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Measurements of the substructure of top-quark jets are presented, using 140 fb~' of 13 TeV pp
collision data recorded with the ATLAS detector at the LHC. Top-quark jets reconstructed with the
anti-k, algorithm with a radius parameter R = 1.0 are selected in top-quark pair (17) events where one top
quark decays semileptonically and the other hadronically, or where both top quarks decay hadronically.
The top-quark jets are required to have transverse momentum p > 350 GeV, yielding large samples of
data events with jet p values between 350 and 600 GeV. One- and two-dimensional differential cross
sections for eight substructure variables, defined using only the charged components of the jets, are
measured in a particle-level phase space by correcting for the smearing and acceptance effects induced by
the detector. The differential cross sections are compared with the predictions of several Monte Carlo
simulations in which top-quark pair-production quantum chromodynamic matrix-element calculations at
next-to-leading-order precision in the strong coupling constant ag are passed to leading-order parton
shower and hadronization generators. The Monte Carlo predictions for measures of the broadness, and
also the two-body structure, of the top-quark jets are found to be in good agreement with the
measurements, while variables sensitive to the three-body structure of the top-quark jets exhibit some

tension with the measured distributions.
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I. INTRODUCTION

Observation of the production and decay of top quarks in
high-energy proton-proton (pp) collisions has provided
information about the production of massive particles
through the strong force. The Large Hadron Collider
(LHC) has enabled the collection of large samples of
top-quark events and the measurement of top-quark pro-
duction processes with excellent kinematic resolution
[1-4]. These results have been compared with quantum
chromodynamics (QCD) calculations at lowest order in the
strong coupling constant a,, as well as next-to-leading-
order (NLO) and next-to-next-to-leading-order (NNLO)
results. The top-quark decay process and the resulting
parton-showering and hadronization effects have been
measured with less precision. This paper reports a meas-
urement of the substructure observed in high transverse-
momentum (pr) top-quark jets produced in p p collisions at
a center-of-mass energy of 13 TeV using 140 fb~! of data
recorded by the ATLAS detector.
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The large top-quark pair-production (¢7) cross section at
the LHC allows detailed studies of the substructure of jets
arising from light quarks, b-quarks, and gluons, as well as
large-radius jets containing the decay products of boosted
top quarks. It also allows tests of the Standard Model (SM)
at both the top-quark mass scale relevant for substructure
measurements and the TeV scales relevant for jet pro-
duction measurements [5,6]. Furthermore, effects beyond
the SM can appear as deviations of top-quark jet sub-
structure from the SM predictions [7—11] that may not be
detectable with inclusive cross-section measurements. A
precise measurement of top-quark differential cross sec-
tions as a function of several complementary substructure
variables therefore tests SM predictions and increases the
sensitivity to possible effects beyond the SM. Top-quark
jet substructure variables are also employed in the devel-
opment of sophisticated taggers, used to separate top-
quark jets from energetic jets arising from lighter quarks
or gluons [12-14]. These taggers are used in measure-
ments and searches targeting final states including highly
energetic top quarks [15-20].

The SM predicts that top quarks decay into a W boson
and a b-quark almost 100% of the time. In the cases where
the W boson decays hadronically (W — ¢¢’), the final state
consists of an all-hadronic top-quark decay with three
charged decay products. The resulting quarks and gluons
shower and hadronize to form semistable objects that can
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be studied as a single, collimated system when the top
quark is produced at high pr, above approximately 300
GeV. This top-quark jet remains connected to the rest of the
event through color connections, specifically to additional
radiation and the other top quark’s decay products.
Measurements of the substructure of these top-quark jets
test the models used to describe this decay, the parton
shower, and the hadronization process.

Interest in the properties of jets, both experimental and
theoretical, extends back several decades and remains an
active area of study [21]. At the LHC, measurements of jet
substructure have been performed in proton-proton colli-
sions by the ATLAS, CMS, ALICE, and LHCb collab-
orations in several topologies, as dijet and inclusive jet
production [22-38], electroweak boson production and
top-quark production [28,30,37,39-46]. The substructure
studies examined variables based on energy flow within
the jet, such as angularity, planar flow, and jet mass, and
also variables that are sensitive to the three-prong struc-
ture of the top-quark jet, such as N-subjettiness and
energy correlation variables. These measurements indi-
cated possible disagreement with the SM predictions for
some substructure variables, although most of the mea-
surements were limited by large statistical and systematic
uncertainties. In addition, the measurements focusing on
jets from top-quark decays typically involved a lower
average jet pr than employed in the analysis reported
here. At higher pr, the three-body structure of high-pr
top-quark jets is less well defined because the three
partons are more collimated, making it more difficult to
separate out their showers.

The measurements reported here are performed in
two independent channels, using two classes of #7 final
states, the lepton + jets (£ + jets) channel where one top
quark has decayed semileptonically and the other
hadronically, and the all-hadronic final state where both
top quarks have decayed hadronically. Even though the
top-quark jet substructure in the two channels is
described by the same underlying theory, the different
final states require different approaches to their selection
and reconstruction to separate the signal events from the
background, giving rise to differing effects on the
resolution, uncertainty and shape of the measured
observables. In addition, the two final states differ in
the amount of final-state radiation.

In both channels, reconstructed top-quark jets with pp >
350 GeV are used to measure the substructure variables by
“unfolding” detector effects to stable-particle level in order
to obtain differential cross-section measurements. These
unfolded variables are defined in specific kinematic
regions, or fiducial phase-spaces, in order to avoid signifi-
cant extrapolation of results from the kinematic region in
which the measurements are made to the region in which
they are compared with predictions. The £ + jets fiducial
phase-space is characterized by the requirement of a single

lepton, a top-quark jet with pp > 350 GeV and an addi-
tional jet arising from the b-quark hadronization. The all-
hadronic fiducial phase-space is defined by requiring
two top-quark jets, each containing a b-hadron, with
one jet having pr > 500 GeV and a second jet having
pr > 350 GeV, and the absence of isolated leptons. Only
the charged components of the top-quark jets are consid-
ered when defining the substructure, as the substructure
measurements using this approach have higher resolution
than those using a combination of charged and neutral
components. The unfolded differential cross sections
are then compared with the predictions of different
Monte Carlo (MC) generators. The top-quark pair-
production matrix element is calculated at NLO precision
in QCD. The modeling of radiation beyond the first
emission, the top-quark decay, and the showering is at
leading-order (LO) precision, and the hadronization is
described by a phenomenological model. These predictions
are referred to later in the text as NLOME + PS.

The measured substructure variables are the N-subjet-
tiness variable 73, as well as the ratios 73, = 73/7, and
T, =1,/7, [47,48], the normalized energy-correlation
function ECF2, as well as the associated variables D,
and C; [49,50], and the Les Houches angularity LHA and
the scaled pr dispersion pdT’*, which are two generalized
angularities [51]. This list of variables has been selected to
provide complete and condensed information about the jet
substructure while taking into consideration multiple
factors: sensitivity to the differences between NLOME +
PS predictions, resolution, minimal correlation among the
measured variables, and their relevance in tagging
algorithms.

The results are intended to complement the recent
measurements of top-quark jet substructure performed by
the ATLAS [42] and CMS [43] collaborations by including
several new features. The measurement focuses on boosted
top quarks, and the inclusion of an all-hadronic channel
allows the substructure to be studied for top-quark jets with
an average pr around 500 GeV for the first time. In
addition, using tracks to reconstruct the substructure
improves the resolution, with the diagonal elements of
the migration matrix increasing by approximately 50%, and
also leads to lower uncertainties than in the previous results.

The paper is organized as follows. Section II describes
the ATLAS detector, while Sec. III presents the data and
simulation samples used in the measurements. Both the
reconstruction of lepton and jet candidates and the event
selection is explained in Sec. IV. The estimation of the
backgrounds in the selected 77 final states is described
in Sec. V. The measured substructure variables are defined
in Sec. VI and the unfolding is described in Sec. VIL
Systematic uncertainties are discussed in Sec. VIII. The
results are presented in Sec. IX, where the comparison with
theoretical predictions is also discussed. Finally, a summary
is presented in Sec. X.
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II. ATLAS DETECTOR

The ATLAS detector [52] at the LHC covers nearly
the entire solid angle around the collision point.' It is a
multipurpose detector consisting of an inner tracking
detector (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic sampling calorim-
eters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.

The ID is immersed in a 2 T axial magnetic field and
provides charged-particle tracking in the range || < 2.5.
The calorimeter system covers the pseudorapidity range
|| <4.9. Within the region |g| < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters. Hadron
calorimetry is provided by the steel/scintillator-tile calo-
rimeter, segmented into three barrel structures within
|7] < 1.7, and two copper/LAr end cap hadron calorime-
ters. The muon spectrometer (MS) comprises separate
trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets.

Events of interest are selected by the first-level trigger
system implemented in custom hardware, followed by
selections made by algorithms implemented in software
in the high-level trigger [53].

An extensive software suite [54] is used in data simu-
lation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger
and data acquisition systems of the experiment.

III. DATA SAMPLES, SIMULATION, AND
THEORETICAL PREDICTIONS

The data were collected from LHC pp collisions at
/s =13 TeV during 2015-2018. Data quality require-
ments are applied to ensure that all detector components
were fully operational [55]. The resulting data sample
corresponds to an integrated luminosity of 140.1 fb~!. The
uncertainty in the combined 2015-2018 integrated lumi-
nosity is 0.83% [56], obtained using the LUCID-2 detector
[57] for the primary luminosity measurements, comple-
mented by measurements using the inner detector and
calorimeters.

The 17 ¢ + jets events were selected with inclusive lepton
triggers [53,58,59] that required an event to have an electron
or muon candidate with pr > 26 GeV (or pp > 24 GeV

'ATLAS 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 (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(6/2). Angular distance is measured in units of

AR = +/(An)? + (Ag)%.

and pt > 20 GeV, respectively, for electrons and muons in
2015 data). Events in the all-hadronic channel were selected
inclusively using a collection of single- and double-large-R
jet triggers, with the single-jet triggers using both trimmed?
and untrimmed jets. The required pt for the single-jet
triggers ranged from 360 to 480 GeV, depending on the
instantaneous luminosity when the data were selected. For
the double-jet triggers, both large-R jets were required to
have pr > 330 GeV. The lower- py jet triggers additionally
required the large-R jets to have a mass above either 35 or
40 GeV, depending on the trigger. Although both the single-
and double-jet triggers were employed to select the events
for the all-hadronic channel, the single-jet triggers were
highly efficient for events that pass the preselection
described in Sec. IV C. The same trigger requirements are
applied to data and simulated events; this allows corrections
for trigger inefficiencies to be made in the cross-section
extraction procedure described in Sec. VII.

Simulated events were produced using several MC
calculations, and both the effects and response of the
detector were incorporated using a simulation of the
ATLAS detector [61] based on either the GEANT4 program
[62] or a faster approach employing parametrized showers
in the calorimeter [63]. The faster approach was only used
to simulate a subset of alternative 7 samples produced for
the £ + jets channel. The data events and simulated events
were processed with the same reconstruction and analysis
algorithms.

