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We present measurements of cross sections for production of a leptonically decaying Z boson in
association with a large-radius jet in 13 TeV proton-proton collisions at the LHC, using 36 fb−1 of data
from the ATLAS detector. Integrated and differential cross sections are measured at particle level in both a
flavor inclusive and a doubly b-tagged fiducial phase space. The large-radius jet mass and transverse
momentum, its kinematic relationship to the Z boson, and the angular separation of b-tagged small-radius
track jets within the large-radius jet are measured. This measurement constitutes an important test of
perturbative quantum chromodynamics in kinematic and flavor configurations relevant to several Higgs
boson and beyond-Standard-Model physics analyses. The results highlight issues with modeling of
additional hadronic activity in the flavor-inclusive selection, and a distinction between flavor-number
schemes in the b-tagged phase space.
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I. INTRODUCTION

Since the proposal of a Higgs → bb̄ discovery channel
based on the structure of a high-momentum jet [1], “boosted
jet” methods have been a major feature of Higgs and other
experimental analyses at the LHC [2–7]. In these, a large-
radius jet (large-R jet) is reconstructed, and then decom-
posed into smaller-radius (small-R) subjets whose structure
enables identification of resonances whose decay products
have been collimated by their parent’s large momentum.
Such methods are also of high interest in searches for new
physics, both because a high-mass new particle decaying
into resonances naturally generates high-momentum
merged jets, and because the high-momentum regime is
particularly sensitive to modifications to Standard Model
(SM) dynamics by new physics.
A good understanding of hard, collinear parton splittings

in quantum chromodynamics (QCD) is key to measure-
ments using large-R jet methods, as these constitute the
dominant background to boosted resonance signatures.
Monte Carlo (MC) event-simulation methods include
approximations such as factorization of partonic splittings
in parton-shower algorithms, and slicing of emission phase

space between matrix-element and parton-shower sources.
The extreme dynamics of boosted topologies include
aspects of both collinear and high-pT physics, presenting
a test for such factorizations.
The role of heavy-quark masses is also important;

contradictory inclusions of mass effects in calculations
for parton-shower MC generators and parton distribution
functions (PDFs) mean that there is as yet no unambigu-
ously more-correct simulation strategy for heavy-flavor
production [8]. Additionally, the modeling of gluon split-
ting into heavy quarks may benefit from renormalization-
scale choices different from those developed for the more
common cases of gluon emission from light quarks and
gluons.
Due to these factors, empirical comparisons betweenMC

models and collider measurements of boosted bb̄ produc-
tion are key to understanding and improving the validity of
parton-shower MC simulations in this event topology, and
closely related ones such as high-pT associated Higgs-
boson production. In addition, this phase space is also
relatively novel for light-jet production, whose modeling
can be similarly informed by equivalent measurements
without the b-tagging requirement.
This analysis follows the VHðbb̄Þ event-selection strat-

egy of requiring boosted-jet production in association with
a leptonically decaying vector boson, which is effective at
reducing QCD backgrounds and provides an additional,
experimentally clean proxy for each event’s characteristic
momentum-transfer scale [1]. Previous measurements of
the Z þ bðb̄Þ process, in a resolved rather than boosted
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event topology, were made using
ffiffiffi
s

p ¼ 7 TeV proton–
proton collisions by ATLAS, CMS, and LHCb [9–13], at
8 TeV by CMS [14], and at 13 TeV by ATLAS and
CMS [15,16].
Additionally, studies of correlations between B and B̄

mesons have been performed by CMS at 7 TeV [17], and
various properties of gluon splitting at 13 TeV have been
measured by ATLAS [18]. In these papers the differential
cross section as a function of ΔRðb; b̄Þ, the angular
separation between the b-jets or b-hadrons, was measured
and found to be mismodeled by MC generators in the
small-ΔRðb; b̄Þ region typical of gluon splitting into bb̄.
Given the importance of ΔRðb; b̄Þ modeling to techniques
for reconstruction of boosted Higgs-bosons, this variable is
also a target of this analysis. The higher 13 TeV center-of-
mass energy produces a larger boosted-event population
than in the 7 TeV studies, and in contrast to the recent
ATLAS Z þ bb̄ cross section measurement at 13 TeV, use
is also made of small-radius charged-particle jets that allow
precise measurement of the small angular separations.
In this paper, we present measurements of cross sections

for the production of a leptonically-decaying Z-boson in
association with a large-R jet, using data taken by the
ATLAS detector at the LHC [19,20] in 2015–2016. The
measured cross sections are differential in kinematic vari-
ables of the large-R jet. An additional phase space is defined
by the requirement that the large-R jet be doubly b-tagged;
total and differential cross sections, including as a function
of the angular separation of the b-tagged subjets, are also
measured in this phase space. These measurements provide
an important test of perturbative QCD in the boosted regime,
including contributions both where a high-energy gluon
splits to give a bb̄ pair carrying a significant fraction of the
jet momentum, and where secondary processes in which two
b-tagged momentum flows exist within the jet but are not its
dominant kinematic components.
The relevant perturbative-QCD issues are summarized in

Sec. II, the ATLAS detector is described in Sec. III, and the
MC event samples used in the analysis and for comparison
with the resulting measurements are discussed in Sec. IV.
The physics object definitions at the reconstruction and
particle levels are described in Sec. V, followed by the event
selection and observable definitions in Sec. VI. The
correction for detector biases is treated in Sec. VII, and
the sources and estimation of systematic uncertainties are
described in Sec. VIII. Finally, the detector-corrected
observables are compared with current MC predictions
in Sec. IX.

II. THEORY CONTEXT

Heavy-flavor partons in the initial state of a hard-
scattering process are understood to arise mainly from
perturbative gluon splittings into bb̄ and cc̄ quark-antiquark
pairs, formalized as DGLAP QCD evolution [21–23]. But

there is an ambiguity in this evolution in the usual
factorization picture of perturbative QCD calculations, as
to whether the emergence of heavy flavor is to be isolated
into the partonic cross section σ̂, or is also permitted in the
evolution of the PDFs which encode the initial-state proton
structure. At present, this separation is strongly tied to the
treatment of the heavy quark as having a finite or zero
mass [8].
The picture without heavy-quark production in the

PDF evolution—here, the absence of b-quarks—is termed
the four-flavor number scheme (4FNS). In this, the b-quark
density in the PDF is set to zero, and so the perturbative
generation of initial-state b-quarks comes from explicit
gluon splitting into a bb̄ pair in the partonic matrix
element [24], usually including b-quark mass effects. A
consequence is that in the four-flavor scheme there are
always at least two participating b-quarks, although they
may fall outside the experimental acceptance. By contrast,
in the five-flavor number scheme (5FNS) the PDF evolution
can generate initial-state b-quarks—again through gluon
splitting, but now internalized in the functional form of the
b-quark PDF. This allows matrix-element amplitudes where
it is possible for only one b-quark to participate in the hard-
scatter [24]. While the 5FNS initially seems the more
complete treatment, its treatment of the initial-state b-quark
is purely longitudinal (whereas gluon splitting in the matrix
element generates transverse momentum), and to avoid
noncancellation of higher-order soft divergences the initial-
state b-quark is currently treated as massless in standard
PDF approaches [25].
In a hypothetical all-orders calculation the two schemes

would give the same results, but for a truncated perturba-
tion expansion they generally give different predictions.
There are arguments in favor of both approaches; the 4FNS
allows for transverse momentum exchange through the
initial-state heavy quarks and hence might be expected to
describe event kinematics better, while the 5FNS is able to
make use of higher-order DGLAP resummation calcula-
tions in the PDF evolution, which are not present in matrix
elements matched to parton showers. The importance of
mass effects is expected to become less important for
process scales Q ≫ mb, suggesting that higher-accuracy
predictions may be obtained using the 5FNS in boosted
event configurations [8,26–28]. Recent computations such
as the computation of Z þ b production at Oðα3s Þ [29], and
the NLO “fusing” scheme developed by SHERPA [30]
combine desirable aspects of both schemes, and should
also be dominated by the 5FNS in boosted phase space. It is
therefore important to compare experimental measurements
of b-quark production with predictions using both of these
schemes, to empirically test the accuracy and predictivity of
the available theoretical approaches.
Theoretical uncertainties also arise in the production of

b-quarks in the partonic final state. The usual parton
shower formulation for parton or dipole splitting is derived
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in the collinear-emission limit, using the pT of the splitting
as the characteristic (renormalization) scale, but this
heuristic scale choice is only well-motivated for gluon-
emission splitting functions [31]. The scale choice for
gluon splitting, especially into heavy quarks, is hence an
extrapolation requiring empirical testing. This is of great
importance since uncertainties in heavy-flavor production
by gluon splitting are a leading systematic limitation on the
sensitivity of Higgs boson decays into bb̄ in the tt̄H, VH
(where V is either a W or Z boson) and gluon-fusion
channels [32–34]—particularly in boosted-Higgs configu-
rations where the two b-quarks are relatively collinear,
similar to the gluon-splitting kinematics [35].

