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Studies of the correlations of the two highest transverse momentum (leading) jets in individual Pb+-Pb colli-
sion events can provide information about the mechanism of jet quenching by the hot and dense matter created in
such collisions. In Pb++Pb and pp collisions at /syy = 5.02 TeV, measurements of the leading dijet transverse
momentum (pr) correlations are presented. Additionally, measurements in Pb+Pb collisions of the dijet pair
nuclear modification factors projected along leading and subleading jet pr are made. The measurements are per-
formed using the ATLAS detector at the LHC with 260 pb~! of pp data collected in 2017 and 2.2 nb~' of Pb+Pb
data collected in 2015 and 2018. An unfolding procedure is applied to the two-dimensional leading and sublead-
ing jet pr distributions to account for experimental effects in the measurement of both jets. Results are provided
for dijets with leading jet p greater than 100 GeV. Measurements of the dijet-yield-normalized x; distributions in
Pb-+Pb collisions show an increased fraction of imbalanced jets compared to pp collisions; these measurements
are in agreement with previous measurements of the same quantity at 2.76 TeV in the overlapping kinematic
range. Measurements of the absolutely normalized dijet rate in Pb4-Pb and pp collisions are also presented, and
show that balanced dijets are significantly more suppressed than imbalanced dijets in Pb+Pb collisions. It is
observed in the measurements of the pair nuclear modification factors that the subleading jets are significantly
suppressed relative to leading jets with pr between 100 and 316 GeV for all centralities in Pb+Pb collisions.
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I. INTRODUCTION

The principal physics aim of the heavy-ion program at
the Large Hadron Collider (LHC) is to produce and measure
the properties of the quark-gluon plasma (QGP). In quantum
chromodynamics (QCD), the QGP is a high-temperature state
of matter in which quarks and gluons are no longer confined
in color-neutral hadrons such as protons and neutrons (for a
recent review, see Ref. [1]). In order to understand the prop-
erties of the QGP at short distances, high transverse momenta
(pr) probes such as jets of correlated particles are used.

The overall rate of jets in a given centrality' interval in
Pb+Pb collisions at a given pr is characterized by the nuclear
modification factor,
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*Full author list given at the end of the article.

ICentrality characterizes the degree to which the nuclei overlap.
The most central collisions have full overlap and the highest mul-
tiplicities, while the most peripheral collisions have only minimal
overlap and have multiplicity closer to that in pp collisions at the
same nucleon-nucleon collision energy.
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where Nj; and o, are the jet yield in Pb+Pb collisions and
the jet cross section in pp collisions, respectively, measured as
a function of the jet pr, and where N,y is the total number of
Pb+Pb events within the chosen centrality interval. Addition-
ally, (Taa) is the mean nuclear thickness function [2] for the
centrality interval. The Raa value is 1 in the absence of nu-
clear effects; however, in the most central Pb+Pb collisions,
Ran is observed to be about a factor of 2 lower than that in
pp collisions scaled by (Txa), up to a pr of approximately
1 TeV [3-5]. This suppression, referred to as jet quenching,
is generally explained by the interplay of radiative and col-
lisional energy loss in reducing the jet pr by moving energy
associated with the initial parton to wider angles, with some
of it being outside the jet cone. Given the steeply falling jet pr
spectrum, this leads to fewer jets being measured at a given jet
P, giving rise to Raa values below 1. For recent reviews, see
Refs. [6,7].

Jets are mostly produced in pairs in 2 — 2 scattering
processes. The QCD evolution of the initial partons gives rise
to back-to-back jets, referred to here as “dijets.” Compared
to single-jet suppression, dijets in Pb+Pb collisions provide a
cleaner probe for studying jet quenching. The two jets are ex-
pected to experience asymmetric energy loss due to traversing
unequal path lengths in the QGP [8], driven by the geometry
of the overlapping nuclei and the relative orientation of the
jet trajectories through the evolving medium. Measurements
of the azimuthal anisotropy of jets [9] have already shown
that the geometry of the overlapping nuclei affects the rela-
tive rates of jets measured in Pb+Pb collisions. Additionally,
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jets are expected to experience jet-by-jet fluctuations in the
energy-loss process [10]. The measurement of the p balance
of dijets provides a way to constrain the relative importance
of fluctuations and geometry in jet quenching.

In order to compare the final transverse momenta of the two
jets which define a dijet, the leading dijet momentum balance

X3 = p12/PT1 )

is measured. Here, the leading dijet is constructed using the
highest two pr jets out of the set of jets in an event; pr;
is the transverse momentum of the highest-pr (leading) jet
and pr; is the transverse momentum of the second-highest-pr
(subleading) jet.

In pp collisions, the showering process in vacuum (in
the absence of a significant QGP), as well as higher-order
scattering processes, can lead to imbalanced dijet transverse
momenta. However, the most probable situation is that the jets
are nearly balanced in pr [11]. Previous dijet measurements
in Pb+Pb collisions have observed that jets are more likely to
have a larger momentum imbalance in Pb+Pb collisions than
in pp collisions [11-13].

Previous publications reported only the dijet imbalance
normalized by the measured dijet yields, in order to study the
changes in the shape of the x; distribution as a function of the
heavy-ion collision centrality. Past studies did not address the
absolute rate at which dijets are produced in Pb+Pb collisions,
which could assess whether leading dijets are suppressed at
levels similar to those for “inclusive jets” (all jets in the event
which meet pr and rapidity selections) [3]. This paper thus
presents both types of measurements with leading dijets in
Pb+Pb and pp collisions at /syy = 5.02 TeV. These mea-
surements use 2.2 nb~! of Pb+Pb collisions collected in 2015
and 2018 as well as 260 pb~! of pp data collected in 2017
with the ATLAS detector [14] at the LHC.