The production of 77 events was modeled using the
POWHEG BOX v2 [64-67] generator to provide matrix
elements at NLO precision with the NNPDF3.0NLO [68]
parton distribution functions (PDFs) and the Ay, param-
eter” set to 1.5m, [69], where the top-quark mass m, was set
to 172.5 GeV unless otherwise noted. To assess the effect
of an uncertainty in /g,y,, an additional ¢# sample with
hgamp set to 3.0m, is used. To assess the effect of a top-
quark mass uncertainty, two additional /7 samples were
simulated with m, set to 169 GeV and 176 GeV. These
samples are used to accurately estimate the dependance on
m, of the measured observables, and estimate the uncer-
tainty arising from a 0.5 GeV variation of m, from the
nominal value. The functional form of the renormalization
and factorization scale was set to the default scale

\/m? 4+ p7, where m and pp represent the mass and
transverse momentum of the top quark in each event.
Parton showering and hadronization were modeled with the
PYTHIAS8.230 generator [70] using the Al4 set of tuned
parameters [71] and the NNPDF2.3L.0 set of PDFs [72]. The
value of ;"R set in the tuning is afSR(my) = 0.127.

"Here the trimming [60] employs a radius parameter of R =
0.2 and removes subjets with less than 4% of the large-R jet pr.

The hgamp parameter controls the matching in POWHEG and
effectively regulates the high-pr radiation against which the 7
system recoils.
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The uncertainty due to the parton-shower and hadroni-
zation model is estimated by comparing the results from the
nominal generator setup with those from a sample pro-
duced with the POWHEG BOXv2 generator and the
HERWIG7.1.3 [73,74] parton-shower and hadronization
model. In this alternative sample, the HERWIG7.1 default
set of tuned parameters [74,75] and the MMHT2014L.0 PDF
set [76] were used.

An uncertainty also arises from the procedure used to
match the hard-scatter and parton-shower generators. The
results from the nominal generator were compared with those
from a sample produced by the MADGRAPH5_AMC@NLO+
PYTHIAS generator [77]. For the calculation of the hard
scattering, the MADGRAPH5_AMC@NLO02.6.0 generator (here-
after called aMmc@NLO) was used with the NNPDF3.0NLO PDF
set. Parton showering and hadronization were modeled with
the PYTHIA 8.230 generator, using the Al4 tune and the
NNPDE2.3LO set of PDFs. Top quarks were decayed at LO,
using the MADSPIN model [78,79] to preserve top-quark spin
correlations. The shower-starting scale had the functional
form yuy = Hy/2 [80], where Hr is defined as the scalar sum
of the pr of all outgoing partons. The renormalization and
factorization scale choice was the same as for the POWHEG
generator setup. Some of the PYTHIA settings used in the
alternative sample differ from those in the nominal sample,
since they must accommodate a different matching algo-
rithm. One important difference concerns the matrix element
(ME) corrections applied to the radiation modeled by the
PYTHIA parton shower, which cannot be enabled when the
PYTHIA parton-shower and hadronization model is matched
to the aMc@NLO ME calculation. To remove the effects of ME
corrections from the matching uncertainty, an additional
POWHEG+PYTHIA sample was used in comparison with the
AMC@NLO+PYTHIA 8 sample, differing from the nominal
sample only in the PYTHIA ME corrections, which were
disabled.

All 77 samples were normalized to the cross-section
prediction at NNLO in QCD including the resummation
of next-to-next-to-leading logarithmic (NNLL) soft-gluon
terms calculated using the ToP++ 2.0 program [81-87].
This cross section corresponds to o(ff)\NLorNNLL =
832 4+ 51 pb, where the uncertainty is due to scale variations,
a, and the PDFs. Their contributions are calculated using the
PDFALHC prescription [88] with the MSTW2008NNLO
(68% CL) [89,90], cTioNNLO [91,92] and NNPDF2.3LO
PDF sets. The samples employed for the signal modeling
are filtered according to the number of leptons arising from
the 77 decay: only events with no leptons are used in the all-
hadronic channel and only events with at least one lepton are
used in the £ + jets channel.

In addition to the signal, the contributions of several
background processes to the selected event sample are
estimated using MC predictions.

The production of a top quark in association with
a W boson (tW) was modeled with the POWHEG BOXv2

[65-67,93] generator at NLO in QCD, using the five-flavor
scheme and the NNPDF3.0NLO set of PDFs. The diagram-
removal (DR) scheme [94] was used to remove interference
and overlap with ¢7 production. The related uncertainty was
estimated by comparison with an alternative sample gen-
erated using the diagram-subtraction (DS) scheme [69,94].
The PYTHIAS8.230 generator modeled the parton showering
and hadronization, using the A14 tune and the NNPDF2.3LO
set of PDFs.

Single-top-quark #-channel production was modeled
with the POWHEG BOXv2 generator at NLO in QCD, using
the four-flavor scheme and the corresponding NNPDF3.0NLO
PDFs. Parton showering and hadronization in these events
was modeled with the PYTHIAS8.230 generator using the A14
tune and the NNPDF2.3LO PDFs. Single-top s-channel
production was modeled using the POWHEG BOXv2 gen-
erator at NLO in QCD in the five-flavor scheme with the
NNPDF3.0NLO PDFs. Parton showering and hadronization in
these events was modeled with the PYTHIA8.230 generator
using the Al4 tune and the NNPDF2.3LO PDFs. For both
t-channel and tW-channel single-top production, an addi-
tional sample, produced with POWHEG BOXv2 and
HERWIG7.04 and using the H7UE set of tuned parameters,
is employed to estimate the uncertainty arising from the
choice of parton-showering and hadronization models.

Simulated W/Z + jets events were produced with the
SHERPA2.2.1 [95] generator using NLO matrix elements for
up to two partons, and LO matrix elements for up to four
partons, calculated with the Comix [96] and OPENLOOPS
[97-99] libraries. They were matched with the SHERPA
parton-shower model [100] using the MEPS@NLO pre-
scription [101-104] and the set of tuned parameters
developed by the SHERPA authors. The NNPDF3.0NNLO
PDFs were used and the samples were normalized to a
NNLO prediction [105].

The production of f7Z and tfW events was modeled
using the aMC@NLO Vv23.3 generator at NLO with the
NNPDF3.ONLO PDFs. Parton showering and hadroniza-
tion in these events was modeled with the PYTHIA 8.210
generator using the Al4 tune and the NNPDF2.3LO PDFs.
The production of ffH events was modeled using the
POWHEG BOXv2 [64—67,106] generator at NLO with the
NNPDF3.0NLO PDFs. Parton showering and hadronization in
these events was performed with PYTHIA 8230 using the
Al14 tune and the NNPDF2.3LO PDFs.

Samples of diboson final states (VV) were modeled with
the SHERPA 222 generator, including off-shell effects and
virtual Higgs boson contributions where appropriate. The
samples were generated using NLO matrix elements for up
to one additional parton and at LO accuracy for up to three
additional parton emissions. The matrix-element calcula-
tions were matched and merged with the SHERPA parton
shower based on Catani-Seymour dipole factorization
using the MEPS@NLO prescription. The virtual QCD
correction were provided by the OPENLOOPS library.
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The NNPDF3.0NNLO PDFs were used along with the dedi-
cated set of tuned parton-shower parameters developed by
the SHERPA authors.

The decays of bottom and charm hadrons in processes
containing top quarks were simulated using the EVTGEN
program [107].

In all simulated samples, the effect of multiple inter-
actions in the same bunch crossing (pile-up) was incorpo-
rated by overlaying the hard-scattering interaction with a
number of simulated inelastic p p events generated with the
PYTHIA 8.186 MC generator using the NNPDF2.3LO PDFs and
the A3 tune [108].

IV. EVENT RECONSTRUCTION AND SELECTION

A. Detector-level objects reconstruction

The jet substructure measurements at detector level use
electron candidates, muon candidates, jet candidates, the
missing transverse momentum, and charged tracks, all of
which are required to be associated with the primary
vertex. The primary vertex is defined as the reconstructed
vertex with the highest Y p3 of the associated tracks and
is required to have at least two associated tracks
with pr > 0.5 GeV.

Four types of jets are reconstructed independently:
(1) trimmed large-R jets created from calorimeter energy
deposits [109] using the anti-k, clustering algorithm [110]
with radius parameter R = 1.0 implemented in the FASTJIET
package [111], (2) small-R jets created from both tracking
and calorimeter information using the particle-flow algo-
rithm [112] and the anti-k, algorithm with radius parameter
R = 0.4, (3) trimmed large-R reclustered jets (RC large-R
jets) created from the small-R jets using the anti-k,
algorithm with radius parameter R = 1.0 [113], and (4) var-
iable-R track-jets created from ID tracks with the variable-
R algorithm [114] implemented in the FASTJET package and
defining jets with a pp-dependent variable-radius param-
eter ranging between R = 0.02 and R = 0.4 in accord with
a constant parameter p = 30 GeV scaling as p/pr [115].
The two channels use different combinations of these jets in
their selection.

In order to suppress jets originating from pile-up, small-
R jets with 20 < pr < 60 GeV and |n| < 2.5 must be
associated with the primary vertex according to the jet-
vertex-tagger (JVT) algorithm [116]. The small-R jet
energies are corrected by using energy- and n-dependent
calibration factors derived from simulation and in situ
measurements [117]. Only small-R jets with pr > 30 GeV
are employed. Large-R jets are calibrated using the local
hadronic cell weighting (LCW) scheme [109], which
exploits the cluster shape to provide a weighted calibration
between the electromagnetic and hadronic scales [118].
The effects of pile-up and the underlying event are
mitigated by the application of a trimming algorithm
[60]: the constituents of the large-R jets are reclustered

by the k, algorithm [111] into smaller R = 0.2 jets which
are removed if they comprise less than 5% of the pr of the
original large-R jet.

The RC large-R jet calibration is propagated from the
calibration of the small-R jets that are used as input to the
reclustering [119]. Most of the pile-up mitigation is thus
inherited by the RC large-R jets from the techniques
applied to the small-R jets. In addition, a trimming
technique is applied to the RC large-R jets that removes
all small-R jets comprising less than 5% of the pt of the RC
large-R jet. RC large-R jets are discarded if they have only
one constituent to avoid a dependence on the calibration of
the small-R jet mass. Such jets comprise ~1.5% of the jets
in the sample. Only RC large-R jets with pp > 350 GeV
and || < 2.0 are considered when measuring the sub-
structure variables.

The use of different types of large-R jets in the two 7
final states is motivated by the topologies of the £ + jets
and all-hadronic channels and the different background
contamination. In the all-hadronic channel the signal is
separated from the large multijet background by using a
deep-neural-network (DNN) top-quark-tagging algorithm
optimized for large-R jets [12]. Because this top-quark
tagger employs several substructure variables, a tag-and-
probe method described in Sec. VI is used to avoid biasing
the measured observables in the all-hadronic channel. The
DNN top-quark-tagging algorithm has not been trained and
tested on RC large-R jets, and consequently can only be
applied to the (non-RC) large-R jets. The £ + jets topology,
on the other hand, is identified by requiring the presence of
a semileptonically decaying top quark, which allows the
top-quark jet to be identified without any top-quark-tagging
requirement. The use of RC large-R jets in this channel is
also motivated by several other factors: the mass resolution
of the RC large-R jet, the resolution of the substructure
variables, and the stability of the substructure measures in
the presence of pile-up. In addition, the usage of RC large-
R jets allows a single type of jet calibration (small-R jets) to
be applied across the whole event. While the jet definitions
are different in the two channels, the substructure variables
measured in the same jet when it is reconstructed as either a
large-R jet or a RC large-R jet are highly correlated, with
correlation coefficients > 90%.