III. ATLAS DETECTOR

The ATLAS detector [19] is a multipurpose particle
detector with a forward/backward-symmetric cylindrical
geometry. The detector has a nearly 4π coverage in
solid angle1 and consists of an inner tracking detector,
electromagnetic and hadronic calorimeters, and a muon
spectrometer.
The inner-detector system (ID) is immersed in a 2 Taxial

magnetic field and provides charged-particle tracking in the
range jηj < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit normally being in
the insertable B-layer (IBL) installed before Run 2 [36,37].
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 (TRT), which enables radially extended
track reconstruction up to jηj ¼ 2.0. The TRT also provides
electron-identification information based on the fraction of
hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. Within the region jηj < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering jηj < 1.8 to
correct for energy loss in material upstream of the
calorimeters. Hadron calorimetry is provided by the
steel/scintillator-tile calorimeter, segmented into three
barrel structures within jηj < 1.7, and two copper/LAr
hadron endcap calorimeters. The solid angle coverage is

completed with forward copper/LAr and tungsten/LAr
calorimeter modules optimized for electromagnetic and
hadronic energy measurements respectively.
The muon spectrometer (MS) comprises separate trigger

and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 Tm across most of
the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, covers the
region jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the endcap regions.
A two-level trigger system is used to select events for

further analysis [38]. The first-level trigger is implemented
in hardware and utilizes partial detector information to
accept events at a rate of 100 kHz. The high-level trigger is
based on software and reduces the rate of accepted events to
1 kHz. An extensive software suite [39] is used in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data-acquisition
systems of the experiment.

IV. DATA AND MC EVENT SAMPLES

The data used in this measurement were collected
during the LHC 2015 and 2016 pp-collision runs atffiffiffi
s

p ¼ 13 TeV, corresponding to an integrated luminosity
of 36.1 fb−1. The uncertainty in the combined 2015–2016
integrated luminosity is 2.1% [40], obtained using the
LUCID-2 detector [41] for the primary luminosity mea-
surements. Analyzed events were required to have all
ATLAS subdetectors fully operational, and stable beam
conditions.
MC-simulated event samples were used in this analysis

to estimate the contamination from background processes,
correct the data from reconstruction level to particle level
(unfolding), and for comparisons to the unfolded data. Four
processes are considered in detail for this analysis; pro-
duction of Z þ jets, W þ jets, tt̄, and electroweak diboson
events. Single top-quark production was shown to make a
negligible contribution, as its acceptance is similar to the
already smallW þ jets contribution, and its cross section is
orders of magnitude smaller. QCD multijet events were
shown to be negligible using a data-driven method.
The Z þ jets signal and W þ jets background were

simulated at next-to-leading-order (NLO) accuracy with
the SHERPA2.2.1 [42,43] MC generator, matching additional
hard parton emissions [44] to the parton shower algorithm
based on the Catani-Seymour dipole formalism [45]. The
prescription [46–49] was used with a merging threshold of
20 GeV to provide merged matrix-element and parton-
shower calculations accurate at NLO in QCD for up to
two additional partons and accurate at LO for up to four

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 coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the beþ am pipe. The
pseudorapidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ. Angular distance is measured in units of
ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.
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additional partons; the virtual QCD matrix-element com-
ponents at NLO accuracy were provided by the OpenLoops

library [50,51]. In this configuration, g → bb̄ splittings can
originate either from the matrix element or from the parton
shower, depending on the transverse scale of the splitting
relative to the CKKWmerging scale [47,52]. As the matrix-
element portions of this calculation include g → bb̄ split-
tings, it is expected that the majority of boosted jets in this
sample will have been initiated by matrix-element rather
than parton-shower splittings, but that the bb̄ splitting
within them can arise from either matrix-element or
parton-shower modeling. The 5FNS NNPDF3.0NNLO PDF
set [53] with αsðmZÞ ¼ 0.118was used, in conjunction with
the SHERPA authors’ standard set of tuned MC parameter
values, referred to as the “tune.” The samples were nor-
malized to the NNLO inclusive Z=W cross sections [54].
An alternative LO QCD Z þ jets sample was simulated

using MADGRAPH 2.2.2 [55] with up to four additional
partons at matrix-element level, and using the NNPDF2.3LO
set of PDFs [56]. This was interfaced with PYTHIA8.186 [57]
for modeling of the parton shower and underlying event,
with use of the CKKW-L merging procedure [58,59], and
with bottom- and charm-hadron decays corrected by
EVTGEN 1.2.0 [60]. The A14 tune [61] and the 5FNS
NNPDF2.3LO PDF set [56] with αs ¼ 0.13 were used by
PYTHIA8. This sample was also normalized to the NNLO
inclusive cross section for use in MC-based background
estimation.
The tt̄ background was simulated using the POWHEG-BOX

v2 HVQ [62–65] generator at NLO with the CT10 PDF [66],
and matched to the PYTHIA8.186 [57] parton shower and
hadronization with the A14 tune [61]. The top-quark mass
was set to 172.5 GeV, and the hdamp parameter—which
controls the pT of the first additional emission beyond the
Born configuration—was set to the mass of the top quark.
This sample was normalized to the tt̄ NNLOþ NNLL
cross section [67].
The diboson processes (WW, WZ, and ZZ, with one of

the bosons decaying hadronically and the other leptoni-
cally) were simulated using SHERPA 2.1.1 with a configu-
ration similar to that used in the Z þ jets and W þ jets
processes described above. The CT10NLO PDF set [68] with
αs ¼ 0.118 was used, with the corresponding SHERPA

parton-shower tune.
All these MC event samples were processed through

the ATLAS GEANT4-based detector simulation [69,70]
and digitization system to produce inputs to object
reconstruction equivalent to those from the detector data-
stream in collision events. Pileup—multiple pp collisions
in each hard-interaction bunch crossing, as well as detector-
response effects due to surrounding bunch crossings—was
emulated by pre-digitization overlay of simulated detector
hits from multiple PYTHIA8.186 inclusive QCD events using
the A3 tune [71]. The composite events were reweighted in
the analysis so the distribution of the number of overlays

per simulated signal event matched the mean number of
collisions per bunch crossing, hμi, in data.
In addition to these MC generator versions and configu-

rations, signal samples were also produced only at particle
level, using the newer SHERPA 2.2.10 generator in a configu-
ration equivalent to that described above, as well as 4FNS
and fusing variations, and the NLO MADGRAPH5_AMC@NLO

2.7.3 + PYTHIA8.244 generator with FxFx merging in 5FNS
and 4FNS modes. These variations are used in Sec. IX for
comparisons with unfolded observables in data.

V. LEPTON AND JET DEFINITIONS

The objects used in this analysis to select events and
define observables are charged leptons, large-R jets, and
(optionally b-tagged) small-R track jets. These are defined
in this section, with detailed discussion of the systematic
uncertainties associated with their reconstruction post-
poned to Sec. VIII.
The final results of this analysis consist of observables

measured in particle-level fiducial volumes, which closely
match the reconstruction-level event and object selection, to
minimize model-dependent extrapolations. In what follows,
the physics objects are defined at both reconstruction level
and particle level. Throughout this analysis, stable particles
are defined to be those with a mean lifetime τ > 10 mm=c.

Charged leptons: The leptonically decaying Z boson is
identified by use of high-pT charged e� and μ� pairs,
including those from τ-lepton decays.
At reconstruction level, identified electrons and

muons were used, with contamination suppressed
by use of “tight” and “medium” identification criteria
for electrons and muons respectively [72,73]. The
lepton candidates were geometrically restricted to the
active regions of the calorimeters and muon spectom-
eter (jηj < 2.47 excluding the 1.37–1.52 region for
electrons, and jηj < 2.47 for muons), and have pT >
27 GeV for both lepton flavors. Both the electrons and
muons were required to be isolated from significant
energy deposits in the calorimeter and from high-
momentum tracks.
Corrections derived in Z → ll events were applied

to account for differences in reconstruction and
identification efficiencies between data and simulated
events. Electron energies as measured by the electro-
magnetic calorimeter were calibrated to the electron
energy in simulation, and discrepancies between data
and simulation corrected [74]. The reconstructed
muon momenta were similarly calibrated using a
mix of simulation and data-driven methods [75].
Uncertainties associated with the lepton efficiencies,
scales, and resolutions were propagated via systematic
variations.
At particle level, the charged leptons are defined as

final-state electrons and muons dressed with direct
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photons within a surrounding cone of size ΔR ¼ 0.1,
with kinematic requirements of jηj < 2.47 and pT >
27 GeV on the resulting objects. No explicit require-
ments of final-state isolation nor direct connection to
the hard scattering are made in the fiducial lepton
definition, hence events with two high-pT electrons
or two muons in the final-state acceptance are treated
as part of the signal even if one or both arise from
τ-lepton or heavy-flavor hadron decays.

Large-R jets: A large-R jet is required in this analysis as
a proxy for a high-momentum, hadronically-decaying
or -splitting object, e.g. a high-energy gluon.
In reconstructed events, large-R jets were recon-

structed from calibrated topological clusters of calo-
rimeter cells [76], using the anti-kt algorithm with
radius parameter R ¼ 1.0 [77,78]. Each clustered jet’s
energy and pseudorapidity were further calibrated
using simulated data, and its mass was calibrated
using a combination of calorimeter and tracking
information [79,80]. Pileup and underlying-event
contributions to the jets were suppressed by a dynamic
trimming [81] procedure discarding clusters from
R ¼ 0.2 subjets with less than 5% of the original
jet pT. The trimmed jets were required to have pT >
200 GeV and jηj < 2, to ensure that the majority of
the jet lies within the tracker volume. Discrepancies
between data and simulation in the jet calibration were
treated as systematic uncertainties.
At particle level, all final-state particles are used as

inputs to the anti-kt R ¼ 1.0 jet algorithm, and trim-
ming is applied with the same parameters as in
reconstruction, effectively subtracting underlying-event
contributions. Again the trimmed jets are required to
have pT > 200 GeV and jηj < 2.