Jets are reconstructed using the anti-k; algorithm [15] with
radius parameter R = 0.4. Leading dijets are constructed from
the two highest-pr jets in the event and are required to have
the two jets nearly back-to-back in azimuth with A¢ = |¢; —
¢2| = 7m/8 and |y| < 2.1.2 The measurement is performed in
logarithmic pr bins from 100 to 562 GeV for leading jets and
above 32 GeV for subleading jets. Events whose two highest-
pr jets do not meet the selection criteria are discarded.

The primary observable for this measurement is the
two-dimensional yield of leading dijets (Npir) meeting the

2ATLAS 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, ¢) are used in the transverse plane, ¢ being the azimuthal
angle around the z axis. The pseudorapidity is defined in terms of
the polar angle 6 as n = —Intan(f/2). The rapidity is defined as
y=0.5In[(E + p;)/(E — p;)], where E and p, are the energy and z
component of the momentum along the beam direction, respectively.
Transverse momentum and transverse energy are defined as pr =
psinf and Er = E sin 0, respectively. The angular distance between
two objects with relative differences An in pseudorapidity and A¢
in azimuth is given by AR = \/(An)? + (A¢)>.

selection criteria:
d 2N pair
dptidpro

Projections of the two-dimensional distribution in expression
(3) can be used to construct x; distributions as a function of
pr.1 and pry. The x; values, as defined in Eq. (2), are reported
for 0.32 < x; < 1.0 for selections in pr;. The minimum x;
value is chosen to be consistent with previous measurements
[11]. The x;y distributions are presented with two normaliza-
tions. The first uses the dijet yield normalization to extract the
dijet-yield-normalized x;y distributions:

1 deair
Npair dxy
This normalization, expression (4), has been used in previous

dijet measurements by ATLAS and CMS [11-13]. The second
normalization provides absolutely normalized x; distributions:

3

“

1 dNAA
pair (5)
(TAA)NAR  dx;
in Pb+Pb collisions and
1 dN;Z:r ©
Lpp dJCJ

in pp collisions. Here (Tya) [2] is the mean nuclear thick-
ness function for the events under consideration, NA? is the
number of minimum-bias events, and L, is the integrated lu-
minosity of the pp collisions [16]. The absolutely normalized
xy distributions allow a direct comparison between the dijet
rates measured in Pb+-Pb and pp collisions. Additionally, the
absolutely normalized x; distributions can be integrated over
the measurement range of 0.32 < x; < 1.0 to construct the
pair nuclear modification factors for dijets as a function of the
leading and subleading jet pr. These quantities are defined
analogously to the nuclear modification factor for inclusive
jets, Eq. (1), as

N e
Rpair(pTl) _ ﬁ 0p32><l"r1 W;mzdpm 7)
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and
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1

Lyp
By mtegratmg over pr2 (pr1), one can access information
from Rpa \ (p11) [Rf’\ " (p12)] about the differential rate of dijet
productlon in leading (subleading) jet pr bins. Comparison
of these two quantities at a fixed jet pr provides information
about the relative suppression of leading and subleading jets.

II. ATLAS DETECTOR

The ATLAS detector [14] at the LHC covers nearly the full
solid angle around the nominal interaction point. It contains
an inner tracking detector surrounded by a thin supercon-
ducting solenoid, electromagnetic and hadronic calorimeters,
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a zero-degree calorimeter, and a muon spectrometer which
incorporates three large superconducting toroidal magnets.
The inner-detector system is immersed in a 2 T axial magnetic
field and provides charged-particle tracking within |n| < 2.5.

The ATLAS calorimeter system covers the pseudorapidity
range |n| < 4.9. Within the region |n| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin
LAr presampler covering |n| < 1.8 to allow corrections
for energy lost in material upstream of the calorimeters.
Hadronic calorimetry is provided by a steel/scintillator-tile
calorimeter which is segmented into three barrel structures
within |n| < 1.7, as well as two copper/LAr hadronic endcap
calorimeters. To complete the solid angle coverage, forward
copper/LAr and tungsten/LAr calorimeter modules (FCal) are
used, optimized for electromagnetic and hadronic measure-
ments respectively.

The zero-degree calorimeters (ZDCs) are located sym-
metrically at z = 4140 m and cover |n| > 8.3. They are
constructed using tungsten absorber plates with quartz fibers
to transmit the Cherenkov light. In Pb+Pb collisions the
ZDCs primarily observe “spectator” neutrons, which do not
interact during the primary collision.

A two-level trigger system is used within ATLAS to select
events of interest [17]. The first-level trigger is implemented
in hardware and uses a subset of the detector information to
reduce the event rate to at most 100 kHz. This is followed by
the software-based high-level trigger, which further reduces
the event rate to several kHz of triggered events that are
recorded to permanent storage.

An extensive software suite [18] is used in the recon-
struction and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems of
the experiment.

III. DATA AND MONTE CARLO SELECTION

The Pb+Pb data used to perform these measurements
were collected in 2015 and 2018, and the pp data used were
collected in 2017 with the average number of inelastic in-
teractions per bunch crossing ranging from 1.4 to 4.4. The
events were triggered using a series of various pr-threshold
single-jet triggers with the leading jets in the analysis being
in a region where the trigger is fully efficient. Although only
a small fraction of the Pb+Pb events (<0.5%) contain mul-
tiple collisions, these were suppressed utilizing the observed
anticorrelation, expected from the nuclear geometry, between
the total transverse energy deposited in both of the forward
calorimeters, ZEEC, and the energy in the ZDC, which is
proportional to the number of observed spectator neutrons.
Pileup collisions are not rejected in pp collisions.

