/0000-0002-3279-3370
https://orcid.org/0000-0002-2064-2954
https://orcid.org/0000-0002-8056-8469
https://orcid.org/0000-0003-4920-6264
https://orcid.org/0000-0003-2444-8267
https://orcid.org/0000-0001-8363-9827
https://orcid.org/0000-0001-7002-652X
https://orcid.org/0000-0002-5769-7094
https://orcid.org/0000-0001-5980-5805
https://orcid.org/0000-0001-6457-2575
https://orcid.org/0000-0003-3893-9171
https://orcid.org/0000-0002-0127-1342
https://orcid.org/0000-0002-8731-4525
https://orcid.org/0000-0001-5990-4811
https://orcid.org/0000-0003-1494-7898
https://orcid.org/0000-0003-3519-1356
https://orcid.org/0000-0002-9923-1313
https://orcid.org/0000-0002-4317-2449
https://orcid.org/0000-0002-7834-1716
https://orcid.org/0000-0001-5517-8795
https://orcid.org/0000-0002-8682-9316
https://orcid.org/0000-0003-0723-1437


G. AAD et al. PHYSICAL REVIEW C 107, 054909 (2023)

M. M. Czurylo ,63b M. J. Da Cunha Sargedas De Sousa ,62a J. V. Da Fonseca Pinto ,81b C. Da Via ,100 W. Dabrowski ,84a

T. Dado ,49 S. Dahbi ,33g T. Dai ,105 C. Dallapiccola ,102 M. Dam ,42 G. D’amen ,29 V. D’Amico ,76a,76b J. Damp ,99

J. R. Dandoy ,127 M. F. Daneri ,30 M. Danninger ,141 V. Dao ,36 G. Darbo ,57b S. Darmora ,6 S. J. Das ,29

A. Dattagupta ,122 S. D’Auria ,70a,70b C. David ,155b T. Davidek ,132 D. R. Davis ,51 B. Davis-Purcell ,34 I. Dawson ,93

K. De ,8 R. De Asmundis ,71a M. De Beurs ,113 S. De Castro ,23b,23a N. De Groot ,112 P. de Jong ,113

H. De la Torre ,106 A. De Maria ,14c A. De Salvo ,74a U. De Sanctis ,75a,75b A. De Santo ,145 J. B. De Vivie De Regie ,60

D. V. Dedovich,38 J. Degens ,113 A. M. Deiana ,44 F. Del Corso ,23b,23a J. Del Peso ,98 F. Del Rio ,63a F. Deliot ,134

C. M. Delitzsch ,49 M. Della Pietra ,71a,71b D. Della Volpe ,56 A. Dell’Acqua ,36 L. Dell’Asta ,70a,70b M. Delmastro ,4

P. A. Delsart ,60 S. Demers ,170 M. Demichev ,38 S. P. Denisov ,37 L. D’Eramo ,114 D. Derendarz ,85 F. Derue ,126

P. Dervan ,91 K. Desch ,24 K. Dette ,154 C. Deutsch ,24 P. O. Deviveiros ,36 F.A. Di Bello ,74a,74b A. Di Ciaccio ,75a,75b

L. Di Ciaccio ,4 A. Di Domenico ,74a,74b C. Di Donato ,71a,71b A. Di Girolamo ,36 G. Di Gregorio ,73a,73b

A. Di Luca ,77a,77b B. Di Micco ,76a,76b R. Di Nardo ,76a,76b C. Diaconu ,101 F. A. Dias ,113 T. Dias Do Vale ,141

M. A. Diaz ,136a,136b F.G. Diaz Capriles ,24 M. Didenko ,161 E. B. Diehl ,105 L. Diehl ,54 S. Díez Cornell ,48

C. Diez Pardos ,140 C. Dimitriadi ,24,159 A. Dimitrievska ,17a W. Ding ,14b J. Dingfelder ,24 I-M. Dinu ,27b

S. J. Dittmeier ,63b F. Dittus ,36 F. Djama ,101 T. Djobava ,148b J. I. Djuvsland ,16 D. Dodsworth ,26 C. Doglioni ,100,97

J. Dolejsi ,132 Z. Dolezal ,132 M. Donadelli ,81c B. Dong ,62c J. Donini ,40 A. D’Onofrio ,14c M. D’Onofrio ,91

J. Dopke ,133 A. Doria ,71a M. T. Dova ,89 A. T. Doyle ,59 M. A. Draguet ,125 E. Drechsler ,141 E. Dreyer ,167

I. Drivas-koulouris ,10 A. S. Drobac ,157 D. Du ,62a T.A. du Pree ,113 F. Dubinin ,37 M. Dubovsky ,28a E. Duchovni ,167

G. Duckeck ,108 O. A. Ducu ,36 D. Duda ,109 A. Dudarev ,36 M. D’uffizi ,100 L. Duflot ,66 M. Dührssen ,36

C. Dülsen ,169 A. E. Dumitriu ,27b M. Dunford ,63a S. Dungs ,49 K. Dunne ,47a,47b A. Duperrin ,101 H. Duran Yildiz ,3a

M. Düren ,58 A. Durglishvili ,148b B. L. Dwyer ,114 G. I. Dyckes ,17a M. Dyndal ,84a S. Dysch ,100 B. S. Dziedzic ,85

Z. O. Earnshaw ,145 B. Eckerova ,28a M. G. Eggleston,51 E. Egidio Purcino De Souza ,81b L. F. Ehrke ,56 G. Eigen ,16

K. Einsweiler ,17a T. Ekelof ,159 P. A. Ekman ,97 Y. El Ghazali ,35b H. El Jarrari ,35e,147 A. El Moussaouy ,35a

V. Ellajosyula ,159 M. Ellert ,159 F. Ellinghaus ,169 A. A. Elliot ,93 N. Ellis ,36 J. Elmsheuser ,29 M. Elsing ,36

D. Emeliyanov ,133 A. Emerman ,41 Y. Enari ,152 I. Ene ,17a S. Epari ,13 J. Erdmann ,49 A. Ereditato ,19

P. A. Erland ,85 M. Errenst ,169 M. Escalier ,66 C. Escobar ,161 E. Etzion ,150 G. Evans ,129a H. Evans ,67

M. O. Evans ,145 A. Ezhilov ,37 S. Ezzarqtouni ,35a F. Fabbri ,59 L. Fabbri ,23b,23a G. Facini ,95 V. Fadeyev ,135

R. M. Fakhrutdinov ,37 S. Falciano ,74a P. J. Falke ,24 S. Falke ,36 J. Faltova ,132 Y. Fan ,14a Y. Fang ,14a,14d

G. Fanourakis ,46 M. Fanti ,70a,70b M. Faraj ,68a,68b A. Farbin ,8 A. Farilla ,76a T. Farooque ,106 S. M. Farrington ,52

F. Fassi ,35e D. Fassouliotis ,9 M. Faucci Giannelli ,75a,75b W. J. Fawcett ,32 L. Fayard ,66 O. L. Fedin ,37,l

G. Fedotov ,37 M. Feickert ,160 L. Feligioni ,101 A. Fell ,138 D. E. Fellers ,122 C. Feng ,62b M. Feng ,14b Z. Feng ,113

M. J. Fenton ,158 A. B. Fenyuk,37 L. Ferencz ,48 S. W. Ferguson ,45 J.A. Fernandez Pretel ,54 J. Ferrando ,48

A. Ferrari ,159 P. Ferrari ,113 R. Ferrari ,72a D. Ferrere ,56 C. Ferretti ,105 F. Fiedler ,99 A. Filipčič ,92 E. K. Filmer ,1
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