The DL1r multivariate algorithm [120] is used to identify
small-R jets and variable-R jets that contain b-hadrons.
This is a DNN algorithm exploiting information from the
large-impact-parameter tracks, the topological decay chain,
and the displaced vertices of b-hadron decays [121,122].
The jets are considered b-tagged if the value of the
discriminant is larger than a threshold that provides 77%
efficiency as measured in inclusive ¢7 events. The corre-
sponding rejection factors for gluon/light-quark jets and
charm-quark jets are approximately 200 and 5, respectively.
A lower efficiency of ~70% is observed in the b-tagging of
large-R top-quark jets in this analysis because of the
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increased collimation and charged-track density in the
boosted top-quark jets.

A large-R jet in the all-hadronic channel is labeled
“b-matched” if a ghost-matching algorithm [123,124]
matches it with one or more b-tagged variable-R jets.
The ghost-matching procedure treats the objects to be
matched as four-vectors of negligible magnitude in the
standard jet reconstruction described above.

Top-quark tagging of large-R jets in the all-hadronic
channel is performed with the DNN top-quark tagger noted
above. The top-quark tagger’s working point is set such
that 80% of simulated top-quark jets are tagged, where
the efficiency is determined using jets that fully contain the
top-quark decay products. The tagger’s efficiency in the
simulated events is corrected to the observed efficiency in
data by means of scale factors [12,125], evaluated in
samples enriched in £ + jets #7 decays.

Tracks are reconstructed in the inner detector using an
iterative algorithm [126]. Reconstructed tracks are required
to pass quality requirements based on the number of
silicon-detector layers crossed and are required to have
pr > 500 MeV and || < 2.5. Moreover, to reduce pile-up
contamination, the tracks must be closely matched to the
primary vertex: the transverse impact parameter calculated
relative to the beam line must satisfy |dy| <2 mm and
the longitudinal impact parameter z;, calculated relative to
the primary vertex must satisfy |z sin(0)| <3 mm. The
tracks are assigned to the small-R jets and large-R jets
using the ghost-association technique and then used to
calculate the substructure of the jet to which they are
assigned. The use of tracks, as opposed to the energy flow
measured with the calorimeter, provides greater precision
for the substructure variables measured in the large-R jets
and RC large-R jets.

The reconstruction of electron candidates combines
information from the ID with calorimetry information
[127,128]. Tracks from the ID are matched to energy
deposits in the electromagnetic calorimeter (ECAL).
These tracks must have trajectories consistent with
originating from the primary vertex. The ECAL clusters
must fall within the central acceptance, || < 2.47, and
have Ep > 27 GeV. Clusters must also be outside the
transition region between the barrel and end cap sections
of the ECAL, 1.37 < || < 1.52. The electron candidates
are required to have pt > 27 GeV and are identified
using a likelihood-based method requiring that they
satisfy the “TightLH” working point [127]. The charged
track matched to the electron candidate must satisfy
specific requirements on the impact parameters: the
longitudinal impact parameter z, calculated relative to
the primary vertex must satisty |zo sin(6)| < 0.5 mm, and
the significance of the transverse impact parameter
calculated relative to the beam line must satisfy
|dy/o(dy)| < 5, where o(d,) is the expected uncertainty
in dy. The “FCTight” criteria [127] must also be satisfied

to ensure that the electron candidates are well isolated
from nearby energy flow.

The reconstruction of muon candidates combines
charged tracks in the ID with those found in the muon
spectrometer [129]. The ID tracks must be consistent
with coming from the primary vertex. Muon candidates
must satisfy the “Medium” [129] identification criteria
and the “FCTight” condition is imposed for muon
isolation. In addition, the muons must have impact
parameters satisfying |dy/o(dy)| <3 and |zgsin(@)| <
0.5 mm. Muon candidates are required to have pt >
27 GeV and |g] < 2.5.

An overlap removal procedure is applied to reduce any
double counting of objects that are independently recon-
structed. An electron candidate is rejected if it shares a
track with a muon candidate or if it has a track over-
lapping with another electron candidate. For small-R jets
that are within AR(j, e) = 0.2 of an electron candidate,
the closest jet fulfilling this criterion is removed. If there
are other small-R jets within AR(j,e) =04 of the
electron candidate, the electron candidate is removed.
Small-R jets that are within AR(j,u) = 0.2 of a muon
candidate or share a track with that muon candidate are
removed if they comprise fewer than three tracks. Any
muon candidate that is within AR(j, u) = 0.4 of a small-R
jet is removed.

Neutrinos are not measured by the detector so their
presence is inferred from the missing transverse momen-
tum, EX. This is the magnitude of the negative vector sum
of the pr of all selected and calibrated lepton candidates
and small-R jets in an event, as well as a “soft” term [130]
calculated from the pr of ID tracks that are not associated
with any of the lepton candidates or small-R jets.

B. 7 + jets event selection

In the £ + jets channel, each event is required to have a
primary vertex, to have passed a single-lepton trigger and to
contain exactly one lepton candidate corresponding to the
passed trigger. To reduce contributions from the multijet
background and misidentified or nonprompt leptons,
requirements are placed on ETS and the sum of the
E™ss and transverse mass’ m)’. Each event is required
to have ETS>20GeV and EFS +m) > 60 GeV.
Small-R jets in these events must have pp > 30 GeV
and |5| < 2.5. The leading’ RC large-R jet must contain
at least two small-R jets and is required to have || < 2 and
pt > 350 GeV. In the 5% of selected events where there is
more than one RC large-R jet satisfying these criteria, the

4, . .
The  transverse mass is defined as mf=

V2PSERS[1— cosAg(p%, EX)], where p% is the lepton pr.

’If not differently specified, the term leading object always
refers to the highest pt object.

112016-6



MEASUREMENT OF JET SUBSTRUCTURE IN BOOSTED ...

PHYS. REV. D 109, 112016 (2024)

hadronic top-quark candidate is defined as the one with jet
mass closest to the top-quark mass (m, = 172.5 GeV). This
choice maximizes the probability that the top-quark jet is
identified correctly.

Events are required to contain at least one small-R jet
that has been b-tagged. Requiring AR(Z,b-jet) < 1.5
ensures that one of these b-tagged jets will be close to
the lepton candidate. The b-tagged small-R jet that is
closest to the lepton candidate is chosen as the “leptonic”
b-jet. This reflects the requirement that these
objects should originate from the decay of the same
top quark.

Additional requirements are imposed to further reduce
backgrounds. The hadronic top-quark candidate is
required to have a jet mass within 50 GeV of the top-
quark mass to reduce background contributions from
boosted W and Z bosons. To further ensure that the correct
RC large-R jet is being chosen for measurement, the
leptonic b-jet cannot be one of the constituents of the
hadronic top-quark candidate. The lepton candidate is
required to satisfy AR(#, hadronic top-quark candidate) >
1.0 to ensure that it is outside the selected RC large-R jet.
Finally, the invariant mass m(Z, b) of the lepton candi-
date and the leptonic b-jet must satisfy m(¢,b) <
120 GeV, reducing contributions from misidentified
and nonprompt lepton candidates and from single-top-
quark production.

C. All-hadronic event selection

The all-hadronic #f event selection is divided into two
stages, with a preselection consisting of kinematic require-
ments on the jets, followed by a selection based on large-R-
jet flavor tagging.

Events are required to have a primary vertex, satisfy the
jet triggers described in Sec. III, and have two large-R jets
with pp > 350 GeV and |5| < 2.0. The leading large-R jet
is required to have pr > 500 GeV, and both jets are
required to have a jet mass within 50 GeV of the top-
quark mass. Events are rejected if they contain an electron
or muon candidate with pp > 25 GeV in order to suppress
contamination from events with top quarks decaying semi-
leptonically. This lepton candidate veto also ensures that
the two channels are orthogonal. This defines the prese-
lection for the all-hadronic channel.

The preselected events are divided into 16 categories,
called “regions” in the following, depending on whether the
leading and second-leading large-R jets are top-quark-
tagged and/or b-matched. These regions are used in the
data-driven estimation of the multijet background described
in Sec. V C. The regions used to measure the substructure
are defined by requiring the leading and second-leading
large-R jets to be b-matched and one of the large-R jets to
be top-quark-tagged.

Only large-R jets with pr above 500 GeV are used to
measure the jet substructure.

V. BACKGROUND ESTIMATION

The backgrounds in the two channels are estimated using
a combination of MC-based techniques and data-driven
measurements.

A. MC-estimated backgrounds

All the backgrounds in the £ 4 jets channel, except
those from nonprompt and misidentified leptons, are
estimated using the MC simulations described in
Sec. III. Single-top-quark production represents the larg-
est background, with W production being the dominant
process. The W + jets process represents the second-
largest background, at the same level as the background
from events containing nonprompt or misidentified lepton
candidates. Backgrounds from other sources, including
the Z + jets, VV(V = Z/W), and 11V(V = Z/W/H) proc-
esses, are negligible.

The largest MC-estimated background in the all-had-
ronic channel comes from 77 production where one of the
top quarks decays semileptonically and the charged lepton
arising from this decay is not identified. The next largest
background arises from single-top-quark production in the
tW-channel and t-channel. The ##V(V = Z/W/H) proc-
esses produce the smallest backgrounds.

These MC-estimated backgrounds comprise ~6% and
~9% of the £+jets and all-hadronic samples, respectively.

B. Misidentified- and nonprompt-lepton
backgrounds in the 7 + jets channel

Some background events in the £ + jets channel contain
an isolated-lepton candidate that does not originate from a
W-boson decay. This type of background includes lepton
candidates arising from misidentified jets and leptons coming
from the weak decay of a hadron—nonprompt (NP) leptons.
These background processes are estimated with a data-driven
technique known as the matrix method [131], used in recent
differential measurements in the £ + jets channel [2].

The matrix method is based on “tight” and “loose”
selections for the lepton candidates. The tight selection is
the nominal one described in Sec. IV, while the loose
selection has no isolation requirement and less stringent
lepton identification requirements. Loose electron candi-
dates are reconstructed at the “MediumLH” [127] working
point, while the “Medium” [129] working point is used for
muon candidates. The resulting misidentified- and non-
prompt-lepton (NP/Misid.) background comprises 2% of
the sample.

