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Search for single production of a vectorlike 7 quark decaying
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using the ATLAS detector
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A search is made for a vectorlike T quark decaying into a Higgs boson and a top quark in 13 TeV proton-
proton collisions using the ATLAS detector at the Large Hadron Collider with a data sample corresponding

to an integrated luminosity of 139 fb~'. The Higgs-boson and top-quark candidates are identified in the
all-hadronic decay mode, where H — bb and t — bW — bqq’ are reconstructed as large-radius jets. The
candidate Higgs boson, top quark, and associated B hadrons are identified using tagging algorithms. No
significant excess is observed above the background, so limits are set on the production cross section of a
singlet T quark at 95% confidence level, depending on the mass my and coupling 7 of the vectorlike T’
quark to Standard Model particles. In the considered mass range between 1.0 and 2.3 TeV, the upper limit
on the allowed coupling values increases with m7 from a minimum value of 0.35 for 1.07 < my < 1.4 TeV

to 1.6 for my = 2.3 TeV.

DOI: 10.1103/PhysRevD.105.092012

I. INTRODUCTION

The discovery of the Higgs boson [1,2] and measure-
ments of the Higgs-boson couplings [3—-6] by the ATLAS
and CMS Collaborations confirm that the Standard Model
of particle physics (SM) is an accurate description of nature
at currently accessible energy scales. However, the SM still
leaves many questions unanswered and is therefore not a
complete theory. For example, radiative corrections to the
Higgs-boson propagator from top-quark loops lead to a
quadratic divergence in the mass of the Higgs boson [7].
The mechanism to cancel out the contribution from the top
quark requires an unreasonable degree of fine-tuning to
produce the observed 125 GeV Higgs boson. This so-called
hierarchy problem is often considered to indicate that new
physics naturally cancels out the divergent contributions to
the Higgs-boson mass.

Vectorlike quarks are hypothetical spin-1/2 particles
that arise in various models that address problems in the
SM such as the hierarchy problem. Vectorlike quarks are
color triplets whose left- and right-handed chiralities trans-
form in the same way under weak isospin [8,9]. In little
Higgs [10,11] and composite Higgs [12,13] models, the
Higgs boson is naturally light because it is a pseudo
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Nambu-Goldstone boson arising from a spontaneously
broken global symmetry [14]. Vectorlike quarks arise
naturally in such models. Unlike the chiral current of SM
quarks, vectorlike quarks have a pure vector current in the
Lagrangian. In addition, vectorlike quarks do not acquire
mass by interacting with the Higgs field, so they are not
excluded by measurements of Higgs-boson properties.

In these models, vectorlike quarks are expected to couple
preferentially to third-generation quarks [8,15] and can
have both neutral- and charged-current decays. An up-type
vectorlike 7' quark with charge +2/3 can decay into Wb,
Zt, or Ht, while a down-type B quark with charge —1/3 can
decay into Wt, Zb, or Hb (and the charge conjugate states).
To be consistent with results from precision electroweak
measurements, the mass splitting between vectorlike
quarks belonging to the same SU(2) multiplet should be
small [16], preventing cascade decays such as T — WB.
Couplings between the vectorlike quarks and the first- and
second-generation quarks are not excluded [17,18], but
they are expected to be small.

Vectorlike quarks can be produced singly or in pairs in
proton-proton (pp) collisions. There have been numerous
searches for the pair production of vectorlike quarks
[19-37] that have excluded T-quark masses below
1.37 TeV at 95% confidence level (C.L.) for a variety of
decay modes. For T-quark masses above ~1 TeV, vector-
like quarks would mainly be produced singly if the
couplings to SM particles were sufficiently large.
Searches for single production of 7' quarks have placed
limits on T-quark production cross sections for 7-quark
masses between 1 and 2 TeV at 95% C.L. for various SM
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FIG. 1. A Feynman diagram illustrating the W-mediated
production of a single 7 quark, shown in red, decaying into a
top quark and Higgs boson.

couplings [38—46]. For these higher masses, where single
vectorlike quark production is expected to dominate [16],
the cross section depends on the vectorlike quark mass
scale as well as the couplings to SM particles.