The overlap area of the two colliding nuclei in Pb+Pb
collisions is characterized by the event centrality, which is es-
timated from the total transverse energy deposited in the FCal
[19]. This measurement considers five centrality intervals as
defined according to successive percentiles of the X ELCd!
distribution obtained from minimum-bias collisions. The cen-
trality intervals considered in this measurement are 0-10%
(largest TEFCY), 10-20%, 20-40%, 40-60%, and 60-80%

TABLE 1. The (Taa) values and uncertainties for the centrality
selections used in this measurement. These are the results from
TGLAUBERMC v3.2 modeling of the summed transverse energy in
the forward calorimeters, £ EF?!,

Centrality selection (Taa) £ 6(Txa) (1/mb)

0-10% 23.35+0.20
10-20% 14.33 £ 0.17
20-40% 6.79£0.16
40-60% 1.96 +0.09
60-80% 0.39+0.03

(smallest EEfcal). The values of the mean nuclear thickness
function, (Txa) [2], are determined using TGLAUBERMC v3.2
[20]; the uncertainties in (T ) are discussed in Ref. [21]. The
(Taa) values and their uncertainties are listed in Table I for
each centrality selection considered in this measurement.
This analysis uses four Monte Carlo (MC) samples to eval-
uate the detector performance and correct for detector effects.
The pp MC sample used in this analysis includes 3.2x 10’
PYTHIA 8 [22] pp jet events generated at /s = 5.02 TeV
with parameter values set according to the A14 tune [23] and
the NNPDF23L0 parton distribution functions (PDFs) [24].
Pileup due to additional inelastic pp interactions is similarly
generated using PYTHIA 8 with the same PDFs and utiliz-
ing the A3 tune [25], tuned for inclusive QCD processes,
matching the number of extra collisions in the pp data. The
MC samples for Pb+Pb collisions, one for the 2015 detector
conditions and one for the 2018 detector conditions, each use
3.2x107 pp PYTHIA 8 events with the same A14 tune and
PDFs as used for the generation of the pp jet MC samples.
The underlying event contribution to the detector signal is
accounted for by overlaying the simulated pp events with
dedicated Pb+Pb data events from the 2015 Pb+-Pb run and
2018 Pb+Pb run respectively. The data events from Pb+Pb
collisions were combined with the signal from the PYTHIA 8
simulation of hard scattering events at the digitization stage,
and then reconstructed as a combined event. This procedure
enables the “data overlay” sample to accurately reproduce
the effects of the underlying event on the jet response. This
sample was reweighted on an event-by-event basis to ensure
the same centrality distribution as that measured in the jet-
triggered data samples. The detector response in all three MC
samples was simulated utilizing GEANT4 [26,27]. Finally, pp
Herwig++ [28] events using the UEEES tune [29] and the
CTEQ6L1 PDFs [30] are used for uncertainty studies.

IV. JET RECONSTRUCTION AND PERFORMANCE

The jet reconstruction procedures follow those used by
ATLAS for previous jet measurements in Pb+Pb collisions
[3,9]. Jets are reconstructed using the anti-k, algorithm [15]
implemented in the FastJet software package [31]. In both
pp and Pb+Pb collisions, jets with R =0.2 and R =0.4
are formed by clustering calorimetric towers of spatial size
AnxA¢ = 0.1xm /32. The energies in the towers are ob-
tained by summing the energies of calorimeter cells at the
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FIG. 1. The jet energy scale, JES (left), and jet energy resolution, JER (right), as a function of p™® for centrality selections in Pb+Pb and

in pp collisions.

electromagnetic energy scale [32] within the tower bound-
aries. In Pb+Pb collisions, a background subtraction proce-
dure is applied to estimate, within each event, the underlying
event (UE) average transverse energy density, p(7, ¢), where
the ¢ dependence is due to global azimuthal correlations
in the particle production from the hydrodynamic flow [33].
The modulation accounts for the contribution to the UE of
the second-, third-, and fourth-order azimuthal anisotropy har-
monics characterized by values of flow coefficients v}lJE [33].
Additionally, the UE is also corrected for n- and ¢-dependent
nonuniformities of the detector response by correction factors
derived in minimum-bias Pb+Pb data. In pp collisions, the
same background subtraction procedure is applied to remove
the pileup contribution to the jet, but without the ¢-dependent
modulation and without the correction for n- and ¢-dependent
nonuniformities.

An iterative procedure is used to remove the impact of jets
on the estimated p and v'E values. The first estimate of the av-
erage transverse energy density of the UE, p(n), is evaluated
in 0.1 intervals of 7, excluding towers within AR = 0.4 of
“seed” jets. In the first subtraction step, the seeds are defined
to be a combination of R = 0.2 jets and R = 0.4 track jets.
Track jets are reconstructed by applying the anti-k, algorithm
with R = 0.4 to charged particles with pt > 4 GeV. The R =
0.2 jets must pass a cut on the minimum value of the tower
Et and on a ratio of maximum tower Et to average tower Er,
while the track jets are required to have pr > 7 GeV. The
underlying event contribution is then subtracted from each
tower constituent and the jet kinematics are recalculated. After
the first iteration, the p and v, values are updated by excluding
from the UE determination the regions within AR = 0.4 of
both the track jets and the newly reconstructed R = 0.2 jets
with pr > 25 GeV (8 GeV) in Pb+Pb (pp) collisions. The
updated p and vVE values are used to update the jet kinematic
properties in the second iteration. Jet n- and pr-dependent
correction factors derived in simulations are applied to the
measured jet energy to correct for the calorimeter energy
response [34,35]. An additional correction based on in situ
studies of jets recoiling against photons and jets in other