C. Multijet-background estimation
in the all-hadronic channel

The dominant background in the all-hadronic channel
arises from multijet production and is estimated using a
data-driven technique. The present measurement uses the
“ABCD” estimate, which was first developed [132] to
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1% large-R jet TABLE 1. Detector-level event yields for data, simulated #7
t0b0 t1b0 t0b1 t1bl signal, and background processes. All uncertainties affecting the
detector and background modeling are included. Due to the tag-
§ J L S and-probe method employed by the all-hadronic channel, the
- numbers here refer to the number of measured large-R jets, rather
3| than events present. The signal purity is defined by the number
& § B D H N of data events minus background events divided by the total
% sample size.
Sl o
k= § E F G - Event yields Number of
a 7+ jets large-R jets all-
o ) . .
é A C I 0 Category selection hadronic selection
Data 83069 30524
FIG. 1. Events passing the preselection requirements are Pre_dictions 972003700 36500-£1 400
divided into 16 regions according to the b-matching and top- " (€ + jets) 90600 =+ 3400 1610 £ 140
quark-tagging status of the leading and second-leading large-R 17 (all-hadronic) x 25700 £ 1400
jets, here labeled simply 1% and 2"¢ large-R jet, respectively. Multijet 8100 + 300
Labels tl and tO indicate whether the large-R jet has passed or Single-top quark 2200 =+ 300 710 +70
failed the top-quark tagger, respectively. Labels b1 and b0 indicate NP/Misid. leptons 1500 =+ 600
whether the large-R jet has or has not been b-matched, respec- W+ jets 1500 =700
tively. Regions L, S, and N constitute the regions used to measure nv. _ 920 + 120 310 + 40
the jet substructure, while K and M are the validation regions. (11Z+1tW +1tH)
Other 400 £ 200
measure the 7 differential cross section using an all- Data/Predictions 0.85 £ 0.03 0-84 +0.03
hadronic event selection. This approach is adapted here  (Data—Bkg)/Signal 0.84 £ 0.03 0.77 £ 0.05
to estimate the multijet background in bins of large-R-jet  gjopal purity 0.92 + 0.01 0.65 & 0.01

substructure observables.

The technique uses the correlations between the mis-
tagging rates of b-tagging and top-quark-tagging algo-
rithms for one large-R jet to determine the multijet back-
ground. As described in Sec. IV C, events passing the
preselection are divided into categories depending on
whether the leading and second-leading large-R jets are
top-quark-tagged and/or b-matched, creating 16 regions
with different multijet background contributions, shown in
Fig. 1. Among these regions, the ones where both leading
large-R jets are b-matched and at least one is top-tagged
represent the signal regions. The two regions defined by
requiring both large-R jets to be top-tagged but only one to
be b-matched are not directly used in the ABCD estimate,
but employed as validation regions. The remaining 11
regions are considered as control regions.

The estimated contributions from ¢7 signal events and
other MC-predicted backgrounds are subtracted from the
total event yields in the control regions, and the remaining
event yields are used as input to calculate a bin-by-bin
estimate of the multijet background in the signal and
validation regions, using the ABCD method, described
in detail in Ref. [15]. The validation regions, labeled K and
M in Fig. 1, are employed to validate the modeling of the
multijet background with the substructure variables.

D. Comparisons of data with predictions

The event yields for data, predicted 77 signal, and all
backgrounds after applying the selection described in

Sec. IV are shown for both channels in Table I. Since
the Z + jets and VV(V = Z/W) backgrounds are small in
the £ + jets channel, they are combined into the “Other”
category in the table and following plots. The event
selection is able to separate the signal from the various
background sources in both channels, with the signal purity
reaching 92% and 65% in the ¢ + jets and all-hadronic
channels, respectively.

The predicted yields overestimate the data yields in the
¢ +jets and all-hadronic channels by 16% and 20%,
respectively. This is consistent with observed yields in
the boosted ¢f regime in other measurements [132-136],
and is believed to come from missing higher orders in the
NLOME + PS differential cross-section calculation, which
mostly affect the high-pt regions. A correction for this
overestimate is made by defining a normalization scaling
evaluated as (Data—Background)/Signal and shown in
Table I. This scaling is used to compare the shapes of
the observed distributions with those predicted by the MC
calculations and estimated backgrounds.

Comparisons of the observed kinematic distributions
with the ones predicted by the nominal signal MC sample
and background estimates in the 7 + jets channel are
shown in Fig. 2. The figure shows the distributions of
the number of RC large-R jets in the event, the pt of the RC
large-R jet, and m(#,b). Comparisons between the
observed and predicted kinematic distributions of the
leading and second-leading large-R jets in the all-hadronic
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FIG. 2. Detector-level distributions in the # + jets channel for (a) the number of RC large-R jets, (b) the pt of the hadronic-top-quark
candidate RC large-R jet, and (c) m(#, b). The lower graph shows the ratios of the data to the predictions; triangles in (d) indicate ratio
values outside the shown range. The hatched band represents the sum of the detector-related uncertainties in the predictions. The
statistical uncertainties are shown for the data points. Larger values of the observables for the left and middle plots, beyond the histogram
range, are included in the last bin. The predicted #7 yield is adjusted so that the total predicted yield equals the observed number of data
events. The bin contents are divided by the bin widths.

channel are shown in Fig. 3. The shapes of most of the VI. MEASURED SUBSTRUCTURE
compared distributions are in good agreement, validating OBSERVABLES

the modeling of the kinematics of the jets in 77 events and
the estimated backgrounds. The only discrepancy appears
in the comparison of the pr distributions of the top-quark
candidate jets, where the predicted distributions have a
flatter pt dependence consistent with the increasing over-
estimate of the 77 cross section as a function of top-quark pr
as noted above.

The observed substructure variables are calculated using
the charged tracks associated with the hadronic top-quark
candidate. In the all-hadronic analysis the charged tracks
are ghost-associated with the large-R jet. In this case, the
trimming procedure, described in Section IV A, is applied
concurrently to the ghost-tracks. In the # + jets channel,
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FIG. 3. Detector-level distributions in the all-hadronic channel for (a) the pt of the leading large-R jet, (b) the pr of the second-leading
large-R jet, and (c) the mass of the leading large-R jet. The lower graph shows the ratios of the data to the predictions; the triangle in
(d) indicates a ratio value below the shown range. The hatched band represents the sum of the detector-related uncertainties in the
predictions. The statistical uncertainties are shown for the data points. Larger values of the observables for the left and middle plots,
beyond the histogram range, are included in the last bin. The predicted ¢7 event yield is adjusted so that the total predicted yield equals
the observed number of data events. The bin contents are divided by the bin widths.
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tracks are ghost-associated with the small-R jets that
constitute the reclustered large-R jet.

Several classes of observables are measured:

(i) Generalized angularities [51]:

A= zf (@)ﬁ.

ieJ

Given a jet J, z; is the fraction of the jet’s pr carried
by the ith constituent, 7 is the jet axis, and R is the jet
radius. The variables x and f are parameters chosen
to weight the pt and angular terms, respectively. In
this analysis, only 15 and 2 5 are measured and are
referred to as the jet pr dispersion (p$) and the Les
Houches angularity (LHA), respectively. The jet pr
dispersion is highly correlated with the particle
multiplicity (N) and thus a scaled pt dispersion
variable is used to mitigate this correlation:

i 1\ N

(ii) Energy correlation functions (ECFs) [49,137]: the
general formula for these functions in a jet produced
by a hadron collider is

ECF(N)= >

N
( pT,ia)
i1 <ip<..<iy€J Na=1

x (ﬁ ﬂ AR(ib,iC)>.

b=1 c=b+1

Here the sum runs over all constituents of the jet,
ordered by index i so that no pairwise calculations
are repeated, and N represents the number of prongs.
Ratios of the ECFs can be used to probe N-pronged
substructure. Here C5 and D, are measured:

_ ECF(4) ECF(2)
7 ECF(3)?

5. _ ECF(3) ECF(1)?
T ECF(2)?

A jet with a pronounced three-body (two-body)
structure will have C; (D,) close to 0. The normal-
ized energy correlation function ECF2 is also
measured. The normalized version is used to reduce
the dependence on the jet-constituent multiplicity:

ECF(2)

ECF2 = —=.
ECF(1)

(iii) N-subjettiness [47]: a jet’s N-subjettiness provides a
measure of the degree to which that jet is compatible
with comprising N or fewer subjets. It is defined as:

1 .
TN = d_OZpT’k min {ARl,kv ARZ,k9 ey ARN,k}?
k

with do = ZPT,kRO'
k

The constituents of the jet are reclustered using
the exclusive k, algorithm [138], with the winner-
takes-all (WTA) recombination scheme. The clus-
tering continues until N subjets are returned. The
calculation of 7, then runs over the constituents of
the jet, with pr, the py of the kth constituent. The
variable R, is the jet radius parameter. The ratios
751 =1,/7; and 13, = 73/7, are measured, along
with 73. A jet with a pronounced three-body (two-
body) structure will have 73 (z,) close to 0. The
ratios are used to discriminate between jets with
different N-prong structures, e.g., a jet better de-
scribed by a 3-prong structure than by a 2-prong one
will have a 73, value closer to O than to 1.

This set of eight substructure variables includes observables
sensitive to the modeling of three-prong (z3,, C3) or two-
prong (D,, 7,1) objects, to the distribution of the momen-
tum of the constituents inside the jet (pdT'*) and to the
broadness of the jet (LHA). Two of these variables (D,, 73,)
are the most sensitive in the multivariable discriminator
developed by the ATLAS Collaboration [12] to identify
W-boson- and top-quark-initiated jets. Given the impor-
tance of D, and 73, for particle tagging, these observables
are also measured as a function of the particle-level top-
quark-jet mass (m'°P) and pt (ptTOP ). The ECF2 and 73
observables are also measured, since they are relevant in the
calculation of D,, C5, and 73,. The substructure variable 73
is selected also because it appears to be poorly described by
MC predictions. These variables are not highly correlated
and show sensitivity to showering, hadronization, and final-
state radiation.

In the all-hadronic channel, the substructure measurement
takes advantage of the presence of two large-R jets. It
follows a tag-and-probe approach that involves first meas-
uring the substructure distribution of the leading large-R jet
by requiring that the second-leading large-R jet is top-
quark tagged. In this configuration, the leading large-R jet is
the “probe” jet and the second-leading jet is the “tag” jet.
The substructure distribution of the second-leading
jet is then measured in those events where it satisfies the
same kinematic requirements as the leading jet, namely
pr > 500 GeV, and where the leading jet is top-quark
tagged. This avoids biasing the substructure of the probe
jet through the substructure-dependent DNN top-quark-
tagging algorithm. This technique requires that there is no
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FIG. 4. Detector-level 73, distributions in the (a) £ + jets and (b) all-hadronic channel for data, predicted 77 signal, and measured
backgrounds. The predicted 77 signal is normalized so that the total predicted yield agrees with the observed number of events. The lower
pad shows the ratios of the data to the predictions; triangles indicate ratio values below the shown range. The hatched band represents all
the detector-related uncertainties of the predictions. The modeling uncertainties of the signal are not included in the band. The data

points are presented with their statistical uncertainty.

event-to-event correlation in the substructure measurement
in the leading and second-leading jets, which is confirmed
by MC studies.

The distributions of the substructure variables for the
leading and second-leading large-R jets are added together
to produce a combined measurement. The combined
distribution is then unfolded using the technique described
in Sec. VII. This combined measurement increases the
number of jets by ~50%.

The observed shapes of the distributions of the sub-
structure observables are compared with the nominal 7
model predictions and background estimates for both the
¢ +jets and all-hadronic channels. While the observed
and predicted shapes are generally in good agreement, the
distributions of some observables, such as p%* Or 73,, are
poorly described by the predictions. The latter observable,
T3;, 1s shown in Fig. 4, where only the statistical uncertainty
and detector-level systematic uncertainties are included.