This paper reports a search for single production of a
singlet vectorlike 7' quark in 13 TeV pp collisions
produced at the Large Hadron Collider (LHC) and recorded
by the ATLAS detector in a 139 fb~! data sample. The
search targets T quarks decaying into a SM Higgs boson
and a top quark, 7' — Ht, where both the Higgs boson and
top quark decay hadronically and are reconstructed as jets
of particles. A Feynman diagram for this process is shown
in Fig. 1. The mass my of the T quark and the overall
coupling factor k7 to the SM W boson, Z boson, and Higgs
boson [47] are unknown parameters. There are also three
additional parameters, &y, &7, and &y, that determine the
T-quark branching ratios. In this analysis, the asymptotic
limit of these parameters—as my; goes to infinity—is
assumed, leading to branching ratios of 1/2, 1/4, and
1/4 for T - Wb, T — Ht, and T — Zt, respectively. In
this model, the unknown parameters m; and k7 define the
expected T-quark cross section and resonance line shape.
The search assumes this signal model in the interpretation
of the data.

The T quark is assumed to be a weak singlet state in this
analysis; if additional multiplets of vectorlike quarks are
assumed, the possible final states and branching ratios
require an approach involving simultaneous consideration
of several final states [16], which is beyond the scope of
this paper.

The results reported here significantly extend the sensi-
tivity to events in which a singly produced 7 quark decays
to Ht followed by the hadronic decays H — bb and
t - bW. The use of fully hadronic decays allows the
direct reconstruction of the T-quark final state, increasing

the expected signal-to-background ratio in the signal region
defined for the search. Compared with the most sensitive
prior search [46], this search uses ~4 times more integrated
luminosity, its sensitivity is improved by using tagging
techniques resulting in a signal-to-background improve-
ment of ~3, and it uses a data-driven multijet background
estimate that reduces the uncertainty in the background
estimate by an order of magnitude.

This fully hadronic final state is of particular interest
for vectorlike quark masses above 1 TeV. The resulting
high-pr jets from the top quark and Higgs boson are
“boosted,” so that the decay products of the top quark and
Higgs boson are collimated and captured in two large-
radius (large-R) jets. This final state has the largest
branching fraction of all the potential Ht decay modes
and the large-R jets can be identified as either Higgs-
boson or top-quark candidates through tagging algo-
rithms that use the substructure within the jet [48,49].
In addition, bottom-quark jet identification (b-tagging)
provides high background rejection with high efficiency
given the three bottom-quark jets coming from the
H — bb and t — Wb decays. Assuming the existence
of single 7T-quark production, the signal would appear as
an excess of events with Hr invariant masses around the
T-quark mass for values of k7 < 0.5. Above this «7, the
Ht invariant mass distribution broadens to masses below
the T-quark mass as k7 increases due to the convolution
of increasing width and partonic densities.

The largest backgrounds come from boosted top-
quark pair production and multijet events arising
from the production of lighter high-pt quarks (u, d, s,
¢, and b) and/or gluons. The ATLAS [50-58] and CMS
[59-63,63-69] Collaborations have published measure-
ments of the 77 differential cross sections at center-of-mass
energies of /s =7, 8, and 13 TeV in pp collisions. The
measured cross section for the production of top quarks
with pp > 300 GeV is ~20% lower than predicted by
perturbative quantum chromodynamics (QCD) calculations
performed at next-to-leading order (NLO) in the strong
coupling constant a,. A control sample of fully recon-
structed high-pt top-quark pairs is used with Monte Carlo
(MC) models to normalize the expected background from
top-quark pairs in the H¢ candidate sample. The multijet
background is estimated using data-driven techniques
developed for studies of events containing boosted top
quarks [57].