Subjets and b-tagging: Small-R subjets within the large-
R jet are used as proxies for the leading partons in the
jet, e.g. the b-quarks in a high-energy g → bb̄ splitting.
To achieve high angular resolution, inner-detector
tracks are used in place of calorimeter information
to construct these subjets.
At reconstruction level, the anti-kt algorithm with

radius parameter R ¼ 0.2 was used to construct track
jets from at least two inner-detector tracks matched to
the primary vertex (see Sec. VI). The track jets were
required to have pT > 10 GeV and jηj < 2.5. Identi-
fication of the track jets as likely (or not) to have been
initiated by b-quarks was provided by the ATLAS
MV2c10 multivariate b-tagging algorithm [82] trained
on leptonic tt̄ events to achieve 70% b-tagging
efficiency, with mistag rejection ratios of 7.1 and
120 for charmed and light jets, respectively. Correc-
tions were applied to compensate for differences in
b-tagging efficiency and charm- and light-jet mistag
rates observed between simulation and collision data.

Systematic uncertainties from tracking, vertexing, and
b-tagging calibration were evaluated.
At particle level, stable charged particles are used as

the inputs to the R ¼ 0.2 anti-kt jet algorithm, again
with pT > 10 GeV and jηj < 2.5. A charged-particle
jet is considered to be b-tagged if a weakly-decaying
b-hadron, with pT > 5 GeV, is associated with it by
the ghost-association method [83].
Any small-R track-jets or small-R charged-particle

jets matched to the large-R jets by ghost-association
are considered to be charged subjets of the large-R jet.
A large-R jet is considered b-tagged if any of its small-
R subjets is b-tagged, and the number of b-tagged
subjets is used to define subclasses of signal events.

A simple overlap-removal procedure was used at both
reconstruction and particle levels to accommodate a single
particle or object leaving multiple signatures in the detector.
In particular, this procedure was motivated by the possibil-
ity that leptons from the Z-boson decay could also be
recorded as an additional large-R jet. To correct for this, the
angular separation between each lepton and large-R jet was
computed, and if any were within ΔR ¼ 1.0 of each other
then the jet was removed. This cut has the additional effect
of suppressing contributions from the dijet process with
collinear Z-boson emission from quarks, while still admit-
ting widely separated topologies in which the Z boson and
the large-R jet are located in the same event hemisphere.

VI. EVENT SELECTION AND OBSERVABLES

For both the data and reconstruction-level MC samples,
single-electron and single-muon triggers [84–86] were used
to select the subset of events of a priori relevance to this
analysis before application of offline event-selection cuts.
The kinematic requirements on the leptons defined in the
previous section ensured full-trigger efficiency for events in
the analysis fiducial phase space. Candidate events were
required to have a primary vertex, defined as the vertex with
the highest sum of track-p2

T, and with at least two associated
tracks of pT > 400 MeV.
Event selection cuts on the physics objects defined in

Sec. V were applied equally to reconstruction-level events
in data andMC simulation, and to particle-level MC events.
To select signal events containing a leptonically decaying
Z-boson candidate produced in association with a large-R
jet, events were required to have exactly two charged
leptons of the same flavor, l� ∈ fe�; μ�g, and at least one
large-R jet. No opposite-charge requirement was placed on
the charged-lepton pairs, but the invariant mass of the
lepton pair, mll, was required to be greater than 50 GeV to
exclude the photon-dominated part of the Drell-Yan
continuum.
This set of criteria defines the “inclusive” event-selection

region for this analysis. A more exclusive “2-tag” region
was defined as a subset of this by additionally requiring that
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the large-R jet contains exactly two b-tagged subjets. The
numbers of events selected in these regions, for the
dielectron and dimuon channels separately, and for both
collision data and MC simulation, are shown in Table I,
omitting the single-top and multijet processes, which were
shown to be negligible by MC studies and a data-driven
background study, respectively.
The large-R jet used to construct the observables below

was chosen as the highest-pT large-R jet in the inclusive
selection, and the highest-pT 2-tag large-R jet in the 2-tag
selection. The 2-tag observables are hence not a subset of
the inclusive observables, as the latter includes events in
which the highest-pT large-R jet does not contain two
b-tagged subjets.
The differential observables measured in this analy-

sis are:
Properties of the large-R jet (J): the large-R jet mass,mJ,
and transverse momentum, pJ

T, for both the inclusive
and 2-tag regions;

Properties of the large-R jet and Z-boson system
(Z þ J): the transverse momentum of their vector
sum, pZþJ

T , and their separation in ϕ, ΔϕðZ; JÞ, for
the inclusive region only;

Subjet separation: the angular separation, ΔRðb; b̄Þ,
between the two b-tagged subjets in the 2-tag region.

These variables respectively measure the external and
internal kinematics of the selected large-R jet, the effect
of additional QCD radiation on the Z þ J event topology,
and the kinematics of g → bb̄ splitting in the boosted
regime. The total cross sections in the fiducial volume for
the inclusive and 2-tag event selections were also mea-
sured, via integration of the differential measurements.

A selection of these observables are shown at
reconstruction level in Fig. 1, illustrating the inclusive
large-R jet and Z þ J pT distributions, and the 2-tag large-
R jet mass and ΔRðb; b̄Þ distributions in data and simu-
lation. One ee and one μμ dilepton observable are shown
for each event-selection region; all observables were
constructed separately for the electron and muon chan-
nels, to allow consistency checks and consideration of
distinct detector effects before lepton-channel combina-
tion. Significant discrepancies between data and the sum
of MC-modeled processes (including correction factors)
are visible in several variables, particularly the inclusive
large-R jet and Z þ J-system transverse momenta. This
evidence of general mismodeling in the boosted phase
space at reconstruction-level motivated the publication of
the detector-corrected forms of these observables.
These plots show the admixture of processes contribut-

ing to the two event-selection regions, with the inclusive
event-selection dominated by the Z þ light-parton (includ-
ing Z þ charm quark) and tt̄ production processes, and the
2-tag region dominated by Z þ bb̄ with significant back-
ground contributions from diboson and tt̄ production.

VII. CORRECTION OF OBSERVABLES
TO PARTICLE LEVEL

The main result of this analysis is the set of differential
cross sections introduced in the previous section, corrected
to the particle-level fiducial phase space by unfolding; the
deconvolution of biases introduced by the detector and
reconstruction algorithms. Presentation in the fiducial form
assists comparison with results from different experiments
and with theoretical predictions.

TABLE I. Reconstruction-level event-selection yields (and statistical uncertainties of the expected yields) in the ee
and μμ channels from each process’s MC sample (with SHERPA 2.2.1 used for the Z þ jets samples) with the
normalizations discussed in Sec. IV, and from collision data. The Z þ qq̄ categories were defined using a particle-
level filtering strategy in which the given orthogonal combinations of heavy hadrons (from any source) with
pT > 5 GeV, jηj < 2.9 and associated to a pT > 10 GeV truth-particle jet, were enforced in separate MC event
samples at during event generation. The single-top process was found to make a negligible contribution to all event
selections and has been omitted. Multijet backgrounds were estimated to be negligible by a data-driven method.

Inclusive 2-tag

ee μμ ee μμ

Z þ bb̄ 324� 4 305� 4 163.8� 2.6 157.2� 2.5
Z þ cc̄ 536� 10 530� 9 12.3� 1.8 19.3� 2.0
Z þ bc 89� 2 81� 2 14.6� 1.2 12.1� 0.9
Z þ b 2588� 13 2423� 12 14.8� 1.1 12.4� 1.3
Z þ c 5073� 32 4862� 39 5.5� 1.3 6.9� 1.7
Z þ light 53808� 164 51206� 145 9.4� 1.1 11.1� 1.5
tt̄ 5960� 46 5204� 43 82.7� 5.3 75.4� 5.6
W þ jets 73� 4 7� 1 0.4� 0.1 < 0.1
Diboson 2042� 17 1834� 16 21.5� 1.4 20.7� 1.4

MC total 70493� 175 66452� 158 324.9� 6.8 315.1� 7.2
Data 66481 65034 391 384
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FIG. 1. Selected reconstruction-level observables, compared with prefit MC simulation with SHERPA 2.2.1 used for the Z þ jets
samples; the top row shows the inclusive-selection ee large-R jet pT distribution (left) and μμ Z þ J pT distribution (right), and the
bottom row shows the 2-tag selection ee large-R jet mass and μμ ΔRðb; b̄Þ distributions. The MC statistical uncertainties are shown by
the dark gray band and the total uncertainty, including in quadrature the systematic uncertainties detailed in Sec. VIII, are shown by the
light gray band. The statistical uncertainty of the data is given by the error bar on the data point.
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In this analysis, the unfolding was performed using the
fully Bayesian unfolding (FBU) technique [87]. FBU
directly performs a likelihood fit in the parameter space
of signal cross sections σ, plus a set of nuisance parameters
ν that control background compositions and systematic
uncertainties (to be described in Sec. VIII). The FBU
method hence gives access to a full posterior probability
density in the space of signal and nuisance parameters,
from which arbitrarily detailed correlation information may
be extracted.
The FBU posterior probability for each observable is

constructed as the product of Poisson probabilities over all
reconstruction-level bins i as a function of the model
parameters θ ¼ fσ; νg,