VII. CROSS-SECTION MEASUREMENT

The observed distributions are affected by the detector and
selection acceptance, resolution, and efficiency. An unfolding
technique is used to correct for these effects. It unfolds the
observed distributions to particle level in a suitably chosen
kinematic region called the fiducial phase-space.

A. Particle-level fiducial phase-space

The particle-level objects are defined using the stable
particles (those with ¢z > 10 mm where 7 is the proper

lifetime of the particle) in the MC calculations. The
selection requirements imposed on these objects define
the particle-level fiducial phase-space, and are similar to the
detector-level requirements so that large extrapolations of
the measured quantities are avoided.

Electrons and muons from the electroweak decays of top
quarks are selected by rejecting those that come from the
decay of hadrons, directly or through z-lepton decays.
Leptons arising from z-lepton decays that are not the result
of prompt hadron decays are also accepted. Leptons are
then “dressed” by summing their four-momenta with any
prompt photons within AR = 0.1. The dressed leptons are
required to have pp > 27 GeV and |n| < 2.5. Dressed
muons and electrons separated by AR < 0.4 from a jet
are excluded. Neutrinos are required to come from a top-
quark electroweak decay, and the ET'S is calculated from
the four-momenta sum of the selected neutrinos.

Particle-level small-R and large-R jets are built by
clustering all stable particles, except for the selected
dressed leptons, neutrinos not coming from hadron decays,
and photons not used in the dressing. The decay products of
hadronically decaying z-leptons are included. The RC
large-R jets are built by the anti-k, jet-clustering algorithm
with a radius parameter of R = 1.0, using the particle-level
small-R jets as input. The same trimming algorithms as
described earlier for large-R jets and RC large-R jets are
employed for the particle-level objects.

Particle-level b-tagging is performed by ghost-matching
b-hadrons to jets. A particle-level small-R or large-R jet
with at least one ghost-matched b-hadron with pt >
5 GeV is defined as being b-tagged. No specific top-quark

112016-11



G. AAD et al.

PHYS. REV. D 109, 112016 (2024)

[ ATLAS Simulation
L Vs=13 TeV, 140 fb™ .
[Particle-level I+jets, p." > 350 GeV

N

[ = Acceptance —— Efficiency

o
e

F—— o o o
F —— o
—— o

Correction
o
[}

f}

0.2

I I I I S B A U P R
0
0 01 02 03 04 05 06 07 08 09 1

RC large-R jet 1,

(a)

FIG. 5.

tagging is performed on particle-level large-R jets beyond
the requirement on the large-R jet mass, and particle-level
large-R jets are not required to be matched to parton-level
top quarks.

The event selection for both channels closely follows
the detector-level selection described in Sections IV B and
IV C, with the only difference being in the selection of
the jets used to reconstruct the variables in the all-
hadronic channel, where the tag-and-probe method is not
applied at particle level. Top-quark candidates in the event
are required to be b-tagged, and the ones with pt >
500 GeV are employed to reconstruct the jet substructure.
The reconstruction of the jet substructure at particle level
closely follows the definition employed at detector level. In
the all-hadronic case, only the charged components of the
large-R jets are considered as input when reconstructing the
observables. In the £ + jets case, the substructure observ-
ables are built by using the charged constituents of the
small-R jets as components of the RC large-R jets. In both
channels, only charged particles with pr above 500 MeV
and || < 2.5 are considered.

B. Iterative Bayesian-unfolding method

The iterative Bayesian-unfolding algorithm [139], as
implemented in RooUnfold [140] is employed to unfold
the observed data distributions to the particle-level distri-
butions. The differential cross section (both single and
double) in bin j of a particle-level distribution is repre-
sented heuristically as

do; 1 1 . . ,
= N M;7'fi. (D' =B, 1

where i runs over the detector-level bins, X represents one
or a pair of variables, [ £d¢ is the integrated luminosity of
the sample, and AX; represents the width of bin j. The
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Acceptance and efficiency corrections for the 73, variable in the (a) £ + jets and (b) all-hadronic channels.

variable D; represents the data histogram obtained after
the event selection, and B; represents the distributions
of the estimated backgrounds. By concatenating the bins of
a given substructure observable for each region of
pff’p or m'P, a one-dimensional distribution can be con-
structed in order to apply this formula to the double-
differential distributions [133]. The functions f°f and f,..
are unfolding corrections, derived using the nominal
POWHEG+PYTHIAS prediction for 77 production and decay.
The efficiency correction f°f accounts for events passing
the particle-level phase-space requirements but not the
detector-level requirements. The acceptance correction
Jface accounts for events that pass the detector-level selec-
tion but fail the particle-level fiducial phase-space
requirements.

Examples of the f,.. and f°T corrections in the Z+jets
and all-hadronic channels are illustrated in Fig. 5. The
efficiency is driven by the use of algorithms which are not
fully efficient, such as b- and top-tagging. The acceptance
is driven by the resolution on the quantities used for the
selection requirements. As a consequence, the unfolding
corrections differ between the two channels due to the
differences in the selection: the cuts on EX and m(Z, b)
decrease the acceptance in the £ + jets channel, while the
requirements on the number of b-tagged jets and the top-
tagging lowers the efficiency in the all-hadronic channel.

The migration matrix M quantifies the smearing that
arises from detector-resolution effects. It is evaluated by
using MC events that pass both the detector-level and
particle-level fiducial phase-space selections and binning
them into the matrix, where the rows and columns represent
the particle-level and detector-level bins, respectively. Each
row is normalized to sum to unity. In Eq. (1), M~!
represents the effects of the iterative Bayesian-unfolding
procedure that is employed to unfold the detector-level
distributions. The amount of regularization introduced by
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FIG. 6. Migration matrices for the variable 73, in the (a) £ + jets channel and (b) all-hadronic channel.

this unfolding method is determined by the number of
iterations. A large number of iterations corresponds to fully
unregularized matrix-inversion. The number of iterations
employed in this analysis for all distributions is six, chosen
as a compromise between the bias and the statistical
fluctuations. The absence of a non-negligible bias is
verified with the methods described in Sec. VIIC.

The bin widths chosen for the substructure distributions
optimize the robustness of the unfolding procedure while
retaining as many bins as possible to resolve detailed
features in the unfolded distributions. The first criterion is
addressed by employing bin widths that result in unfolding
matrices that are largely diagonal by requiring that at least
40% of the jets fall in the diagonal bins.

The migration matrices for the observable 73, in the
¢ + jets and all-hadronic channels are shown in Fig. 6, and
are similar to the other migration matrices.

C. Unfolding validation

Tests are performed to ensure the unfolded distributions
have the correct statistical properties, reproduce input
distributions that differ from the nominal ones used to
produce the corrections and unfolding matrices, and are
stable within the expected statistical uncertainty. In order
to check for stability amid statistical fluctuations, each bin
of the nominal MC distributions is smeared according to a
Poisson distribution, with mean equal to the bin content,
to create pseudoexperiments. The distributions of the
unfolded variables in the pseudoexperiments are then
compared with the particle-level input distributions to
verify that the unfolding procedure is unbiased and the

statistical uncertainty of the unfolded distributions
matches the precision as observed in the ensemble of
pseudoexperiments.

Additional tests are performed to verify the absence of
bias originating from the choice of MC model used to derive
the corrections in Eq. (1). Nine pseudoexperiments are
created for each observable by reweighting the nominal MC
distributions, at detector level and particle level, with nine
different weighting functions. Each function is based on a
polynomial fit to the ratio of the data to the nominal MC
prediction of the measured observables. An additional
pseudoexperiment is based on the disagreement between
the data and the nominal prediction on the top-quark jet pr,
in this case a linear fit is employed and the slope of the fit is
doubled to derive the weight function used for the test. The
fitis performed separately in the two channels and in the all-
hadronic channel separately for the leading and subleading
jet. The pseudoexperiments are then unfolded using the
nominal set of corrections. The reweighted unfolded dis-
tributions are compared with the weighted distributions at
particle level. The procedure correctly reproduces most of
the weighted distributions, verifying the robustness of the
unfolding procedure. The only exception is the reweighting
as a function of top-quark pt, where a relatively small
degree of nonclosure is observed. This nonclosure, due to
the top-quark pt shape, is included as an additional source of
uncertainty and described in Sec. VIII D.

VIII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the unfolded distribu-
tions are separated into uncertainties arising from the
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reconstruction and calibration of the jet and lepton candi-
dates, the background estimates, and the modeling of the ¢7
final state.

Uncertainties related to modeling of the detector and
background are propagated to the unfolded distributions by
creating pseudoexperiments from simulated signal and
background events in which a single source of uncertainty
is varied by one standard deviation. The resulting distri-
butions are then treated as if they were data and unfolded
using the nominal unfolding corrections, as described in
Section VIIB.

The signal-modeling uncertainties affect the measured
cross section through the unfolding corrections. To esti-
mate these uncertainties, the alternative 77 simulations at
detector level are used to create pseudodata, which are
then unfolded using the nominal unfolding correction
(efficiency, acceptance, migration matrix, and background
subtraction). The nonclosure between the unfolded pseu-
dodata and the alternative particle-level prediction is taken
as an uncertainty in the measured cross section.

A. Detector uncertainties

Lepton reconstruction and identification uncertainties
are estimated by comparing the identification perfor-
mance in data and MC samples and adjusting the
performance in the MC samples to match that in data.
The uncertainties from these comparisons are used as the
systematic uncertainties associated with the lepton
reconstruction in both channels. Uncertainties in the
lepton-momentum scale and resolution are determined
by comparing the performance measured in data and in
MC samples [128,129].

The jet energy scale (JES) uncertainties for small-R and
large-R jets are determined from test beam data, simulation,
and in situ measurements of the py balance between jets
and recoiling objects in Z + jet, y + jet, and multijet events
[117,118]. The jet energy resolution (JER) uncertainty is
measured in dijet events as the width of the best-fit pr-
asymmetry distribution. The JES and JER uncertainties
associated with the RC large-R jets are derived from the
uncertainties in the constituent small-R jets.

Uncertainties in the E2* modify both the magnitude and
direction of its vector. They are determined from the
uncertainties in the momentum calibration and resolution
of the leptons and jets used to calculate this observable, as
well as an uncertainty in the soft term [130].

The jet mass scale (JMS) uncertainty for large-R jets is
estimated by fitting the top-quark-jet and W-jet mass peaks
in £ + jets tf events and by measuring the relative response
for calorimeter-based jets and track-jets in data and MC
samples of dijet events [118,141]. The jet mass resolution
(JMR) uncertainty for large-R jets is derived from the same
fits of the top-quark-jet and W-jet mass peaks [141]. The
JMR is conservatively set to 20% outside the phase space
covered by these measurements.

The uncertainty in the efficiency of the JVT algorithm is
determined from studies of its performance in data samples
and MC events [116].

The b-tagging performance is measured in data events
and MC samples, and any difference is used to correct the
MC b-tagging efficiency. The uncertainty in this calibra-
tion is used as the systematic uncertainty in the b-tagging
efficiency [121,122]. An efficiency uncertainty for jets
with pr > 300 GeV is estimated by extrapolating the
efficiency measured at lower pt to these higher-pr
jets [142].

The efficiency and mis-tagging rate of the DNN top-
quark tagger, and their uncertainties, are derived using
hadronically decaying top quarks in boosted #f events,
y +jet events, and dijet events [12]. The uncertainty
includes effects arising from JES and modeling uncertain-
ties that affect the substructure of the top-quark jets.