This paper is organized as follows. Section II
describes the ATLAS detector and Sec. III describes
the datasets and MC samples that are used in this analysis.
Section IV describes the object definition and event
selection, while Sec. V summarizes the estimation of
SM backgrounds to the T-quark signal. The systematic
uncertainties are presented in Sec. VI and Sec. VII
presents the results of the search. Conclusions are drawn
in Sec. VIIL
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II. ATLAS DETECTOR

The ATLAS detector [70] at the LHC is centered on the
pp collision point and covers nearly the whole 47z solid
angle.1 It consists of an inner tracking detector surrounded
by a 2 T superconducting solenoid, electromagnetic and
hadronic calorimeters, and a muon spectrometer incorpo-
rating three large superconducting toroid magnets.

The inner detector, including the insertable B-layer
added as a new innermost layer in 2014 [71,72], provides
charged-particle tracking information from a pixel
detector and silicon microstrip detector in the pseudora-
pidity range || < 2.5 and a transition radiation tracker
covering |n7| < 2.0.

The calorimeter system covers the pseudorapidity range
|7 <4.9 and measures the positions and energies of
electrons, photons, and charged and neutral hadrons.
Within the region 5| < 3.2, electromagnetic calorimetry
is provided by barrel and end cap high-granularity lead and
liquid-argon sampling calorimeters. The hadronic sampling
calorimeter uses either scintillator tiles or liquid argon as
active material and steel, copper, or tungsten as absorber.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the tracks of
muons in a magnetic field generated by superconducting
air-core toroid magnets. The precision chamber system
covers the region || < 2.7, while the muon trigger system
covers the range || < 2.4.

A two-level trigger system is used to select which events
to save for offline analysis [73]. The first level is imple-
mented in hardware/firmware and uses a subset of the
detector information to reduce the event rate from the
40 MHz proton bunch crossings to less than 100 kHz.
This is followed by a software-based high-level trigger
that reduces the event rate to approximately 1 kHz. An
extensive software suite [74] is used in the reconstruction
and analysis of real and simulated data, in detector
operations, and in the trigger and data acquisition systems
of the experiment.

III. DATA AND SIMULATED SAMPLES

This analysis studies p p collisions with a center-of-mass
energy of /s = 13 TeV recorded by the ATLAS detector
between 2015 and 2018. Only data-taking periods in which
all the subdetectors were operational are considered. The
dataset corresponds to an integrated luminosity of 139 fb~!

'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)%.

[75], measured using the LUCID-2 detector [76]. The
events used in this analysis were collected by a set of
triggers requiring at least one anti-k, jet [77,78] with a jet
radius parameter of R = 1.0 [73]. The maximum pg
threshold value of these triggers was 480 GeV, which
was found to be fully efficient when requiring the offline
reconstruction of at least one large-R jet with pr >
500 GeV and || < 2.0, as described in Sec. IV.

The main backgrounds for this search are from 7 and
multijet events. There are also small contributions from
single-top-quark and 7+ X (X =W, Z, H) events. The
multijet background is estimated using a data-driven
method described in Sec. V, while the other backgrounds,
as well as the T-quark signal events, are estimated with MC
simulations as described below. The multijet background
estimate also includes backgrounds arising from electro-
weak and QCD processes such as W/Z + jets production.

The T-quark signal samples were produced at leading
order, using the MadGraph5_aMC@NL02.6.0 MC generator [79]
to generate the hard interaction and the PYTHIAS generator
for parton showering and hadronization. The parton dis-
tribution function (PDF) set used is NNPDF3.0NLO [80]. Both
W- and Z-mediated production contribute to single 7-quark
production and were included in the MC event generation,
with the Z-mediated process having a cross section V times
smaller than the W-mediated process and comprising less
than 1% of the total yield after the event selection described
in Sec. IV. The matrix elements were calculated using the
phenomenological model given in Ref. [47]. These include
all tree-level processes, ensuring the inclusion of both
resonant and nonresonant single 7-quark production
modes. The decay channel considered is T — Ht, with
my and kr as unknown parameters. The three additional
parameters, &y, &7, and &y, that determine the 7-quark
branching ratios are set to the asymptotic limit in my,
leading to branching ratios of 1/2, 1/4, and 1/4 for
T —- Wb, T - Ht, and T — Zt, respectively. In order to
accurately model the change in cross section and line shape
as my and k7 are varied, MC samples were created for a
variety of mass and coupling values, with m ranging from
1.0 to 2.3 TeV in steps of 0.1 TeV and k7 ranging from 0.1
to 1.6 in steps of 0.05 for k7 < 0.5 and 0.1 for larger x7. All
signal samples are normalized to cross sections that have
been calculated at NLO in QCD [81]. These cross sections
are computed in a T-quark narrow-width approximation
and a correction factor is applied [82] to account for finite-
width effects.