PðθjdÞ ∝ LðdjθÞ · πðθÞ;
where d is the set of observed bin counts in data, and πðθÞ is
a set of prior probability densities over the model param-
eters. The L term in this can be expressed as a product of
Poisson likelihoods over the bins,

LðdjθÞ ¼
Y
i∈bins

Poissðdi; xiðθÞÞ;

where xðθÞ is the set of expected total bin yields. This can
be decomposed further into reconstruction-level back-
ground and signal cross sections bi and si,

xiðθÞ ¼ LðνÞ · ðbiðνÞ þ siðθÞÞ

¼ LðνÞ ·
�
biðνÞ þ

X
j

MP→R
ij ðνÞ · σj

�
;

where L is the integrated luminosity of the dataset and
MP→R

ij is the response matrix pðijjÞ mapping particle-level
bins fjg to reconstruction-level bins fig. Overflows outside

the fiducial acceptance are included in the bin indexing, so
migrations into and out of the acceptance are treated with
the full machinery. This provides the full formalism
necessary to relate the observed data di to our parameters
of interest, the particle-level signal cross sections σi. In the
inclusive region, the signal is defined as all Z þ jets
contributions, while in the 2-tag region it is only Z þ bb̄,
with other Z þ jets flavors now considered as part of the
background.
The background cross sections and response matrix were

constructed from a set of MC-derived histogram templates,
including predictions from the nominal MC samples
(SHERPA Z þ jets) with data/MC corrections, and a set of
predictions from each systematic-uncertainty variation to
be described in Sec. VIII. Examples of nominal-model
response-matrix templates for two observables are shown
in Fig. 2.
The unit nuisance parameters νk ∈ ν were used to define

linear interpolations of bi and MP→R
ij between templates

corresponding to νk ¼ 0 and 1. The absolute deviations
obtained from “up” and “down” variations of nuisance
parameters were averaged into single positive deviations
for use in this symmetrized form. Unit Gaussian priors were
applied to all νk other than the luminosity uncertainty; as
negative luminosities would imply unphysical negative
event rates, the luminosity uncertainty was modelled by
an always-positive log-normal prior with μ ¼ 0 and
σ ¼ 0.021. The background normalizations were allowed
to float with Gaussian prior widths discussed in Sec. VIII,
and flat, non-negative priors were imposed on the signal
cross section parameters σ.
For this analysis, the “hunfold” [88] implementation of

FBU was used. This uses gradient ascent to maximize the
posterior log-probability lnPðθÞ, and then samples the
posterior probability distribution using a proposal density
in θ derived from the likelihood Hessian matrix at the
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with nominal signal modeling.
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maximum-likelihood point. In the unfolded observables of
this analysis (see Sec. IX), each variable is constructed
from a sum of electron and muon channels via a single FBU
fit, with a “double width” concatenation of electron and
muon response matrices used to simultaneously unfold the
electron and muon distributions into combined particle-
level distributions representing Z-boson decays into either
lepton flavor.

VIII. SYSTEMATIC UNCERTAINTIES

The measurements in this analysis are affected by
statistical uncertainties and by systematic uncertainties
from detector-interaction and reconstruction processes,
from MC modeling, and from the unfolding procedure.
Estimates of these uncertainties were derived using stan-
dard methods described in this section, and were propa-
gated through the unfolding procedure where they affected
the final posterior distributions.
The main sources of experimental systematic uncertainty

affecting these measurements were:
Charged leptons: energy/momentum scale and resolu-
tion, and reconstruction, identification, isolation, and
trigger efficiencies. Systematic variations of the data/
MC efficiency corrections and energy/momentum
calibrations applied to the MC samples [74,89] were
used to define variations from their nominal templates
in the FBU unfolding’s parametrized background
cross sections and signal response matrices.

Large-R jets: energy scale, mass scale, energy resolu-
tion, and mass resolution. The jet energy scale (JES)
and jet mass scale (JMS) uncertainties were based on
the double-ratio of each variable (energy, mass) to its
equivalent reconstructed from track-jets, between
data and simulation; this construction permitted sep-
aration of the physics effects from the calorimeter
reconstruction systematic uncertainties [90]. In this
analysis, the JES and JMS uncertainties have been
treated as fully uncorrelated; cross-checks assuming
higher degrees of correlation had negligible effect.
The uncertainty in the jet mass resolution (JMR) was
determined by smearing the jet mass such that its
resolution was degraded by 20%, and for the large-R
jet energy resolution (JER), symmetric variations of
the jet energies by �2% were applied.

Flavor tagging: track-jet b-tagging efficiencies, and
mistag rates for c-jets and light-flavor jets. The
b-tagging efficiency and charm mis-tag rate in simu-
lation were calibrated using the tag-and-probe method
in tt̄ events [91,92], and the light-jet mistag rate was
calibrated in dijet events [93]. A total of 25 diagon-
alized systematic uncertainties associated with these
calibration factors were considered in this analysis.

Pileup: pileup reweighting uncertainty. The MC predic-
tions were reweighted such that their distribution of
the number of pileup vertices matched the pileup

distribution measured in the data. The uncertainty
from this procedure was propagated to the unfolding
using variations of pileup weights to account for the
uncertainty in the pileup estimation.

In addition to the above measures of imperfect under-
standing of the detector, uncertainties in the modeling of
both the signal and background physics processes were
propagated to the final measurement, via systematic varia-
tions in the unfolding components. As for the detector
uncertainties, this propagation was implemented via linear
interpolation of template distributions (including response
matrices) in the unfolding machinery. For the signal process,
standard 7-point variations of the renormalization and
factorization scales by factors of two from the nominal
values, the nominal PDF’s error set, differences between the
nominal PDF and the alternative CT14NNLO [94] and
MMHT2014NNLO [95] central PDFs, and variations of
αsðmZÞ by �0.001 were included. Approximate uncertain-
ties in the matching procedure between matrix element and
parton shower were evaluated by variations between the
nominal SHERPA samples and the MADGRAPH5_AMC@NLO +
PYTHIA8 samples. The envelope of differences in the signal-
process response matrix between SHERPA and MADGRAPH

was also treated as a systematic uncertainty; a cross-check
showed that the results were not sensitive to whether or not
the SHERPA/MADGRAPH difference was split into several
independently parametrized components.
Dedicated variation MC samples were used to evaluate

the modeling of the tt̄ background, considering the matrix
element, parton shower model, and the dependence on
initial- and final-state radiation settings and the hdamp

parameter. In addition, the quality of tt̄ modeling was
assessed in MC–data comparisons using an opposite-flavor
eμ variation on the standard ee=μμ selection; additional
mismodeling uncertainties of 30–50%were added to the first
bins of the inclusive pZþJ

T observable, to cover an MC–data
discrepancy in this control region. A conservative σ ¼ 0.2
Gaussian prior, informed by the maximum reconstruction-
level data/MC disagreement, was used for the normalization
uncertainty of all background processes other than the
nonsignal Z þ jets samples in the 2-tag region, for which
a larger σ ¼ 0.5 prior was used. This inflated uncertainty
was assigned to reflect that a robust in situ measure of the
2-tag flavor fractions could not be obtained from b-tagging
variable templates due to the low event count in this analysis
phase space.
In addition, systematic errors arise from the finite sizes of

the simulation samples. In principle, the statistical limitation
of each bin corresponds to a nuisance parameter in the
unfolding. But in practice many of these parameters have
little effect, since most bins with low rates, e.g. very
statistically limited off-diagonal elements of the response
matrix, by construction do not contribute much to the result.
This abundance of uncertain quantities creates an intractably
large space of nuisance parameters in which the unfolding
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fit is unlikely to converge. A “pruning” procedure was
hence implemented, both for statistical uncertainties in
response-matrix estimates and for all the detector and
modeling systematic uncertainties described. The pruning
criterion was to remove nuisance parameters which pro-
duced a background variation of less than 5% in all bins (the
background fractions being around 20% of the event yield
in the inclusive region and 40% in the 2-tag region), and did
not change any entries in the response matrix by at least
0.002. The effect was to prune jet-substructure and most
lepton-calibration systematic uncertainties for all observ-
ables, jet-mass systematic uncertainties for the pJ

T and pZþJ
T

observables, and jet-mass resolution for all but the large-R
jet mass observable. The b-tagging uncertainties were
partially pruned for the 2-tag region; naturally, there are
no such uncertainties in the inclusive region. The unpruned
MC statistical uncertainties in total contributed a sublead-
ing ∼1%.
A comprehensive set of closure tests in the unfolding/

nuisance-profiling procedure was performed, including
closure tests with and without reweighting of the MC
samples to match the reconstruction-level data distribution
in each variable, stress testing by reweighting SHERPA

pseudodata with a MADGRAPH-derived response matrix
and vice versa, and checks against bias from nonuniform
signal priors. Nonclosure effects from these tests, which
were very small in nearly all bins, but rose to around 20% in
single bins of the pJ

T and pZþJ
T distributions, were added in

quadrature to the mix of final uncertainties.
Summary systematic uncertainties are listed in Table II

and illustrated for two observables in Fig. 3. The summa-
ries were obtained from the FBU posterior-distribution
samples by computing the sample covariance matrix

between all fit parameters, including nuisance parameters
and signal bin-values, covij ¼ hxixji − hxiihxji for param-
eter indices i and j. The absolute values of covariance-
matrix rows for the elementary nuisance parameters were
then summed in semantic groupings, e.g. the sets of
nuisance parameters for electron reconstruction, jet
reconstruction, b-tagging, etc. The resulting grouped-
covariance entries were projected onto the signal-bin cross
section parameters via the relation σb ¼ covbn=

ffiffiffiffiffiffiffiffiffiffiffi
covnn

p
,

where b is the signal bin index, and n the systematic
nuisance index. By construction, these grouped uncertain-
ties are symmetric. The total uncertainty, including stat-
istical effects, is given by the larger standard deviation of
each signal bin value. The largest systematic group effects
are from large-R jet calibration and signal modeling in the
inclusive region, and from background normalization and
b-tagging calibration in the 2-tag region.