regions of the calorimeter is applied [36]. This calibration is
followed by a “cross-calibration” which relates the jet energy
scale (JES) of jets reconstructed by the procedure outlined in
this section to the JES in 13 TeV pp collisions [35].
“Truth”-level jets are defined in the MC sample before
detector simulation by applying the anti-k, algorithm with
R = 0.4 to stable particles with a proper lifetime greater than
30 ps, but excluding muons and neutrinos, which do not
leave significant energy deposits in the calorimeter. After the
detector simulation the truth jets are matched to the nearest
reconstructed jet within AR < 0.3. The performance of the
jet reconstruction is characterized by the JES and jet energy
resolution (JER), which correspond to the mean and variance
of the piee®/p'ith distribution, where p is the reconstructed
jet pr and pf™ is the pr of the matched truth-level jet. The
JES and JER as a function of p™" can be seen in Fig. 1. The
decrease in the JES for jets with p™" < 50 GeV in Pb+Pb
collisions stems from jets for which there is an oversubtraction
of the underlying event. This is caused by the correspond-
ing region of the detector not containing a “seed” jet above
25 GeV resulting in the jets energy contributing to the UE
determination; this is corrected for in the unfolding procedure
discussed below. The efficiency of reconstructing a jet with
pr > 32 GeV, as evaluated from the probability of a truth jet
matching to a reconstructed jet with pp > 32 GeV in the MC

simulation, can be seen as a function of pf*™ in Fig. 2.

V. DATA ANALYSIS

The analysis and dijet selection used here closely follow
those in Ref. [11]. In each data event, the reconstructed lead-
ing dijet is constructed from the two highest-pF* jets in the
event with reconstructed pT’ > 79 GeV and pT%5 > 32 GeV,
and both jets are required to have |y| < 2.1. The inclusion of
leading jets down to pfY > 79 GeV provides an underflow
region for the unfolding’ to enable inflow and outflow of jets
from the measurement region. These dijets are required to be
back to back with |A¢| > 7m /8. Events in which the lead-
ing dijets do not meet these criteria are discarded. For dijets
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FIG. 2. The efficiency of reconstructing a jet with pF* >
32 GeV as a function of pf for centrality selections in Pb+Pb
collisions and pp collisions. The statistical uncertainties shown are
smaller than the point markers.

matching the selection criteria, two-dimensional (ptY, pt5

distributions are constructed symmetrically across pTe =
Pro- The distributions are symmetrized to account for the
possibility of swapping the leading and subleading jet defi-
nition due to the finite JER.

The analysis procedure selects at most one dijet per event
and therefore has the potential to produce a biased subsam-
ple of the inclusive jets. Figure 3 shows the fraction of the
inclusive jets which are also included in the leading dijets
used in this analysis. This quantity is shown as a function of
pre° for both central Pb+4-Pb and pp collisions. The fraction
is 83% (85%) at 100 GeV and rises to more than 95% (95%)
at 200 GeV in central Pb+Pb collisions (pp collisions). Due
to the steep falloff of the jet yields with increasing pr and the
finite JER, jets reconstructed at a given pr typically arise from
jets at a lower truth pt, and thus the fractions shown here at
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the reconstructed-pr scale underestimate the true fraction of
inclusive jets included at a given pr. Nevertheless, the large
value, and weak pr dependence, of the fraction of inclusive
jets that are part of the leading dijet imply that the dijet se-
lection in this analysis does not produce a particularly biased
sample. The fractions are further broken down by leading and
subleading jets. The relative fractions of leading and sublead-
ing jets at a given pt are driven largely by the steeply falling
pr spectrum convolved with the shape of the x; distribution.

The measured (pT7, pT5) distributions are a combination
of the dijet signal and pairs of uncorrelated jets. Since the
underlying-event subtraction accounts for azimuthal correla-
tions in the particle production due to hydrodynamic flow,
the contribution from uncorrelated dijets is independent of
the A¢ of the jets; therefore, a A¢ sideband method is
used to remove these pairs as a function of (pf, pt%).
The symmetrized two-dimensional (pt<’, pr%) distribution
of background combinatoric dijets is determined using dijets
with 1 < |A¢| < 1.4 which, after normalizing to the A¢ win-
dow of the signal band, is subtracted from the dijet yields.
This effect is strongest for 0-10% centrality Pb+Pb events
at low pr’, where combinatoric dijets constitute 13% of the
dijets for 79 < pt¢ < 100 GeV, and drops off rapidly both
with increasing prTécl" and in more peripheral events. Because
of how the leading’> dijet is defined, the presence of residual
combinatoric dijets in the sample results in an inefficiency for
genuine jet pairs, where one of the jets might be superseded by
an uncorrelated third jet. This effect is corrected for using the
measured inclusive jet spectrum from minimum-bias events
to determine the efficiency loss as a function of the mea-
sured jet pr following the method discussed in Ref. [11]. The
resulting combinatoric-subtracted and -efficiency-corrected
symmetrized two-dimensional (pT<’, pT%’) distributions can
be seen in Fig. 4 for both central Pb+Pb and pp collisions.
The ability to remove uncorrelated jets and extract the truth-
level leading-dijet x; distributions in an unbiased way was
confirmed by a closure test performed using the data overlay
sample.
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FIG. 3. Measured fractions of the inclusive jets which are part of the leading dijet (black), the leading jet of the dijet (red), or subleading
jet of the dijet (blue), all as a function of p7 for 0-10% centrality Pb+-Pb collisions (left) and pp collisions (right).
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FIG. 4. The background-subtracted and symmetrized (pT7, pt5

(left) and pp collisions (right).