For all MC samples, the masses of the top quark (m,,)
and Higgs boson were set to 172.5 and 125.0 GeV,
respectively. The production of 77 events was modeled
using the Powheg Box v2 [83-86] generator. This provides
matrix elements at NLO with the NNPDF3.0 NLO PDF. In
addition, the /4.y, parameter, which controls the matching
of the matrix element to the parton shower in Powheg and
effectively regulates the high-pt radiation against which
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the ¢ system recoils, was set to 1.5 x my,, [87]. The
functional form of the renormalization and factorization

scales was set to the default scale |/mg, + p7,,- The

PYTHIAS8.230 [88] parton-shower and hadronization models
were employed, using a set of tuned parameter values
called the A14 tune [89], and the NNPDF2.3LO set of PDFs
[90]. The decays of bottom and charm hadrons were
simulated using the EvtGen 1.6.0 program [91].

The #7 sample is normalized to the cross section prediction
at next-to-next-to-leading order (NNLO) in QCD including
the resummation of next-to-next-to-leading logarithmic
(NNLL) soft-gluon terms calculated using TOP++2.0
[92-98]. For pp collisions at a center-of-mass energy of
Vs =13 TeV, this cross section is o(f7)\NLosnniL =
832 + 51 fb. The cross section uncertainties due to the
PDF and a; are calculated using the PDF4LHC prescription
[99] with the MSTW2008NNLO 68% C.L. [100,101],
CTI0NNLO [102,103], and NNPDF2.3LO 5f FFN [90] PDF sets,
and are added in quadrature to the effect of the scale
uncertainty.

The uncertainty due to initial-state radiation (ISR) was
estimated by varying the Var3c A14 tune, renormalization
scale u,, factorization scale yg, and the hg,y, parameter
independently. The Var3c A14 tune variation corresponds
to the variation of a, for ISR in the Al4 tune. The
renormalization scale and factorization scales were varied
by factors of 0.5 and 2.0 corresponding to an increase and
decrease in ISR, respectively. The hg,y, uncertainty is
measured by comparing the nominal 77 sample with a
sample using Agymp = 3m,. The impact of final-state
radiation (FSR) uncertainties was evaluated by increasing
and decreasing the renormalization scale for emissions
from the parton shower by a factor of 2.

The impact of using a different parton-shower and
hadronization model was evaluated by comparing the
nominal {7 sample with a sample that was also generated
by Powheg Box v2 but used Herwig 7.1.3 [104,105] instead of
PYTHIAS.230 for parton showering and hadronization. The
Herwig 7.1 default set of tuned parameters [105,106] and the
MMHT2014L.O PDF set [107] were employed.

To assess the uncertainty in the matching of NLO matrix
elements to the parton shower, the Powheg 77 sample was
compared with a sample of events generated with
MadGraph5_aMC@NLO02.6.0 but retaining the PYTHIA[8.230]
parton-shower and hadronization models. The MadGraphs_
aMC@NLO02.6.0 calculation used the NNPDF3.0NLO set of
PDFs, as in the Powheg sample, and PYTHIA[8] again used
the A14 tune and the NNPDF2.3LO set of PDFs.