IX. RESULTS

The posterior distributions of nuisance parameters
common to the electron and muon channels were unfolded
independently and found to be consistent before performing
the simultaneous unfolding shown here. Other than in the
inclusive-region mJ distribution, the FBU procedure did not
constrain most systematic-uncertainty nuisance parameters
significantly. The nuisance parameter for the SHERPA vs
MADGRAPH modeling uncertainty was the exception; this
was constrained in favor of SHERPA to 20–40%of the original
prior width by all distributions. The background normaliza-
tions changed by at most a few percent, not significantly
modifying the admixture of signal and background predicted
by the MC programs, and least of all in the 2-tag fits.

TABLE II. Summary table of relative uncertainty magnitudes per observable. These uncorrelated estimates of
systematic uncertainties’ contributions to the total uncertainty are based on projection of nuisance parameters onto
the signal cross section bin values via the likelihood-scan covariance matrix, and summing the elementary
contributions in quadrature.

Inclusive 2-tag

pJ
T (%) mJ (%) pZþJ

T (%) ΔϕðZ; JÞ (%) pJ
T (%) mJ (%) ΔRðb; b̄Þ (%)

Scales & PDFs 0–10 3–7 2–9 1–4 2–9 3–9 2–14
MC modeling 1–11 0–12 1–6 1–6 0–15 4–9 2–9
MC statistics 0–2 3–10 0–5 0–1 4–12 3–11 2–4
Background normalization 2–6 4–7 3–6 2–7 9–37 11–23 11–26
tt̄ modeling 1–22 3–13 2–13 2–11 4–23 11–29 3–24
Jet reconstruction 5–50 6–11 5–21 7–22 9–33 15–24 11–21
b-tagging 5–33 6–12 7–11
Electron reconstruction 0–2 1–7 2–7 1–3 4–8 0–9 1–3
Muon reconstruction 1–10 2–9 0–2 1–5 1–3 1–7 0–2
Pile-up 0–9 0–3 0–2 0–1 1–16 0–7 1–4
Luminosity 3–4 0–7 3–7 4–5 5–7 3–7 4–6
Unfolding closure 0–21 0–0 0–18 0–0 0–0 0–0 0–0
Total systematic uncertainties 7–62 11–27 10–33 9–27 23–66 24–45 22–41
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The full multidimensional posterior-probability distribu-
tion is the most complete form of the measurement, but for
histogram presentation each bin’s marginal probability
distribution is used to define the central value and error
bar; these correspond to the marginal median and marginal
central 68% confidence range, respectively.
The final unfolded differential cross sections as

functions of the event kinematics are presented in
Figs. 4 and 5, compared with NLO particle-level pre-
dictions from SHERPA 2.2.1 and SHERPA~2.2.10, and
MADGRAPH5_AMC@NLO 2.7.3 + PYTHIA8.244. In this section,
all predictions are normalized to their own calculated
cross section to allow an unbiased comparison of both the
total rates and distribution shapes between the different
generators.
The total fiducial cross sections are measured by inte-

gration of the angular distributions (chosen because they do
not have overflow bins) in both event-selection regions. The
measured values are σincl ¼ 2.37� 0.28 pb for the inclusive
selection, and σ2-tag ¼ 14.6� 4.6 fb for the 2-tag selection.
The NLO SHERPA 2.2.10 and NLOMADGRAPH5_AMC@NLO

+ PYTHIA8 generators predict slightly higher central values of
the inclusive cross section than the measured one, at 2.53�
1.25 pb and 2.68� 0.67 pb respectively, while the LO
MADGRAPH central configuration overestimates at 2.84 pb.
The older SHERPA 2.2.1 central prediction of 2.37 pb also
agrees closely with the measurement. The large uncertainties
in the NLO calculations are dominated by the effects of scale
variations; systematic uncertainties are not well-defined for
the LO calculation, but the better nominal performance is

evidently provided by the NLO generators. For the 2-tag
cross section, the NLO 5-flavor SHERPA 2.2.10 and
MADGRAPH5_AMC@NLO central predictions describe the
data well, with 14.9� 4.2 fb and 14.4� 1.9 fb respectively.
The SHERPA fusing cross section, mixing elements of
the 4- and 5-flavor calculations, is close to the 5-flavor
predictions, with 14.3� 4.8 fb. The 4-flavor SHERPA and
MADGRAPH5_AMC@NLO calculations, and the previous 5-
flavor SHERPA 2.2.1 prediction underestimate the 2-tag cross
section with 9.4� 3.1 fb, 4.4� 1.1 fb, and 9.1 fb respec-
tively. This result underscores the expectation that the 5-
flavor (or fusing) scheme is the more appropriate choice for
heavy-quark production in this analysis phase space, even
for bb̄-pair production.
The σ2-tag=σincl ratio of 2-tag to inclusive events seen in

data is ð0.62� 0.12Þ%, accounting for cancellations of
shared systematic uncertainties between the inclusive
and 2-tag cross section estimates. This figure is repro-
duced well by SHERPA 2.2.10’s ð0.59� 0.39Þ% and by
MADGRAPH5_AMC@NLO + PYTHIA8 with ð0.54� 0.21Þ%.
The older NLO SHERPA 2.2.1 and leading-order MADGRAPH

+ PYTHIA8 estimates undershoot with 0.42% and 0.38%
respectively. These cross sections hence furnish new
experimental discriminators between perturbative-QCD
models of high-pT heavy-flavor production rates, despite
the significant measurement uncertainties.
In the inclusive-selection differential distributions of

Fig. 4, the MADGRAPH5_AMC@NLO + PYTHIA8 predictions
can be seen to have the shapes in best agreement with data,
not suffering from the excesses of activity common to the
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FIG. 3. Illustration of leading postunfolding groups of systematic uncertainties for the inclusive-selection large-R jet pT (left) and
2-tag selection ΔRðb; b̄Þ (right). These groups have been constructed from elementary systematic nuisance parameters, assuming
statistical independence of error sources within each group.
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FIG. 4. Particle-level differential cross sections in the inclusive event selection. The top row shows the large-R jet pT (left) and mass
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FIG. 5. Particle-level differential cross sections in the 2-tag event selection. The top row shows the large-R jet pT (left) and mass
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generator, run in conjunction with PYTHIA8, and “4=5F” refer to the flavor-number scheme used.
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SHERPA models and leading-order MADGRAPH + PYTHIA8 in
the more extreme phase-space regions of high pJ

T and p
ZþJ
T ,

and small ΔϕðZ; JÞ. In this topology, where the Z þ jets
process becomes more like a dijet system with collinear Z-
boson radiation, both generators display similar shape
deviations with respect to the measurement, with the best
agreement at low pT, low mass, and low levels of additional
event activity [as characterized by low pZþJ

T values and the
back-to-back ΔϕðZ; JÞ ∼ π region]. The excess in inclusive
cross section estimate for nominal MADGRAPH5_AMC@NLO

+ PYTHIA8 can be seen to arise from a relatively small
overpopulation with respect to SHERPA in the most popu-
lated bins of pJ

T and pZþJ
T , while its shapes typically match

data to within 10%, whereas the other generators overesti-
mate high-scale activity by 50–100%.
As noted in the review of reconstruction-level plots, the

mismodeling of extra radiation by SHERPA and leading-
order MADGRAPH + PYTHIA8 is one of the most significant
discrepancies between simulation and data observed in this
analysis. Despite the large measurement uncertainties, this
evidence of larger transverse recoil of the Z þ J system in
simulation than in data, as well as the higher-than-observed
pT and mass of the large-R jets, is an important result for
inclusive QCD model development and tuning in this
boosted phase space.
In the 2-tag selection distributions in Fig. 5, the larger

uncertainties and much lower event counts mean that shape
discrepancies are more difficult to discern; current shape
modeling appears to be performing adequately, with
relatively constant MC/data ratios for large-R jet mass
and ΔRðb; b̄Þ. In particular, the large-R jet mass in this
region appears to be consistently well described by all MC
models, with no sign of the excesses and model disagree-
ments seen in the inclusive-region version of that observ-
able. Further analysis with the complete Run 2 dataset will
be required to discriminate between the models in this
phase space, beyond the evident favoring of the 5FNS for
total bb̄ production rate.