In order to correct for the effects of the JES and JER,
the measured (pT<, pT%) distributions are unfolded using the
iterative Bayesian unfolding procedure [37] as implemented
in the RooUnfold [38] software package. A two-dimensional
unfolding is used in order to account for bin migrations of both
the leading and the subleading jet pr, as well as to account
for possible swapping of the leading and subleading jets. A
separate response matrix is generated for pp collisions as
well as for each centrality selection in Pb+Pb collisions. The
response matrix used in the unfolding contains the relation-
ship between (p{'[", pi*") and (p§, p£%). It is populated
by identifying the leading and subleading truth-level jets in
the MC sample which are matched to the corresponding re-
constructed jets within AR < 0.3. In order to account for
migration from lower jet pf°, the response matrices are
populated with truth-level jets down to p'{" of 20 GeV and
P4 of 10 GeV. As with the reconstructed data, truth dijets
are required to have |A¢yum| > 77 /8, with each jet being
within |ygum| < 2.1. The two selected reconstructed jets from
the MC simulations are required to meet the same selection
criteria as applied to dijets measured in data. Truth dijets that
do not match to a reconstructed dijet meeting the selection
criteria are accounted for by using an efficiency correction
in the unfolding. Similarly to the construction of the data
distributions, the response matrix is populated symmetrically
in pr; and pry. To construct a Bayesian prior which is sim-
ilar to the measured distributions, the response matrices are
reweighted along the pf" and p™" axes by the ratio of the
two-dimensional reconstructed yiélds in data to those from
simulation. The number of iterations used in the unfolding is
tuned separately for each centrality in Pb+Pb collisions and
for pp collisions. The number of iterations in each case was
selected to optimize the balance between the accuracy of the
final unfolded yield, and the increased statistical uncertainty
which results from a larger number of iterations. Six iterations
were used for the 0—-10% centrality Pb+Pb events, while four
iterations were used for all other centralities as well as for pp
collisions.

) distributions, measured in data, in 0-10% centrality Pb+Pb collisions

In order to evaluate the statistical uncertainties of the data
and the MC simulation, 1000 unfoldings were performed by
varying each bin in either the data distribution or the response
matrix independently according to its statistical uncertainty
while preserving the symmetrization across pr; = prp. The
rms of the resulting unfolded distributions in each (pr11, pr2)
bin was taken as the contribution to the statistical uncertainty
on the corresponding unfolded (prt, pr2) bin. The data and
response matrix statistical uncertainty components were com-
bined in quadrature in order to obtain the total statistical
uncertainty of the unfolded distributions. Due to the large
number of bins in the two-dimensional unfolding, in some
cases the uncertainties due to the finite MC sample sizes are
comparable to those in the data.

To extract measurements of the dijet momentum balance
observable, xj, the unfolded two-dimensional (pt, pr2) dis-
tributions are first reflected about pp; = pr» in order to
restore the leading/subleading hierarchy. Then, following the
procedure discussed in Ref. [11], the two-dimensional dis-
tributions are projected in slices of pr; into bins of xj.
The upper edge of the ith x; bin boundary is defined by

[(ptn/ pT,O)l/N ]lfN, where N is the number of logarithmic pt
bins (40), and pr and pr y are the minimum (10 GeV) and
maximum (1 TeV) bin edges covered by the binning, respec-
tively. This enables the mapping of the logarithmic pr; and
pr2 bins to xj in such a way that each reported (pr,1, pr2) bin
is fully contained within two adjacent xj bins. In this analysis,
half of the yield in each (pt, pr2) bin is apportioned to each
of the two adjacent x; bins. Exceptions to this are the bins
along the diagonal pt; = pr», which contribute solely to the
highest x;j bin.

By projecting the resulting distributions over selections of
pr,1 while normalizing by the number of dijets (Npir) and
accounting for the x; bin widths, measurements of the dijet
yield-normalized x; distributions are extracted. The absolutely
normalized x; distributions are extracted by instead normaliz-
ing the x;j distributions by the number of events and either the
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FIG. 5. The systematic uncertainty breakdown of the x; distributions in central (left) and peripheral (right) Pb+Pb collisions as well as pp

collisions (bottom). The panels have different vertical axis ranges.

Taa in Pb+Pb collisions or the integrated luminosity in pp
collisions, as described by expression (5).

In order to quantify the energy losses of the leading and
subleading jets within a dijet, the nuclear modification fac-
tor, RY,\, is measured for each of these selections. The R}y
compares the per-event differential yield of jets at a given pr
in Pb+-Pb collisions with the cross section in pp collisions
scaled by the Taa, as described in Egs. (7) and (8).

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties for this measurement are at-
tributed to three categories of sources: those which arise from
the analysis and unfolding procedure, those which stem from
uncertainties in the jet energy resolution (JER) and scale
(JES), and those connected with global normalization. For
each uncertainty component in the first two categories, the
entire analysis procedure, including unfolding, is repeated ac-
counting for the modification to the analysis procedure or the
response matrix, and the result is compared with the nominal
one. The third category applies to the absolutely normalized
xy distributions, RY\ (pr,1), and RY\ (pr2); it contains the

uncertainty in the determination of the mean nuclear thickness
function, (Taa), and the pp luminosity. These uncertainties are
independent of the jet transverse momentum and are noted on
the figures.