Several sources of systematic uncertainty are considered
for the tracks used in the substructure measurements [143].
The uncertainty in the fake rate is derived from template fits
to data and simulated events performed in a control region
enriched in fake tracks. An additional uncertainty is used to
account for differences in the impact parameter resolution
between simulated and real data events. This uncertainty is
estimated in bins of jet # and pt and applied to simulated
events in the form of a random smearing of the transverse
and longitudinal track impact parameters. Uncertainties in
efficiencies and alignment of the tracking detectors are also
considered. In addition, uncertainties in the reconstruction
of tracks associated with high-pt jets are also included
[126]. The track uncertainties are propagated to the track
requirements employed to select the tracks used to identify
the primary vertex and measure the jet substructure.

B. 7 + jets-channel background modeling

Several sources of uncertainty affect the single-top-quark
background, the largest background process in the £ + jets
channel. The uncertainty associated with the initial-state-
radiation (ISR) model is determined by modifying the
nominal POWHEG+PYTHIAS calculation by varying y, and p;
independently by factors of 0.5 and 2.0 in the matrix-
element calculation, and by varying the scales in the
showering model according to the Var3c eigentune of
the Al4 tune. The final-state-radiation (FSR) uncertainty
is determined using a separate POWHEG+PYTHIAS sample
where the renormalization scale is varied from its nominal
value by factors of 0.5 and 2. The uncertainties due to the
PYTHIA scale variations are correlated with the correspond-
ing 7 variations. The uncertainty arising from the scheme
used to remove interference between the /7 and W
processes is determined by taking the difference between
the DR and DS approaches. The uncertainty due to the
choice of showering and hadronization scheme is deter-
mined by comparing the nominal prediction with an
alternative model using the HERWIG generator. The
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uncertainty in the NNLO cross section for the single-top-
quark processes arising from the choice of PDF set and « is
4.2% for the t-channel process, 5.4% for the tW process,
and 3.9% for the s-channel process [144,145].

The uncertainties in the W + jets background estimates
are evaluated using two alternative MC samples where
and u; in the matrix-element and showering models are
varied simultaneously by factors of 0.5 and 2.0 [146]. The
uncertainty in the cross-section calculation for the asso-
ciated-production processes 7Z, tW, and 1tH are 13.3%,
12%, and 9.9%, respectively [147]. The uncertainty in the
sum of these backgrounds is set to 13.3%, which is the
largest of the three individual uncertainties.

The uncertainty in the cross sections for the Z + jets and
diboson processes is conservatively estimated to be 50%
[146]. However, these backgrounds contribute < 1% and
thus are negligible.

The uncertainty in the misidentified-lepton background
is assessed by comparing the estimates from the matrix-
element method, described in Sec. V B, with an alternative
method. In this method, the shape of the distributions of the
misidentified-lepton events is derived from a MC estimate,
obtained using all-hadronic 7 and V + jets samples, while
the normalization is obtained through a fit of the observed
EXss and ERS + m¥ distributions. The uncertainty in the
misidentified-lepton estimate is below 1%, except in some
poorly populated regions, where it can reach 5%.

C. All-hadronic-channel background modeling

The main uncertainty in the multijet background
estimate is due to the data statistical uncertainty in the
control regions introduced in Sec. V C and used in the
ABCD method. All the detector- and signal-modeling
uncertainties are propagated through the multijet estima-
tion, in the subtraction of the estimated signal and
MC backgrounds from the control regions. The largest
uncertainty in the multijet background arises from the
uncertainty in the top-quark mis-tagging rate in the MC-
subtracted backgrounds.

The uncertainties associated with the non-all-hadronic
background, the single-top-quark background, and the
background due to the associated-production processes
ttW, ttZ, and (tH arise from their cross-section uncertain-
ties and are incorporated into the overall uncertainty in
these background estimates.

D. Signal modeling

The uncertainties arising from the modeling of the 7
production and decay processes are evaluated by using
alternative MC samples to create pseudoexperiments and
unfolding them with the nominal unfolding matrices. The
differences between the unfolded results and the predic-
tions of the alternative MC samples are taken as the
modeling uncertainty.

The uncertainties in the modeling of ISR in the /7 process
are estimated using the samples where the scales y, and p;
in the matrix element are varied independently by factors of
0.5 and 2.0 in the POWHEG calculations, and two samples
employing the Var3cUp/Down eigentune of the Al14 tune
of PYTHIA 8. The FSR uncertainty is estimated using the
samples where the renormalization scale regulating FSR is
changed by factors of 0.5 and 2.0, corresponding to
afSR(my) = 0.142 (FSR Down) and afSR(my) =0.114
(FSR Up), respectively. The uncertainty associated with
the choice of hg,m, parameter value is estimated using a
sample with hg,y, a factor of 2 larger than the nominal
value. The resulting changes in the unfolded results are
symmetrized as an up-and-down systematic uncertainty.
All uncertainties pertaining to radiative corrections are
combined into /FSR.

The Parton Shower uncertainty arises from the choice of
parton-shower, hadronization, underlying-event, and color-
reconnection models. It is estimated by employing the
HERWIG 7 parton-showering and hadronization model
instead of the nominal PYTHIA 8 model, with the resulting
uncertainty being symmetrized. The Hard Scattering
uncertainty arises from the matching method, and is
estimated by comparing the results of a POWHEG
+PYTHIAS MC sample with the one created using the
AMC@NLO+PYTHIA MC generator. This uncertainty takes
into account a different choice of parton-matching scheme
and renormalization scheme [148]. To exclude the
differences arising from the matrix-element corrections
applied to all emissions in the nominal POWHEG+PYTHIAS
sample, a dedicated POWHEG+PYTHIAS simulation with
these corrections turned off is used for this comparison.
The uncertainty arising from the choice of PDF is estimated
using the 30 eigenvectors decomposed from the Hessian
representation of the PDF4LHC30 PDF uncertainties [88].

An additional source of uncertainty is the effect of the
top-quark mass uncertainty on the measured distributions.
The uncertainty considered for the top-quark mass is
0.5 GeV, reflecting the precision of the top-quark mass
measurements reached by the ATLAS [149] and CMS
[150] collaborations. The resulting uncertainty is evaluated
by creating pseudoexperiments with an alternative top-
quark mass and propagating it through the analysis. This
uncertainty is negligible in all the measured differential
Cross sections.

Finally, a modeling uncertainty arises from the observed
difference between the observed and predicted shapes of
the top-quark pr distribution. This difference, between the
data and the nominal POWHEG+PYTHIAS prediction, is used
to define a reweighting function, which is then applied to
the nominal prediction to obtain an alternative sample.
Pseudoexperiments created from this alternative sample are
then propagated through the unfolding procedure, and the
difference between these results and those from the
nominal procedure is taken as the uncertainty. This

112016-15



G. AAD et al.

PHYS. REV. D 109, 112016 (2024)

50 prerr e e e

40 FATLAS Fiducial phase-space
FVs=13TeV, 140 fb Relative cross-section

2 30 Fets, p‘T"" > 350 GeV 3
> F 3
] o ]
T 10 —
[J] E 3
o} = . =
T _10E = —
i 10 TR ]
RS E ]
© 20 =
S E —— JESR t k M: E
£ -..- top-quark Mass 7

L -30 F —— MC stat., Backgrounds —ome IFSR B
F -~ Parton Shower .= Hard Scattering -

-40 Tracks Others —

r Stat.+Syst. Unc. Data Stat. Unc.
_50_|||||||\|‘|\|\|\|\||||||||||\|\|\|‘|\|\||||||||\|_

1

0 01020304 0506070809
RC large-R jet 15,

(a)

FIG. 7.

502...\“.\.‘.\.\“... AR A m e L A KA
40 FATLAS Fiducial phase-space ]

FVs=13TeV, 140 fb" Relative cross-section ]
30 Fall-had, p‘T"" > 500 GeV 3
20 =

R I I

Fractional Uncertainty [%]

-20
F —— JESR/UMSR/Top-Tagging - top-quark Mass 7
-30 F —— MC Stat., Backgrounds -omee IFSR B
- Parton Shower -+.=. Hard Scattering -
40 Tracks Others -
r Stat.+Syst. Unc. Data Stat. Unc.
_50_|||\|\|\|‘l\l\|\||||||||‘|\|\|\|\|‘|\||||||||\|\|

0 010203040506070809 1
Large-R jet 15,

(b)

Fractional uncertainties in the particle-level differential 77 production cross section as a function of z3,. The uncertainties are

evaluated in the (a) £ + jets channel and (b) all-hadronic channel. The orange band represents the data statistical uncertainty, while the
yellow band represents the total uncertainty. The uncertainties in the top-quark pr mismodeling, leptons, EF, flavor tagging, pile-up
and PDF have a very limited impact and are grouped in the plot under the label “Others”.

uncertainty was already mentioned as unfolding nonclosure
in Sec. VIIC.

E. Summary of systematic uncertainties

The resulting systematic uncertainties affect each
unfolded variable differently and are determined bin-by-
bin, although their scales are comparable. As an example,
the sizes of the systematic uncertainties in the normalized
differential cross section as a function of 73, are shown in
Fig. 7. The uncertainties are generally below 5% and
around 5% in the £ + jets channel and all-hadronic
channel, respectively, and reach ~40% at low and high
73,, where the differential cross section is smaller, espe-
cially at low values of 73,. The dominant uncertainty varies
bin-by-bin. The FSR and the parton-shower and hadroni-
zation models are the sources of the largest signal-modeling
uncertainties, while the JES/JER and charged-track uncer-
tainties yield the largest detector-level uncertainties.

IX. RESULTS

The normalized particle-level fiducial phase-space dif-
ferential cross sections as a function of the substructure
observables are shown for both the 7 + jets and all-
hadronic channels. A set of double-differential cross
sections is also presented. The results are compared
with several NLOME —+ PS predictions of the Standard
Model, including several tuning variations of the nominal
POWHEG+PYTHIAS prediction.

A quantitative comparison with the predictions is shown
in Sec. IXC, where y> and p-value calculations are
presented.

A. Single-differential cross sections

The normalized particle-level single-differential cross
sections for the £ + jets and all-hadronic channels are
shown in Figs. 8-15.

The unfolded distributions are generally similar in shape
between the two channels, although the distributions from
the all-hadronic channel tend to be narrower, consistent
with the SM predictions and arising from the higher pr-
interval used in the all-hadronic channel. The precision of
the unfolded distributions allows qualitative and quantita-
tive comparisons with SM predictions. The effect of the
mismodeling of the top-quark pr, introduced in Sec. V D,
on the measured distributions is covered by the dedicated
uncertainty introduced in Sec. VIII D. This uncertainty is
non-negligible only in the observables correlated with the

top-quark pt (ECF2, LHA, pdT‘*) and relevant only in the
tails of the distributions, where it reaches a 10% effect in
the all-hadronic channel.

The 73, distributions show a rapid increase around 0.2
followed by a plateau out to about 0.8 for the £ + jets
channel and a decrease out to 0.8 for the all-hadronic
channel. The general behavior reflects the three-body
nature of the top-quark decay. The SM nominal POWHEG+
PYTHIAS and FSR Up predictions tend to overestimate the
73, distributions at low values and correspondingly under-
estimate them at higher values. The prediction made by the
POWHEG+HERWIG7 MC generator is in best agreement with
the data. The same behavior is also observed for the 73
prediction.