X. CONCLUSION

We have presented measurements of cross sections for
the production of a leptonically decaying Z boson in
association with a large-radius jet in LHC 13 TeV pro-
ton-proton collision events from the ATLAS 36 fb−1

combined 2015–2016 data-taking run, corrected to a
particle-level fiducial region. The observables presented
are differential in kinematic variables of the Z boson, the
large-R jet, and its associated small-R b-tagged charged-
particle jets. They are measured with a flavor-inclusive
event selection and also within a “2-tag” event-selection
region which adds a double b-hadron labeling requirement
on the large-R jet. The integrated cross sections within the
fiducial volumes of the event-selection regions have also
been presented.

These cross section estimates were extracted from data
using the fully Bayesian unfolding formalism, effectively
performing a posterior-probability fit over a combination of
signal and background cross section parameters, and various
systematic uncertainties affecting the response of the
detector. These measurements provide an important test
of perturbative quantum chromodynamics, with particular
emphasis on the production rates and kinematics of bottom
quarks. These are a significant background to several
important Higgs-boson searches, and are affected by sig-
nificant theory and modeling uncertainties. The full data,
correlations, and samples from the posterior-probability
function are provided for use in event-generator tuning
and model hypothesis-testing via public databases.
The differential cross sections indicate significant mis-

modeling of QCD activity in the inclusive event selection
by many MC models, with both the NLO SHERPA and LO
MADGRAPH + PYTHIA8 event generators predicting greater
pT and azimuthal decorrelation in the Z þ J system than
seen in the ATLAS data. The large-R jet itself is con-
sequently biased to higher pT and mass values than in data,
although to a lesser extent than the deviations in the Z þ J-
system observables. The NLO MADGRAPH5_AMC@NLO +
PYTHIA8 model, by contrast, describes all distribution
shapes well, with only a small overestimate of the inclusive
fiducial cross section. All models somewhat overestimate
this cross section, with recent SHERPA versions providing
the best description.
The 2-tag selection, while its discrimination power is

limited by the number of data events, does not appear to
suffer from the same shape-modeling issues, and there is
good shape agreement between the data and all MC
models. The strongest feature observed in this event-
selection region is in normalization, with models using
the 4FNS approach significantly underestimating the rate of
bb̄ boosted-jet production. Five-flavor approaches with
modern tools do much better, with both SHERPA 2.2.10 and
MADGRAPH5_AMC@NLO providing accurate predictions for
the 2-tag cross section and the ratio of 2-tag to inclusive
rates. This information is important for future use of MC-
derived large-R jet flavor composition in, for example,
studies of the VHðbb̄Þ process. As the result is statistically
limited in the 2-tag region, the significant increase in
integrated luminosity from the LHC full Run 2 dataset
(and expected from the LHCRun 3 program) should provide
a clearer view of how far the validity of MC modeling of
heavy-flavor extends into this extreme event topology.
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A. Vallier ,36 J. A. Valls Ferrer ,165 T. R. Van Daalen ,14 P. Van Gemmeren ,6 S. Van Stroud ,96 I. Van Vulpen ,116

M. Vanadia ,76a,76b W. Vandelli ,36 M. Vandenbroucke ,136 E. R. Vandewall ,122 D. Vannicola ,75a,75b R. Vari ,75a

E.W. Varnes ,7 C. Varni ,57b,57a T. Varol ,150 D. Varouchas ,67 K. E. Varvell ,149 M. E. Vasile ,27b G. A. Vasquez ,167

F. Vazeille ,40 D. Vazquez Furelos ,14 T. Vazquez Schroeder ,36 J. Veatch ,55 V. Vecchio ,102 M. J. Veen ,116

L. M. Veloce ,158 F. Veloso ,131a,131c S. Veneziano ,75a A. Ventura ,70a,70b A. Verbytskyi ,111 V. Vercesi ,73a

M. Verducci ,74a,74b C. M. Vergel Infante,81 C. Vergis ,24 W. Verkerke ,116 A. T. Vermeulen ,116 J. C. Vermeulen ,116

C. Vernieri ,145 P. J. Verschuuren ,95 M. C. Vetterli ,144,hh N. Viaux Maira ,138d T. Vickey ,141 O. E. Vickey Boeriu ,141