The systematic uncertainty in the JES has four parts. First,
a centrality-independent baseline component is determined
from in situ studies of the calorimeter response to jets recon-
structed with the procedure used in 13 TeV pp collisions [39].
A second, centrality-independent component accounts for the
relative energy scale difference between the jet reconstruction
procedures used in this analysis and those in 13 TeV pp colli-
sions. This is evaluated using the cross-calibration procedure
described in Ref. [35]. Potential inaccuracies in the PYTHIA 8
MC sample’s description of the relative abundances of jets
initiated by quarks and gluons and of the calorimetric response
to quark and gluon jets are accounted for by the third, cen-
trality independent, component—based on evaluating these
same quantities using the Herwig++ MC sample. The fourth,
centrality-dependent, component accounts for modifications
of the parton shower due to quenching [40], which is not
modeled in the simulations. The modifications to the parton
shower can impact the detector response to jets in Pb+Pb
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pr.1 selections from 100 to 562 GeV. Statistical uncertainties are shown as error bars (which are smaller than the markers in many cases) and

systematic uncertainties are shown as boxes.

collisions resulting in a small disagreement in the JES be-
tween data and simulations. The extent of this disagreement,
and corresponding uncertainty contribution is evaluated by
the method used in Ref. [35] for 2015 and 2011 data, which
compares the jet pr measured in the calorimeter with the
sum of the transverse momenta of charged particles within
the jet, in both the data and MC samples. This uncertainty is
determined as a function of event centrality and was found to
be independent of jet pr and 5. The selected charged-particle
tracks have pr > 4 GeV in order to exclude particles from

the UE. The sum of the charged-particle transverse momenta
provides a data-driven estimate of the centrality dependence
of the JES arising from the observed centrality-dependent
modification of the jet fragmentation due to jet quenching in
Pb+Pb collisions [40]. The size of this centrality-dependent
uncertainty in the JES reaches 1.2% in the most central col-
lisions and the value is applied independent of x;. For each
individual component, the JES in the MC simulation was
modified as a function of pr and 1 by one standard deviation,
and the response matrix was recomputed.
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FIG. 9. Comparison of the dijet-yield-normalized x; distributions in 0-10% (left) and 40-60% (right) centrality Pb+Pb collisions with
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are shown as error bars (which are smaller than the markers in many cases) and systematic uncertainties are shown as boxes.

The uncertainty due to the JER is evaluated by repeating
the unfolding procedure with modified response matrices,
where an additional contribution is added to the resolution
of the reconstructed pr in the MC sample using a Gaus-
sian smearing procedure. The smearing factor is evaluated
using an in situ technique in 13 TeV pp data that involves
studies of dijet pr balance [41]. Further, an uncertainty is
included to account for differences between the tower-based
jet reconstruction and the jet reconstruction used in analy-
ses of 13 TeV pp data, as well as differences in calibration
procedures. The modifications to the response are propa-
gated through the unfolding and the resulting uncertainty is
symmetrized.

Two sources of systematic uncertainty were included to
account for uncertainties in the removal of the combinatoric
background. The first contribution stems from the combina-
toric subtraction method, and was determined by extracting
the two-dimensional (pr,, pr2) distribution of combinatoric
jets from an alternative sideband of 1.1 < |A¢| < 1.5 as was
done in Ref. [11]. The second contribution stems from the
sensitivity of the analysis to the efficiency correction for com-
binatoric jets, and was evaluated by repeating the analysis
without the inclusion of this efficiency correction. The de-
viation from the nominal result is taken as the uncertainty
contribution.

Additional sources of systematic uncertainty which ac-
count for the unfolding procedure were considered. The
sensitivity to the Bayesian prior was evaluated by modifying
the weights applied when producing the response matrix in
a centrality-dependent manner in order to enclose the data
(P17 PT2) distributions between the corresponding MC dis-
tributions based on the nominal and alternative priors. There is
a sensitivity to the minimum p];t in the analysis at small xj and
small pr; due to the efficiency correction made as part of the
unfolding. The sensitivity of the result to this effect is eval-
uated by varying the minimum reconstructed p'Te[ motivated
by the magnitude of the JER, from 32 to 39 GeV for both

data and simulation. This results in a significant contribution
to the systematic uncertainties at low x; in low pt; bins. For
each of these contributions the deviation of the unfolded result
from the nominal is symmetrized and taken as a contribution
to the systematic uncertainties. A closure test was performed
using the MC samples by splitting them into two equal parts
and using one part to produce a response matrix and the other
in place of the data sample in the unfolding. The deviation
between the unfolded result and the underlying truth-level
distribution was taken as an estimate of this uncertainty. The
uncertainty from each of these contributions is taken indepen-
dently and symmetrized.

The magnitude of the systematic uncertainties in the dijet-
yield-normalized x; distributions can be seen in Fig. 5 for
both central and peripheral Pb+Pb collisions. In the cen-
tral collisions, the total systematic uncertainties are largely
driven by the sensitivity of the unfolding to the choice of
prior. In contrast, in peripheral collisions the total uncer-
tainties are largely driven by the uncertainty in the JES and
JER. The fractional uncertainties are largest at low xj in both
collision systems; however, the yield in these x; regions is
small.

The systematic uncertainty contributions are similarly
propagated to the calculation of the nuclear modification fac-
tor. The centrality-independent components of the JES and
JER, as well as the sensitivity of the unfolding to the mini-
mum measured ﬁTet, are treated as correlated between Pb+Pb
and pp collisions. The remainder of the contributions to
the systematic uncertainty, including the centrality-dependent
component of the JES, are treated as uncorrelated between
Pb-+Pb and pp. The resulting uncertainties in RY\ (pr1) and
RY\ (prp) are shown for 0-10% centrality Pb+Pb collisions
in Fig. 6; these uncertainties are dominated by the JES uncer-
tainty. In the ratio of Ry (pr2) to RY\ (pr1), each source of
systematic uncertainty is treated as fully correlated between
RY\ (pr2) and RY (pr1), including the global systematic un-
certainties.
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VII. RESULTS

A. Dijet-yield-normalized x; distributions

The dijet-yield-normalized xj distributions in pp collisions
are shown for three selections of pr; from 100 to 562 GeV
in Fig. 7. The measured distributions are compared with those
from the PYTHIA 8 generator [22] using the A14 tune [23] in
combination with the NNPDF23L0 PDFs [24]. The PYTHIA 8
sample is able to describe the data over the full x; range
considered.