The 7,; distributions show a rising trend from 0.0
out to 0.5, where they then fall off quickly. This reflects
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FIG. 12. Particle-level normalized differential cross sections as a function of D, for the data and several NLOME + PS MC
predictions. The unfolded results shown here are in the (a) £ + jets and (b) all-hadronic channels. The lower pads show the ratios of the
predictions to the data. The yellow band represents the total uncertainty of the measured differential cross section, while the orange band
shows the statistical component.
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FIG. 13. Particle-level normalized differential cross sections as a function of Cz for the data and several NLOME + PS MC
predictions. The unfolded results shown here are in the (a) £ + jets and (b) all-hadronic channels. The lower pads show the ratios of the
predictions to the data. The yellow band represents the total uncertainty of the measured differential cross section, while the orange band
shows the statistical component.

112016-19



G. AAD et al.

PHYS. REV. D 109, 112016 (2024)

-y T T T T =
9 ATLAS — PWG+PY8 ® Data =
E {s=13TeV, 140fb" - PWG+H7 statunc. 3
8E" 4jets, p™ > 350 Gev — MC@NLO+PY8 Stat.+Syst. unc
E " Pr 3
- 7 E- Fiducial phase-space ~~~~PWCG*PY8FSR Up =
Z E -~ PWG+PY8 FSR Down 3
o°_ - =
= 6 =
o E 3
e S5E 3
b = =
© 4 —
& 3 3
2 E E
\S E 3
2 —
=g =
E . E
g, 12E =
Sz o e i [, 3
glo R E
o 0.8 —
9 © E —
Y —ce E
o E - E
0 0.2 0.4 0.6 0.8 1

RC large-R jet p:'

(@)

16— ATLAS — PWG+PY8 ® Data -
Vs =13 TeV, 140 fo'  ---- PWG+H7 Stat. unc. B
14 all-had ptop > 500 GeV — @MC@NLO+PY8 Stat.+Syst. unc ]
T -
. 12— Fiducial phase-space " PWE*PYBFSRUp =
LA -~ PWG+PY8 FSR Down 3
S 10 =
o ]
= e E
= p—
s E
- 6 -
L ]
L 7
-~ 4 —
2 =
1 1 :
5 g 3
e X E
o8 1 3
a 0.8f s
5| 14 = £
e E--s E
& 0.8 :
0.2 0.4 0.6 0.8 1

Large-R jet p:'

(b)

FIG. 14. Particle-level normalized differential cross sections as a function of jet pr dispersion for the data and several NLOME + PS
MC predictions. The unfolded results shown here are in the (a) £ + jets and (b) all-hadronic channels. The lower pads show the ratios of
the predictions to the data. The yellow band represents the total uncertainty of the measured differential cross section, while the orange

band shows the statistical component.

the general absence of two-body structure in these jets.
The MC predictions are in good agreement with the data,
with a slight overestimation of the distributions for 7,
below ~0.3.

The ¢ + jets and all-hadronic channels show a similar
trend in the C5 predictions from several generators, with the
SM predictions that tend to overestimate the data at low
values of C; underestimating it in the right tail of the
distribution. The D, SM predictions are in good agreement
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with the £ + jets channel’s distribution while the predicted
distribution in the all-hadronic channel is somewhat
broader than what is observed.

While the measured LHA and ECF?2 distributions agree
within the uncertainty band with all the predictions in most
of the bins, a large discrepancy is observed in the pdT'*
distribution for the POWHEG+PYTHIAS prediction in both
channels, while POWHEG+HERWIG7 seems to provide a
better description of this observable.
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Particle-level normalized differential cross sections as a function of LHA for the data and several NLOME + PS MC

predictions. The unfolded results shown here are in (a) the £ + jets and (b) the all-hadronic channels. The lower pads show the ratios of
the predictions to the data. The yellow band represents the total uncertainty of the measured differential cross section, while the orange

band shows the statistical component.
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B. Double-differential cross sections

The normalized particle-level double-differential cross
sections for the £ + jets channel are shown in Figs. 16-19,

from jets with simpler topologies and have been employed

in various taggers. Therefore, their correlations with m'°P
top . .

and p;* are of particular interest.

The distributions of 73, versus m'P predicted by the
various MC generators generally show poor agreement in
the central m'P interval and better agreement at both low
and high m'P, where there are large systematic uncertain-
ties, due to the jet energy resolution. Agreement between
data and predictions is somewhat better in the all-hadronic
channel than in the 7 + jets channel, although similar
trends are observed in both.

while the corresponding results for the all-hadronic channel
are displayed in Figs. 20-23. The normalization considers
the whole spectrum, so each bin is divided by the integral of
the double-differential distribution.

The four figures for each channel present the correlations
between 73, and m'*?, 73, and p3¥, D, and m'?, and D, and
ptTOP. The 73, and D, substructure variables have the power
to separate jets with three-body or two-body substructure
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FIG. 16. Particle-level differential 77 production cross section as a function of 73, and jet mass, for several NLOME + PS predictions
of 17 signal and the data. The events shown here are from the £ + jets channel: (a) shows the data and the nominal prediction, while
(b) shows the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross
section, while the darker band shows the statistical component.
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Particle-level differential 77 production cross section as a function of 73, and jet pr, for several NLOME + PS predictions of 77

signal and the data. The events shown here are from the £ + jets channel: (a) shows the data and the nominal prediction, while (b) shows
the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross section, while

the darker band shows the statistical component.

The distribution of 73, versus ptTOp and the predictions
show similar trends and are in reasonable agreement at
values of 73, between 0.4 and 0.7. The MC predictions are
generally larger than the data at lower and higher 73,.

The predictions of D, correlations with m°P and pr”
from the various MC generators are generally in
better agreement with the unfolded data, although there
are considerable variations between the predictions at
both low and high D,. However, these variations are

smaller than those seen in the comparisons of the 73,
predictions.

Overall, these correlations show that the MC predictions
tend to have more three-body-like substructure than
observed in the data. This disagreement does not have a
strong ptTOp dependence, but appears to be larger in the
central m"P region. The results for the all-hadronic and
¢ + jets channels are similar, although agreement is gen-
erally better in the all-hadronic channel.
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Particle-level differential /7 production cross section as a function of D, and jet mass, for several NLOME + PS predictions of

tf signal and the data. The events shown here are from the £ + jets channel: (a) shows the data and the nominal prediction, while
(b) shows the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross

section, while the darker band shows the statistical component.

C. Comparisons of predicted and observed
substructure variables

The level of agreement between the measured differ-
ential cross sections and the SM predictions is quantified by
a y? test-statistic and the related p-value extracted from the
reduced y? distribution. The y? calculation for the vector V,
which contains the residuals between data and the theory
predictions, is

7=VixC'xV,

where the covariance matrix C incorporates the statistical
uncertainties, the bin-by-bin correlations induced by the
presence of the systematic uncertainties, and the regulari-
zation used to unfold the data to the particle-level differ-
ential cross sections. The covariance matrix is evaluated
assuming no correlations between the different uncertainty
sources. This method has been used in several 7 differential
cross-section measurements [151].

The covariances evaluated for normalized spectra are
not invertible since the number of rows and columns is
larger than the rank. Consequently, one column and the
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FIG. 19. Particle-level differential ¢7 production cross section as a function of D, and jet pr, for several NLOME + PS predictions of ¢7
signal and the data. The events shown here are from the £ + jets channel: (a) shows the data and the nominal prediction, while (b) shows
the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross section, while

the darker band shows the statistical component.

corresponding row are removed from the covariance
matrix, as is the relevant element of the residuals vector.
The resulting ¥> does not depend on the row or column
removed. No theoretical uncertainties are included in the
predictions used in the y? calculation because each y?
value reflects the comparison of data with a spe-
cific model.

The y*> comparisons between the predicted and unfolded
distributions are shown in Tables II and III. The unfolded
differential cross sections are compared with the five
different MC predictions, and the resulting y>/NDF and
p-values are shown for each distribution.

These quantitative comparisons reflect the qualitative
comparisons made earlier, but also illustrate that overall
agreement with the data is better for some MC predictions
than others. In particular, the predictions from POWHEG+
PYTHIA8 (FSR Up) are in quite poor agreement with the
observations, with p-values less than 0.01 for all but two
¢ + jets variables. There is similarly poor agreement
between the POWHEG+PYTHIAS (FSR Up) predictions and
data in the all-hadronic channel, although in that case the
predictions for the z,;, D, and LHA variables are in
reasonable agreement with data, with a p-value larger than
0.3. Even for these variables the FSR Up predictions give
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FIG. 20. Particle-level differential 77 production cross section as a function of 73, and jet mass, for several NLOME + PS predictions
of #7 signal and the data. The events shown are from the all-hadronic channel: (a) shows the data and the nominal prediction, while
(b) shows the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross

section, while the darker band shows the statistical component.

the worst description of the data among the tested MC
predictions. In contrast, the POWHEG+PYTHIAS (FSR Down)
prediction provides a good description, with a p-value
larger than 0.01 for all single-differential observables
except 73, in the £ + jets channel. Overall, the measured
distributions favor a lower FSR scale, corresponding to a
higher afSR value. This is consistent with recent tuning
studies performed using ATLAS data [152] and with the
recent CMS top-quark mass measurement using boosted
top quarks, which employed the 73, distribution to tune

afSR [153].

The predictions of the other NLOME + PS calculations
are generally in good agreement with the data. It is
noteworthy that most predictions for the 73, variable are
generally in poor agreement with the data, with p-values
lower than 0.1 for several generator setups and with the
POWHEG+PYTHIA8 predictions having y?/NDF = 54/12
and 24/10 for the ¢+ jets and all-hadronic channels,
respectively. This shows that the NLOME + PS predictions
are unable to accurately model the three-body nature of
boosted top-quark jets. Notably, the 73 variable is also
generally described poorly by the predictions, at the same

112016-25



G. AAD et al. PHYS. REV. D 109, 112016 (2024)
1013 g— T T T T | T T T T
10" ATLAS * (x10%), 500 < p' [GeV] < 550
10" Vs =13 TeV, 140 " o (x10%, 550 < p” [GeV] <650
— 4n"0FE
< 10 !-all-had, p_ >500 GeV . op
40 Fiducial phase-space (x10), 650 < p” [GeV] < 750
Q 108E o (x10%), 750 < p‘T"p [GeV] < 1500
— 10 ;— — PWG+PY8
g, 10k
g oF
S 1o —
<= SE
\rb,: 10°F 506006 o
ko] 10 ;'_O_
o F
2 0k g g
102 "
10°%F
4E —5——5—8—5——@—_5_
10 !-_|ﬁ_| ! ! | ! ! ! !
0 0.5
Large-R jet 15,
(a)
ATLAS ., —— PWG+PY8 Data
fs=13 Tev, 140" PWG+H7 aMC@NLO+PY8
all-had, p_" > 500 GeV
LT T e PWG+PY8 FSRUp  =-:=:= PWG+PY8 FSR Down
Fiducial phase-space
Relative cross-section Stat.+Syst. unc. Stat. unc.
2F.. ' E 3 ' ]
1.8F | ] L . .
et = ]
o 16F . - 1
Ke]
B|g 14} ] 1
8le 12k |- 1 :
a
1 -
0.8F ¢ E L& 1 & 1F [¢ E
o6k 500 < pT"" [GeV]<550 7 | 550 < pT"p [GeV]<650 | f 650 < pT"" [GeV]<750 |} 750< pTOp [GeV] <1500 }
. 1 PR TR TR TN A T T 1 PR TR TR TR A T T T 1
0 0.5 10 0.5 10 0.5 10 0.5 1
Large-R jet ,,
(b)
FIG. 21. Particle-level differential ¢7 production cross section as a function of 73, and jet pr, for several NLOME + PS predictions of #7

signal and the data. The events shown here are from the all-hadronic channel: (a) shows the data and the nominal prediction, while
(b) shows the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross

section, while the darker band shows the statistical component.

level as 73, or worse, which correlates with poor 73,
agreement and further implicates the three-body modeling.
One exception comes from aMC@NLO, which provides a fair
description of 73, and 73 in both channels, with p-values
larger than 0.2. The variables that are sensitive to the
modeling of one-body and two-body substructure (z,;,
ECF2 and D,) show good agreement with data, with
p-values ranging from 0.2 to 0.82, depending on the
generator and the channel.