G. H. A. Viehhauser ,127 L. Vigani ,63b M. Villa ,23b,23a M. Villaplana Perez ,165 E. M. Villhauer,52 E. Vilucchi ,53

M. G. Vincter ,34 G. S. Virdee ,21 A. Vishwakarma ,52 C. Vittori ,23b,23a I. Vivarelli ,148 M. Vogel ,173 P. Vokac ,133

J. Von Ahnen ,48 S. E. von Buddenbrock ,33e E. Von Toerne ,24 V. Vorobel ,134 K. Vorobev ,37 M. Vos ,165

J. H. Vossebeld ,92 M. Vozak ,102 N. Vranjes ,16 M. Vranjes Milosavljevic ,16 V. Vrba,133,† M. Vreeswijk ,116

R. Vuillermet ,36 I. Vukotic ,39 S. Wada ,160 C. Wagner,104 P. Wagner ,24 W. Wagner ,173 J. Wagner-Kuhr ,110

G. AAD et al. PHYS. REV. D 108, 012022 (2023)

012022-26

https://orcid.org/0000-0002-2891-0781
https://orcid.org/0000-0002-0447-2975
https://orcid.org/0000-0003-2517-531X
https://orcid.org/0000-0001-6480-6829
https://orcid.org/0000-0003-2799-6672
https://orcid.org/0000-0002-3777-4734
https://orcid.org/0000-0002-5996-7000
https://orcid.org/0000-0001-6088-7094
https://orcid.org/0000-0002-9067-8362
https://orcid.org/0000-0003-4579-2120
https://orcid.org/0000-0001-7775-7915
https://orcid.org/0000-0001-8610-8423
https://orcid.org/0000-0001-7430-7599
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-0823-056X
https://orcid.org/0000-0001-6959-2997
https://orcid.org/0000-0002-0518-4086
https://orcid.org/0000-0003-0694-3272
https://orcid.org/0000-0002-7674-7878
https://orcid.org/0000-0002-2737-8674
https://orcid.org/0000-0001-9946-8188
https://orcid.org/0000-0002-2598-5657
https://orcid.org/0000-0002-9402-6329
https://orcid.org/0000-0003-1703-7304
https://orcid.org/0000-0003-2225-9024
https://orcid.org/0000-0003-4435-4962
https://orcid.org/0000-0003-1338-2741
https://orcid.org/0000-0001-6981-0544
https://orcid.org/0000-0001-9116-880X
https://orcid.org/0000-0002-6171-1119
https://orcid.org/0000-0002-1430-5994
https://orcid.org/0000-0003-0124-3410
https://orcid.org/0000-0002-0786-6304
https://orcid.org/0000-0001-7482-6348
https://orcid.org/0000-0001-5813-1693
https://orcid.org/0000-0001-8265-403X
https://orcid.org/0000-0002-6551-1878
https://orcid.org/0000-0003-4454-6999
https://orcid.org/0000-0002-9408-895X
https://orcid.org/0000-0003-4183-2594
https://orcid.org/0000-0002-0418-4199
https://orcid.org/0000-0002-9226-2539
https://orcid.org/0000-0001-5644-9526
https://orcid.org/0000-0002-6868-8329
https://orcid.org/0000-0001-7282-949X
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7666-7544
https://orcid.org/0000-0003-2546-0516
https://orcid.org/0000-0001-9007-7658
https://orcid.org/0000-0002-7561-1960
https://orcid.org/0000-0002-2224-719X
https://orcid.org/0000-0001-5374-6402
https://orcid.org/0000-0002-8495-0630
https://orcid.org/0000-0001-6616-3433
https://orcid.org/0000-0002-1217-672X
https://orcid.org/0000-0001-6009-6321
https://orcid.org/0000-0003-1990-0992
https://orcid.org/0000-0002-2908-3909
https://orcid.org/0000-0001-7708-9259
https://orcid.org/0000-0002-8549-6855
https://orcid.org/0000-0002-5349-8370
https://orcid.org/0000-0002-4080-2919
https://orcid.org/0000-0003-4091-1784
https://orcid.org/0000-0003-0690-8573
https://orcid.org/0000-0002-0791-9728
https://orcid.org/0000-0002-4185-6484
https://orcid.org/0000-0003-2399-8945
https://orcid.org/0000-0003-0182-7088
https://orcid.org/0000-0001-9679-0323
https://orcid.org/0000-0002-7511-4614
https://orcid.org/0000-0003-0276-8059
https://orcid.org/0000-0001-7582-6227
https://orcid.org/0000-0003-2460-6659
https://orcid.org/0000-0002-8913-0981
https://orcid.org/0000-0001-7253-7497
https://orcid.org/0000-0002-0465-5472
https://orcid.org/0000-0002-6972-7473
https://orcid.org/0000-0003-0958-7656
https://orcid.org/0000-0002-0062-2438
https://orcid.org/0000-0002-8302-386X
https://orcid.org/0000-0002-7863-3778
https://orcid.org/0000-0002-2382-6951
https://orcid.org/0000-0002-1639-4484
https://orcid.org/0000-0002-1728-9272
https://orcid.org/0000-0001-9610-0783
https://orcid.org/0000-0001-6976-9457
https://orcid.org/0000-0001-6980-0215
https://orcid.org/0000-0001-7755-5280
https://orcid.org/0000-0001-9155-3898
https://orcid.org/0000-0003-3943-2495
https://orcid.org/0000-0002-4807-6448
https://orcid.org/0000-0003-2925-279X
https://orcid.org/0000-0003-2340-748X
https://orcid.org/0000-0002-2685-6187
https://orcid.org/0000-0001-8802-7184
https://orcid.org/0000-0003-4409-4574
https://orcid.org/0000-0001-7021-9380
https://orcid.org/0000-0003-4893-8041
https://orcid.org/0000-0001-6906-4465
https://orcid.org/0000-0002-7199-3383
https://orcid.org/0000-0001-7287-0468
https://orcid.org/0000-0002-4679-6767
https://orcid.org/0000-0003-3447-5621
https://orcid.org/0000-0003-4422-6493
https://orcid.org/0000-0001-9585-7215
https://orcid.org/0000-0002-0918-9175
https://orcid.org/0000-0003-3917-3761
https://orcid.org/0000-0002-5800-4798
https://orcid.org/0000-0003-3425-794X
https://orcid.org/0000-0002-4580-2475
https://orcid.org/0000-0001-7002-0590
https://orcid.org/0000-0003-1466-6869
https://orcid.org/0000-0002-2611-8563
https://orcid.org/0000-0003-1135-1423
https://orcid.org/0000-0003-3142-030X
https://orcid.org/0000-0002-3143-8510
https://orcid.org/0000-0001-9985-6033
https://orcid.org/0000-0001-8560-3756
https://orcid.org/0000-0002-1433-2140
https://orcid.org/0000-0001-9994-5802
https://orcid.org/0000-0002-9929-1797
https://orcid.org/0000-0002-3659-7270
https://orcid.org/0000-0003-1251-3332
https://orcid.org/0000-0002-9252-7605
https://orcid.org/0000-0002-9296-7272
https://orcid.org/0000-0002-0584-8700
https://orcid.org/0000-0002-5060-2208
https://orcid.org/0000-0002-4244-502X
https://orcid.org/0000-0001-5785-7548
https://orcid.org/0000-0002-1535-9732
https://orcid.org/0000-0002-3335-6500
https://orcid.org/0000-0003-3348-0234
https://orcid.org/0000-0001-8760-7259
https://orcid.org/0000-0003-0090-2170
https://orcid.org/0000-0002-1831-4871
https://orcid.org/0000-0002-6596-9125
https://orcid.org/0000-0003-3587-187X
https://orcid.org/0000-0001-5545-6513
https://orcid.org/0000-0001-9977-3836
https://orcid.org/0000-0003-4803-5213
https://orcid.org/0000-0001-6520-8070
https://orcid.org/0000-0003-0132-5723
https://orcid.org/0000-0003-3388-3906
https://orcid.org/0000-0003-1274-8967
https://orcid.org/0000-0002-8768-2272
https://orcid.org/0000-0003-1882-5572
https://orcid.org/0000-0002-9746-4172
https://orcid.org/0000-0001-6965-6604
https://orcid.org/0000-0001-7050-8203
https://orcid.org/0000-0002-6239-7715
https://orcid.org/0000-0001-6031-2768
https://orcid.org/0000-0003-1594-9350
https://orcid.org/0000-0002-9634-0581
https://orcid.org/0000-0002-8023-6448
https://orcid.org/0000-0002-3698-3585
https://orcid.org/0000-0002-0294-6727
https://orcid.org/0000-0003-2445-1132
https://orcid.org/0000-0003-2433-231X
https://orcid.org/0000-0003-4666-3208
https://orcid.org/0000-0001-8777-0590
https://orcid.org/0000-0002-8262-1577
https://orcid.org/0000-0002-1027-1213
https://orcid.org/0000-0002-1824-034X
https://orcid.org/0000-0002-8580-9145
https://orcid.org/0000-0002-4603-2070
https://orcid.org/0000-0001-8127-9653
https://orcid.org/0000-0003-1129-9792
https://orcid.org/0000-0003-2911-8910
https://orcid.org/0000-0003-0822-1206
https://orcid.org/0000-0002-5507-7924
https://orcid.org/0000-0001-9898-480X
https://orcid.org/0000-0001-6485-2227
https://orcid.org/0000-0001-9128-6080
https://orcid.org/0000-0001-5543-6192
https://orcid.org/0000-0002-0902-491X
https://orcid.org/0000-0002-9820-1729
https://orcid.org/0000-0002-3806-6895
https://orcid.org/0000-0002-8224-6105
https://orcid.org/0000-0002-6127-5847
https://orcid.org/0000-0001-5913-0828
https://orcid.org/0000-0001-6204-4445
https://orcid.org/0000-0001-9500-2487
https://orcid.org/0000-0001-7688-5165
https://orcid.org/0000-0002-7997-8524
https://orcid.org/0000-0003-1041-9131
https://orcid.org/0000-0001-8249-7150
https://orcid.org/0000-0002-5151-7101
https://orcid.org/0000-0001-6938-5867
https://orcid.org/0000-0001-7878-6435
https://orcid.org/0000-0002-6632-0440
https://orcid.org/0000-0002-2119-8875
https://orcid.org/0000-0002-9104-2884
https://orcid.org/0000-0002-8965-6676
https://orcid.org/0000-0001-8157-6711
https://orcid.org/0000-0002-2055-4364
https://orcid.org/0000-0001-8212-6894
https://orcid.org/0000-0002-5865-183X
https://orcid.org/0000-0001-6307-1437
https://orcid.org/0000-0001-5384-3843
https://orcid.org/0000-0002-7672-7754
https://orcid.org/0000-0001-6506-3123
https://orcid.org/0000-0002-3353-133X
https://orcid.org/0000-0002-0726-5648
https://orcid.org/0000-0001-8740-796X
https://orcid.org/0000-0001-6131-5725
https://orcid.org/0000-0002-8363-1072
https://orcid.org/0000-0002-0410-0055
https://orcid.org/0000-0002-9813-7931
https://orcid.org/0000-0001-8130-7423
https://orcid.org/0000-0002-1646-0621
https://orcid.org/0000-0002-1384-286X
https://orcid.org/0000-0002-3274-6531
https://orcid.org/0000-0003-2005-595X
https://orcid.org/0000-0002-4170-8537
https://orcid.org/0000-0002-2209-8198
https://orcid.org/0000-0002-7633-8441
https://orcid.org/0000-0002-0887-7953
https://orcid.org/0000-0001-5032-7907
https://orcid.org/0000-0002-7110-8065
https://orcid.org/0000-0001-9584-0392
https://orcid.org/0000-0001-8703-6978
https://orcid.org/0000-0001-6729-1584
https://orcid.org/0000-0003-1492-5007
https://orcid.org/0000-0003-4086-9432
https://orcid.org/0000-0001-9362-8451
https://orcid.org/0000-0001-9931-2896
https://orcid.org/0000-0002-0486-9569
https://orcid.org/0000-0003-2044-6539
https://orcid.org/0000-0002-9776-5880
https://orcid.org/0000-0002-5510-1111
https://orcid.org/0000-0002-6782-1941
https://orcid.org/0000-0002-5496-349X
https://orcid.org/0000-0002-3953-3117
https://orcid.org/0000-0002-2254-125X
https://orcid.org/0000-0002-7227-4006
https://orcid.org/0000-0002-7969-0301
https://orcid.org/0000-0001-7074-5655
https://orcid.org/0000-0003-2684-276X
https://orcid.org/0000-0001-6581-9410
https://orcid.org/0000-0001-9055-4020
https://orcid.org/0000-0003-3453-6156
https://orcid.org/0000-0001-6814-4674
https://orcid.org/0000-0002-2814-1337
https://orcid.org/0000-0001-7820-9144
https://orcid.org/0000-0001-6733-4310
https://orcid.org/0000-0002-0697-5808
https://orcid.org/0000-0002-0734-4442
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0001-8415-0759
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0003-1631-2714
https://orcid.org/0000-0002-5551-3546
https://orcid.org/0000-0002-9780-099X
https://orcid.org/0000-0003-0855-0958
https://orcid.org/0000-0002-1351-6757
https://orcid.org/0000-0001-5284-2451
https://orcid.org/0000-0003-1827-2955
https://orcid.org/0000-0002-5956-4244
https://orcid.org/0000-0002-2598-2659
https://orcid.org/0000-0002-3368-3413
https://orcid.org/0000-0002-3713-8033
https://orcid.org/0000-0001-7670-4563
https://orcid.org/0000-0001-8209-4757
https://orcid.org/0000-0002-3228-6715
https://orcid.org/0000-0001-5468-2025
https://orcid.org/0000-0002-8884-7112
https://orcid.org/0000-0003-4378-5736
https://orcid.org/0000-0002-0235-1053
https://orcid.org/0000-0002-4233-7563
https://orcid.org/0000-0002-7223-2965
https://orcid.org/0000-0002-5102-9140
https://orcid.org/0000-0002-1596-2611
https://orcid.org/0000-0002-6497-6809
https://orcid.org/0000-0002-0237-292X
https://orcid.org/0000-0002-6270-9176
https://orcid.org/0000-0002-9181-8048
https://orcid.org/0000-0002-0048-4602
https://orcid.org/0000-0002-4839-6281
https://orcid.org/0000-0002-5338-8972
https://orcid.org/0000-0002-6779-5595
https://orcid.org/0000-0001-8832-0313
https://orcid.org/0000-0001-9156-970X
https://orcid.org/0000-0003-0097-123X
https://orcid.org/0000-0003-0672-6868
https://orcid.org/0000-0002-3429-4778
https://orcid.org/0000-0003-4032-0079
https://orcid.org/0000-0002-8399-9993
https://orcid.org/0000-0001-8899-4027
https://orcid.org/0000-0001-8757-2180
https://orcid.org/0000-0002-7110-8516
https://orcid.org/0000-0001-8474-5357
https://orcid.org/0000-0001-8178-8503
https://orcid.org/0000-0002-7561-204X
https://orcid.org/0000-0001-5415-5225
https://orcid.org/0000-0003-4477-9733
https://orcid.org/0000-0001-8083-0001
https://orcid.org/0000-0003-3208-9209
https://orcid.org/0000-0003-0472-3516
https://orcid.org/0000-0002-8600-9799
https://orcid.org/0000-0001-7481-2480
https://orcid.org/0000-0002-9198-5911
https://orcid.org/0000-0001-6306-1888