Figure 8 shows the measured dijet-yield-normalized x;j dis-
tributions in pp collisions and as a function of centrality in
Pb+Pb collisions for twelve pr; selections between 100 and
562 GeV. In central collisions, at 100 < pt; < 112 GeV a
broad maximum is observed in the distributions at x; around
0.6. With increasing pr; as well as with decreasing centrality,
this feature becomes less pronounced. Significant modifica-
tion from pp collisions is observed up to 398 < pr; < 562
GeV in the full centrality range; the x; distributions have a
reduced fraction of balanced jets and an increased fraction of
imbalanced jets.

Figure 9 compares the measured distributions in Pb+4-Pb
collisions with the predictions from the LIDO model [42].
LIDO is a transport model including both elastic jet-medium
collisions and medium-induced radiative processes, with
event-by-event fluctuations implemented for both processes,
as well as a simple model for the response of the medium.
LIDO uses PYTHIA 8 [22] with the Al14 tune [23] and the
CTEQLI1 PDF [30] to initialize their energy-loss calculation.
The calculations are performed using two high likelihood
values for the jet-medium coupling cutoff parameter: ppi, =
1.3 and ppin = 1.8. This parameter is related to the strength
of the coupling between the jet and the medium, where a
smaller pmin value corresponds to a larger coupling, and was
constrained using inclusive jet and hadron suppression mea-
surements [42]. Only minimal sensitivity to the jet-medium
coupling cutoff parameter is observed in the dijet-yield-
normalized xj distributions, with pmin = 1.3 and pmin = 1.8
demonstrating equal ability to reproduce the measured results.
The model reproduces the behavior observed at high pr; and
in 40-60% centrality Pb+Pb collisions while not reproducing
the relative enhancement of intermediate xj observed at low
pr.1 in 0-10% centrality Pb+Pb collisions.

Figure 10 shows a direct comparison between the dijet-
yield-normalized x; distributions in 0—10% centrality Pb+-Pb
collisions at 5.02 TeV for 100 < pr; < 200 GeV and results
at 2.76 TeV from Ref. [11] for the same collision centrality
and pr; selections. Although these two measurements are
performed at different collision energies, similar levels of
quenching are expected, based on measurements of inclusive
jets [3,43]. The x; distributions are observed to be consistent
within systematic uncertainties at the two collision energies.
For 100 < pr; < 126 GeV, a peak is observed at intermediate
xy for both collision energies.

B. Absolutely normalized x; distributions

The absolutely normalized xj distributions, as calculated
with expressions (5) and (6) for Pb+Pb and pp collisions
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FIG. 10. Comparison of the measured x; distribution at 5.02
TeV in 0-10% centrality collisions for 100 < pr; < 126 GeV (top),
126 < pr; < 158 GeV (middle), and 158 < pr; < 200 GeV (bot-
tom) with those at 2.76 TeV from Ref. [11]. Statistical uncertainties
are shown as error bars (which are smaller than the markers in many
cases) and systematic uncertainties are shown as boxes.

respectively, allow a direct comparison of the absolute dijet
yields between Pb+Pb and pp collisions as a function of
xy. Figure 11 shows these distributions for pp and Pb+Pb
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FIG. 11. The absolutely normalized x; distributions for 100 <
pr1 < 112 GeV (top), 200 < pr; < 224 GeV (center), and 398 <
pr1 < 562 GeV (bottom) in pp collisions and for five centrality
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tion uncertainties due to the Tx5 for each centrality as well as the pp
luminosity are listed in the legends.
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FIG. 14. The ratio of the subleading-jet to leading-jet nu-
clear modification factors integrated over jet pr between 100 and
316 GeV. Statistical uncertainties are shown as error bars (which are
smaller than the markers in many cases) and systematic uncertainties
are shown as boxes.

dijets are suppressed in central Pb+-Pb collisions relative to
asymmetric dijets, leading to the peak structure observed in
the dijet-yield-normalized x; distributions at low pt;. The
depletion of balanced dijets persists over all pr; and centrality
selections measured here, with the magnitude of the depletion
decreasing with increasing pt; and towards more peripheral
collisions. When going from central Pb+Pb collisions to pp
collisions for 100 < pp; < 112 GeV, the suppression of di-
jets is smaller for x; < 0.6 than for higher x;. For higher pr |,
there is a smaller difference between pp and Pb+Pb collisions
at low x;j.

Figure 12 shows the absolutely normalized x;y distributions
compared with the same LIDO calculations [42] as in the
previous section for three pr; selections from 100 to 562
GeV. The LIDO pp calculation is also shown. For pp colli-
sions, LIDO uses PYTHIA 8 [22] with the A14 tune [23] and
the CTEQL1 PDF [30]. The LIDO model overestimates the
pp collision results at large xj; the size of the discrepancy
between the model and the data decreases with increasing
pr.1- This trend persists, but with a smaller difference in 40—
60% centrality Pb+Pb collisions. In 0-10% centrality Pb+Pb
collisions, the LIDO model’s prediction is flatter than the data
in the lowest pr| range, but agrees well at higher pr ;.