The C; variable, a probe of three-body structure that is
interpreted as a measure of the higher-order radiation

relative to the lowest-order prediction, is reasonably well
modeled by most of the £ + jets calculations, with three
p-values exceeding 0.9, but interestingly is not well
modeled by most predictions in the all-hadronic channel.
This could be due to mismodeling of the internal radiation
in the top-quark jet at higher pt or perhaps the modeling of
the energy flow between these higher-py jets in this all-
hadronic final state.

The p$* variable is a measure of the distribution of the
momentum between particles within the jet, and is therefore
sensitive to the hadronization model. It is not well
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FIG. 22. Particle-level differential 7 production cross section as a function of D, and jet mass, for several NLOME + PS predictions of
1t signal and the data. The events shown are from the all-hadronic channel: (a) shows the data and the nominal prediction, while
(b) shows the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross

section, while the darker band shows the statistical component.

described by the POWHEG+PYTHIAS model, but agreement
improves with a higher value of afSR, especially in the all-
hadronic channel, where the p-value reaches 0.54.

The LHA variable, which is more sensitive to the
modeling of the energy of the high-energy constituents,
is well described by the predictions. This variable, and also
ECF2, was selected because it was not expected to be
highly sensitive to the FSR variations. POWHEG+HERWIG7

gives the best description of these variables in both the
¢ + jets and all-hadronic channels, with p-values of 0.92
and 0.74 respectively for LHA.

The double-differential cross sections provide more
information about the correlations of the two-body and
three-body substructure measures, D, and 73,. Although
D, appears to be well modeled overall by most predic-

tions, the modeling of its correlations with m'P and ptTOp I
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FIG. 23. Particle-level differential ¢7 production cross section as a function of D, and jet pr, for several NLOME + PS predictions of ¢7

signal and the data. The events shown are from the all-hadronic channel: (a) shows the data and the nominal prediction, while (b) shows
the ratios of the predictions to the data. The lighter band represents the total uncertainty of the measured differential cross section, while

the darker band shows the statistical component.

relatively poor in the ¢ + jets channel. This arises from
the difficulty of modeling D, at lower m' and higher
ptTOP. For 73,, the correlations are even more poorly
modeled in the £ + jets channel, with p-values less than
0.01 for several NLOME + PS predictions. The trends
observed in the double-differential distributions for the
two channels are similar, although the discrimination

power in the all-hadronic channel is more limited by
the statistical uncertainty.

Overall, the picture that emerges is that the POWHEG+
pYTHIA8 (FSR Up) model is not successful in describing
the substructure of these high-pr jets. Compared with
the nominal POWHEG+PYTHIAS prediction, all POWHEG+
HERWIG7, AMC@NLO+PYTHIAS and POWHEG+PYTHIAS
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TABLE II. 4% and p-values quantifying the level of agreement between the unfolded spectra in the # + jets channel and several
normalized NLO + PS predictions. PWG+PYS corresponds to the POWHEG+PYTHIA sample and PWG + H7 to the POWHEG+HERWIG

sample.

PWG+PYS8 PWG+H7 AMC@NLO+PY8 pwG+PY8(FSR Up) PWG+PY8(FSR Down)
Observable y?/NDF  p-value y?>/NDF p-value »?/NDF p-value y?/NDF p-value % /NDF p-value
73 54/12 <0.01 19/12 0.09 15/12 0.24 165/12 <0.01 40/12 <0.01
751 14/14 0.41 7/14 0.92 16/14 0.32 42/14 <0.01 8/14 0.91
73 36/11 <0.01 42/11  <0.01 14/11 0.23 130/11 <0.01 23/11 0.02
ECF2 25/18 0.13 13/18 0.78 15/18 0.69 31/18 0.03 24/18 0.14
D, 20/16 0.20 17/16 0.39 20/16 0.20 37/16 <0.01 15/16 0.49
C; 11/14 0.65 6/14 0.97 3/14 1.00 35/14 <0.01 3/14 1.00
P 27/12 <0.01 10/12 0.58 11/12 0.53 56/12 <0.01 24/12 0.02
LHA 14/17 0.65 9/17 0.92 20/17 0.29 14/17 0.69 19/17 0.32
D, vs. m  61/42 0.03 62/42 0.02 59/42 0.05 118/42 <0.01 44/42 0.37
D, vs. p? 71/56 0.08 68/56 0.13 70/56 0.11 107/56 <0.01 93/56 <0.01
735 vs. m*?  153/42  <0.01 72/42 <0.01 56/42 0.07 413/42 <0.01 77/42 <0.01
73, vs. pr¥ 153/50  <0.01 103/50  <0.01 57/50 0.23 360/50 <0.01 114/50 <0.01

(FSR Down) predictions are in better agreement with the
measurements for most observables, and the POWHEG+
PYTHIAS (FSR Down) predictions are in closest agreement
with the measurements in both the # + jets and all-hadronic
channels. The correlations with m'°? and p;” provide some
diagnostic information, which suggests that the most
significant disagreement tends to be at lower m'P and
higher p3*.

These results highlight the tension between the data and
the predictions for key tagging variables such as 73, and D,
and better agreement will be essential in improving the
tuning of the showering parameters. Better agreement with
data for these observables would also reduce the modeling
uncertainties affecting the top-quark taggers and lead to

scaling factors closer to unity when correcting for tagger
performance differences between data and simulation.

X. CONCLUSION

Top-quark jet substructure variables are measured for
top-quark jets with pr > 350 GeV in a fiducial phase-
space defined by the pt and # of the jets. These measure-
ments use 140 fb~! of 13 TeV pp collision data collected
by the ATLAS detector at the LHC, and are performed in
both the lepton + jets and all-hadronic final states of 7
events. The inclusion of the all-hadronic final state enables
measurements of the substructure of top-quark jets with
average pt above 500 GeV. This analysis is the first to

TABLE III. 42 and p-values quantifying the level of agreement between the unfolded spectra in the all-hadronic channel and several
suitably normalized NLO + PS predictions. PWG + PY8 corresponds to the POWHEG+PYTHIA sample and PWG + H7 to the POWHEG+

HERWIG sample.

PWG+PY8 PWG-+H7 AMC@NLO+PY$ PWG+PYS(FSR UP) PWG+PY8(FSR DOWN)
Observable  y?/NDF  p-value y?>/NDF  p-value »?/NDF  p-value y?/NDF  p-value  y?/NDF p-value
. 24/10 <001  14/10 020 9/10 052  61/10 <001 6/10 0.82
o 7/10 0.75 6/10  0.80 6/10  0.80 11/10 036 6/10 0.84
o 20/7 <001 17/7 0.02 10/7 017 587 <00l 8/7 0.29
ECF2 17/11 0.10 12/11 0.39 14/11 0.26 20/11 0.05 15/11 0.19
D, 11/12 055 8/12 0.82 8/12 076  14/12 0.27 7/12 0.88
c, 29/8 <001  21/8 <001 13/8 0.13  57/8 <001 10/8 0.28
pd 219 001 6/9 078 109 035  35/9 <00l 8/9 0.54
LHA 12/12 0.49 9/12 0.74 12/12 0.46 12/12 0.43 11/12 0.53
Dyvs.m™ 22/32 091  27/32 073  20/32 095  28/32 0.67 19/32 0.96
Dyvs. P 29/43 096  26/43 098  28/43 096  32/43 0.88 26/43 0.98
o vs. m®  30/27 031 21/27 079 1527 097  69/27 <00l 11/27 1.00
tovs. p 49/37 008 36/37 053 34/37 063 94/37 <001 30/37 0.79
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investigate the substructure of top-quark jets with varia-
bles defined using only charged components of the jet.
Compared to previous ATLAS measurements of top-
quark-jet substructure, this approach, together with the
larger dataset analyzed, significantly reduces the uncer-
tainties in the measured quantities. These smaller uncer-
tainties provide greater sensitivity to the differences
between the various MC predictions. Both single-
differential cross-section measurements and a selected
set of double-differential cross-section measurements are
presented.

The observed substructure distributions are compared
with several MC generator predictions, which are all based
on NLO calculations for the matrix element, LO calcu-
lations for the decay of the top quark, and phenomeno-
logical models for parton showering and hadronization. A
quantitative comparison between the observed and pre-
dicted distributions shows that the 7,;, ECF2 and D,
variables are generally well described in both channels
by the POWHEG+PYTHIA8 MC predictions, which were used
as the nominal predictions in the analysis. In contrast, the
distributions of z3,, 73, and C5 are poorly described by the
nominal MC predictions, with the predicted jet substructure
being more three-body-like than that observed. These
observations are consistent between the two channels.
The distribution of pr dispersion, p%’*, is not well modeled
by the nominal MC prediction, with the observed distri-
butions being more strongly peaked at lower values.

Most of these features are also reflected in the alternative
MC predictions. Generally speaking, the MC predictions
from the HERWIG 7 parton-shower and hadronization model
are a better match to the observed distributions, although
the distributions of 735, 73, and C5 are poorly described. The
alternative matrix-element predictions from AMC@NLO
+PYTHIAS are in better agreement with the observed dis-
tributions in both channels. The predictions made with
increased FSR scales are universally poorer descriptions of
the data, while for most of the substructure variables the
models with decreased FSR scales are generally in better
agreement than the nominal predictions, indicating that the
data favor an increased value of afSR. In general, the
predictions are in better agreement with the measurements
in the all-hadronic channel.

The 73, and D, variables, which are sensitive to three-
body and two-body modeling, have correlations with m"P
and ptTOp that are poorly modeled by several NLOME + PS
calculations, indicating systematic problems in these cal-
culations at low m'" and high ptTOp .

These observations illustrate that the HERWIG 7 model for
parton showering and hadronization is a better match to the
observed substructure than the PYTHIA 8 model. In addition,
the models with increased SR predict jet substructure that
is in better agreement with the observations. These

observations are consistent with the results of comparisons
with the top-quark-jet kinematics observed in the all-
hadronic final state, and reinforce the need to improve
the models used to predict the substructure of boosted top-
quark jets.
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