S. Wahdan ,173 H. Wahlberg ,90 R. Wakasa ,160 V. M. Walbrecht ,111 J. Walder ,135 R. Walker ,110 S. D. Walker,95

W. Walkowiak ,143 V. Wallangen,47a,47b A. M. Wang ,61 A. Z. Wang ,172 C. Wang ,62a C. Wang ,62c H. Wang ,18a

H. Wang ,3 J. Wang ,65a P. Wang ,44 R.-J. Wang ,101 R. Wang ,62a R. Wang ,117 S. M. Wang ,150 S. Wang ,62b

T. Wang ,62a W. T. Wang ,62a W. X. Wang ,62a Y. Wang ,62a Z. Wang ,107 C. Wanotayaroj ,48 A. Warburton ,105

C. P. Ward ,32 R. J. Ward ,21 N. Warrack ,59 A. T. Watson ,21 M. F. Watson ,21 G. Watts ,140 B. M. Waugh ,96

A. F. Webb ,11 C. Weber ,29 M. S. Weber ,20 S. A. Weber ,34 S. M. Weber ,63a Y. Wei ,127 A. R. Weidberg ,127

J. Weingarten ,49 M. Weirich ,101 C. Weiser ,54 P. S. Wells ,36 T. Wenaus ,29 B. Wendland ,49 T. Wengler ,36

S. Wenig ,36 N. Wermes ,24 M. Wessels ,63a T. D. Weston,20 K. Whalen ,124 A. M. Wharton ,91 A. S. White ,107

A. White ,8 M. J. White ,1 D. Whiteson ,162 B.W. Whitmore ,91 W. Wiedenmann ,172 C. Wiel ,50 M. Wielers ,135

N. Wieseotte,101 C. Wiglesworth ,42 L. A. M. Wiik-Fuchs ,54 H. G. Wilkens ,36 L. J. Wilkins ,95 D. M. Williams ,41

H. H. Williams,129 S. Williams ,32 S. Willocq ,104 P. J. Windischhofer ,127 I. Wingerter-Seez ,5 E. Winkels ,148

F. Winklmeier ,124 B. T. Winter ,54 M. Wittgen,145 M. Wobisch ,97 A. Wolf ,101 R. Wölker ,127 J. Wollrath,54

M.W. Wolter ,86 H. Wolters ,131a,131c V. W. S. Wong ,166 A. F. Wongel ,48 N. L. Woods ,137 S. D. Worm ,48

B. K. Wosiek ,86 K.W. Woźniak ,86 K. Wraight ,59 S. L. Wu ,172 X. Wu ,56 Y. Wu ,62a J. Wuerzinger ,127

T. R. Wyatt ,102 B. M. Wynne ,52 S. Xella ,42 J. Xiang ,65c X. Xiao ,107 X. Xie ,62a I. Xiotidis,148 D. Xu ,15a H. Xu,62a

H. Xu ,62a L. Xu ,29 R. Xu ,129 T. Xu ,62a W. Xu ,107 Y. Xu ,15b Z. Xu ,62b Z. Xu ,145 B. Yabsley ,149 S. Yacoob ,33a

D. P. Yallup ,96 N. Yamaguchi ,89 Y. Yamaguchi ,157 A. Yamamoto ,83 M. Yamatani,155 H. Yamauchi ,160

T. Yamazaki ,18a Y. Yamazaki ,84 J. Yan,62c Z. Yan ,25 H. J. Yang ,62c,62d H. T. Yang ,18a S. Yang ,62a T. Yang ,65c

X. Yang ,62a X. Yang ,15a,60 Y. Yang ,155 Z. Yang ,62a,107 W-M. Yao ,18a Y. C. Yap ,48 H. Ye ,15c J. Ye ,44 S. Ye ,29

I. Yeletskikh ,38 M. R. Yexley ,91 P. Yin ,41 K. Yorita ,170 K. Yoshihara ,81 C. J. S. Young ,36 C. Young ,145

R. Yuan ,62b,j X. Yue ,63a M. Zaazoua ,35e B. Zabinski ,86 G. Zacharis ,10 E. Zaffaroni ,56 T. Zakareishvili ,151b

N. Zakharchuk ,34 S. Zambito ,36 D. Zanzi ,54 S. V. Zeißner ,49 C. Zeitnitz ,173 G. Zemaityte ,127 J. C. Zeng ,164

O. Zenin ,37 T. Ženiš ,28a S. Zenz ,94 S. Zerradi ,35a D. Zerwas ,67 M. Zgubič ,127 B. Zhang ,15c D. F. Zhang ,15b

G. Zhang ,15b J. Zhang ,6 K. Zhang ,15a,15d L. Zhang ,15c L. Zhang ,62a M. Zhang ,164 R. Zhang ,172 S. Zhang,107

X. Zhang ,62c X. Zhang ,62b Y. Zhang ,15a,15d Z. Zhang ,67 P. Zhao ,51 Y. Zhao ,137 Z. Zhao ,62a A. Zhemchugov ,38

Z. Zheng ,107 D. Zhong ,164 B. Zhou,107 C. Zhou ,172 H. Zhou ,7 M. Zhou ,147 N. Zhou ,62c Y. Zhou,7 C. G. Zhu ,62b

C. Zhu ,15a,15d H. L. Zhu ,62a H. Zhu ,15a J. Zhu ,107 Y. Zhu ,62a X. Zhuang ,15a K. Zhukov ,37 V. Zhulanov ,37

D. Zieminska ,68 N. I. Zimine ,38 S. Zimmermann ,54,† Z. Zinonos,111 M. Ziolkowski ,143 L. Živković ,16

G. Zobernig ,172 A. Zoccoli ,23b,23a K. Zoch ,55 T. G. Zorbas ,141 R. Zou ,39 and L. Zwalinski 36

(ATLAS Collaboration)

1Department of Physics, University of Adelaide, Adelaide, Australia
2Physics Department, SUNY Albany, Albany, New York, USA

3Department of Physics, University of Alberta, Edmonton, Alberta, Canada
4aDepartment of Physics, Ankara University, Ankara, Türkiye

4bIstanbul Aydin University, Application and Research Center for Advanced Studies, Istanbul, Türkiye
4cDivision of Physics, TOBB University of Economics and Technology, Ankara, Türkiye
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23bINFN Sezione di Bologna, Bologna, Italy
24Physikalisches Institut, Universität Bonn, Bonn, Germany

25Department of Physics, Boston University, Boston, Massachusetts, USA
26Department of Physics, Brandeis University, Waltham, Massachusetts, USA

27aTransilvania University of Brasov, Brasov, Romania
27bHoria Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania

27cDepartment of Physics, Alexandru Ioan Cuza University of Iasi, Iasi, Romania
27dNational Institute for Research and Development of Isotopic and Molecular Technologies,

Physics Department, Cluj-Napoca, Romania
27eUniversity Politehnica Bucharest, Bucharest, Romania

27fWest University in Timisoara, Timisoara, Romania
28aFaculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovak Republic
28bDepartment of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences,

Kosice, Slovak Republic
29Physics Department, Brookhaven National Laboratory, Upton, New York, USA

30Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales,
Departamento de Física, y CONICET, Instituto de Física de Buenos Aires (IFIBA),

Buenos Aires, Argentina
31California State University, Fresno, California, USA

32Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
33aDepartment of Physics, University of Cape Town, Cape Town, South Africa

33biThemba Labs, Western Cape, South Africa
33cDepartment of Mechanical Engineering Science, University of Johannesburg,

Johannesburg, South Africa
33dUniversity of South Africa, Department of Physics, Pretoria, South Africa

33eSchool of Physics, University of the Witwatersrand, Johannesburg, South Africa
34Department of Physics, Carleton University, Ottawa, Ontario, Canada
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