C. R%" of leading and subleading jets

The pair nuclear modification factors projected for leading
and subleading jets, as defined in Eqgs. (7) and (8), are shown
for three centrality selections as a function of the jet pr in
Fig. 13. Both RY\ (pr;) and R\ (pr») show significant mod-
ification from a value of one in all but the most peripheral
collisions, with a stronger suppression observed at low p'Tet It
is observed that the subleading jets are more suppressed than
leading jets, particularly at pr > 200 GeV where nearly all
the inclusive jets (within the rapidity range of this analysis)
are included in the dijet sample. This behavior is qualitatively
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FIG. 15. The dijet-yield-normalized —

distributions in pp collisions for twelve pr; selections from 100 to 562 GeV overlaid with

the corresponding distributions from PYTHIA 8. The statistical uncertainties are shown as error bars (which are smaller than the markers in

many cases), and the systematic uncertainties are shown as boxes.

reproduced in predictions made by the LIDO [42] model. In
the LIDO model, the jet-medium coupling cutoff parameter
Mmin = 1.3 clearly predicts a larger suppression for both jets
than is observed in the data. The calculation with gy, = 1.8
is closer to the data but does not describe the trends with pr
and centrality.

The different levels of suppression observed for leading
and subleading jets is quantified as a function of centrality

pair

in the ratio RY% (pr2)/RYy (pr.1) integrated over p’T between
100 and 316 GeV as shown in Fig. 14, where R, A(PTz) is
seen to be smaller than Rpalr (pr.1) in all centrality selections.
The suppression of subleadmg jets relative to leading jets is
most significant in 0-10% centrality Pb+Pb collisions and
decreases smoothly towards peripheral Pb+Pb collisions. In
0-10% centrality Pb+Pb events, subleading jets are approxi-
mately 20% more suppressed than leading jets, with 60—80%
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FIG. 16. The unfolded dijet-yield-normalized x; distributions in both Pb+Pb and pp collisions for twelve pr jcading S€lections from 100 to
562 GeV. The results in Pb+Pb collisions are shown in three centrality selections, 10-20%, 20—40%, and 60-80%. Statistical uncertainties are

shown as error bars and systematic uncertainties are shown as boxes.

centrality Pb+Pb events seeing only about 5% more sup-
pression for subleading jets than for leading jets. The value
of RY\ (pr2)/RYA (pr1) in 60-80% centrality Pb+Pb events
is 30 away from 1, providing evidence of jet quenching
in peripheral Pb+Pb collisions. In contrast, in inclusive jet
measurements, due to the larger uncertainties, no significant
suppression is observed in this pr range for the most periph-
eral Pb+Pb collisions [3]. This is in qualitative agreement
with results from CMS [44], which show that, compared to

pp collisions, the subleading jets in dijet events in Pb+Pb
collisions have stronger modification to their structure than
leading jets.

VIII. CONCLUSION

This paper presents a measurement of the unfolded double-
differential yields of leading dijets. The yields are presented

as measurements of the dijet xj distributions and the RpAa/Lr
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FIG. 17. Comparison of the absolutely normalized x; distributions in pp collisions and five centrality selections in Pb+Pb collisions.

projected for leading and subleading jets, using 2.2 nb~! of
Pb+Pb data and 260 pb~! of pp data collected at SN =
5.02 TeV by the ATLAS detector at the LHC. The measure-
ment of the x;j distributions is performed differentially in pr;
and centrality, and the Ry of leading and subleading jets is
measured differentially in jet pr and centrality. The presented
results are unfolded to correct for detector response and inef-
ficiencies.

The dijet-yield-normalized x; distributions, across the full
pr.1 range considered in this analysis, show significant broad-
ening in central Pb+Pb collisions relative to those in pp

collisions. Up to the highest pt; interval considered in this
measurement, 398 < pr; < 562 GeV, significant modifica-
tion from the distributions in pp collisions is observed for
central Pb+Pb collisions. With decreasing pr; the modifica-
tions from the distributions in pp collisions become larger,
with significant modifications observed for all centralities at
100 < pr1 < 112 GeV. In 0-10% centrality Pb+Pb colli-
sions, between 100 and 112 GeV, the distribution is peaked
around xj of 0.6, indicating that the most probable configura-
tion for dijets is to be highly imbalanced in pr. Measurements
of absolutely normalized x;y distributions show that this comes
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from the suppression of balanced dijets, as opposed to an
enhancement of imbalanced jets, in comparison with pp col-
lisions. This suppression of balanced dijets evolves smoothly
as a function of the event centrality, with peripheral Pb+Pb
collisions demonstrating only slight modification from pp
collisions. The measurements of the pair nuclear modification
factor, RY\ (pr1) and RY\ (pr2), show that subleading jets
are more suppressed than leading jets. This is observed to be
largely independent of jet pr and this behavior is seen in all
centralities. In central collisions, subleading jets are observed
to be 20% more suppressed than the leading jets. In periph-
eral collisions, the suppression of subleading jets relative to
leading jets is reduced, but the stronger suppression of sub-
leading jets remains significant. These measurements provide
new information about the role of path-length dependence
and fluctuations in jet energy loss which will help constrain
models of parton energy loss in the quark-gluon plasma.
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APPENDIX

For completeness, the data including the full range of pr;
intervals and centrality selections in Pb+Pb collisions are
included here. Figure 15 shows the dijet-yield-normalized
distributions for pp collisions, compared to PYTHIA § cal-

culations. Figure 16 shows unfolded #d([jv—“;
for both Pb+Pb and pp collisions over twelve selections
in pr; between 100 and 562 GeV, for centrality intervals
omitted previously. Figure 17 shows absolutely normalized
xy distributions for five centrality intervals for both Pb+Pb
and pp collisions for twelve selections of pr; between 100
and 562 GeV. Finally, Fig. 18 provides RY, (pr1) and

RPAT (pt2) distributions measured in two additional centrality
intervals.

distributions
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