The production of a single top quark in association with a
W boson (W) was modeled using the Powheg Box v2
generator [84—86,108] at NLO in QCD with the five-flavor
scheme and the NNPDF3.0NLO set of PDFs. The diagram
removal scheme [109] was used to remove interference and
overlap with ¢7 production.

The PYTHIA[8.230] parton-shower and hadronization mod-
els were employed, using the A14 tune and the NNPDF2.3LO
set of PDFs. The inclusive cross section for tW production
was corrected to the theory prediction calculated at NLO in
QCD with NNLL soft-gluon corrections [110,111].

Single-top-quark #-channel production was modeled
using the Powheg Box v2 [84—86,112] generator at NLO in
QCD using the four-flavor scheme and the corresponding
NNPDF3.0NLO set of PDFs. Parton showering and hadroni-
zation were performed with PYTHIA[8.230], using the Al4
tune and the NNPDF2.3LO set of PDFs. The inclusive cross
section was corrected to the theory prediction calculated at
NLO in QCD with the Hathor2.1 generator [113,114]. Single-
top-quark s-channel MC events were not generated because
the cross section for this process is much smaller than that
for tW production and the #-channel processes. However,
the s-channel process makes a small contribution to the
data-driven multijet background estimate and is therefore
partially accounted for. The production of SM tH is treated
in a similar manner, as the background yield is negligible
due to a combination of small cross section and low yield in
the high-pt region.

The production of ¢f in association with a Higgs
boson (ff+ H) was modeled by the Powheg Box v2
[83-86,115] generator at NLO. The production of #f in
association with a W or Z boson was modeled using the
MadGraph5_aMC@NLO02.6.0 generator at NLO. Parton shower-
ing and hadronization for these processes was performed
by PYTHIA[8.210] and the decays of bottom and charm
hadrons were simulated using EvtGen 12.0. The cross
sections for the 7+ W/Z/H processes were calculated
using MadGraph5_aMC@NL02.6.0 at NLO QCD and NLO
electroweak accuracies using Ref. [116]. The 77 + Z cross
section was corrected to take into account contributions
from off-shell Z bosons with masses down to 5 GeV. The
predicted values of the cross sections at 13 TeV are
0.88107, 0601058, and 0.5170% pb for 7+ Z, 1+ W,
and 7 + H, respectively, where the uncertainties reflect
QCD scale variations.

The effect of multiple interactions in the same and
neighboring bunch crossings (pile-up) was modeled by
overlaying the simulated hard-scattering event with inelas-
tic pp events generated with the PYTHIA[S.186] MC gen-
erator [117] using the NNPDF2.3LO set of PDFs and the A3
set of tuned parameters [118].

The detector response was simulated using the GEANT4
framework [119,120], and the data and MC events are
reconstructed with the same software algorithms.

IV. OBJECT RECONSTRUCTION AND EVENT
SELECTION

A. Object definition

This analysis makes use of jets, electrons, muons, and
event-based quantities formed from their combinations.
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Electron candidates are identified from high-quality
inner-detector tracks matched to calorimeter energy
deposits consistent with an electromagnetic shower
[121]. The calorimeter deposits must form a cluster with
Er > 25 GeV, |n| <2.47, and be outside the transition
region 1.37 < || < 1.52 between the barrel and end cap
calorimeters. A likelihood-based requirement is used to
suppress misidentified jets, and calorimeter- and track-
based isolation requirements are imposed using the gradient
working point [121], which provides uniform rejection in #
and improved rejection as pr increases.

Muon candidates are reconstructed using high-quality
inner-detector tracks combined with tracks reconstructed
in the muon spectrometer [122]. Only muon candidates
with pr>25GeV and |g| <2.5 are considered.
Calorimeter- and track-based isolation criteria similar to
those used for electrons are used [123]. To reduce the
impact of nonprompt leptons, muons within AR = 0.4 of a
jet are removed.

The anti-k, algorithm implemented in the Fastet package
[77,78] is used to define three types of jets for this analysis:
(1) VRTrack jets with a variable-radius parameter with
values between R = 0.02 and R = 0.4 [124], (2) small-R
jets with R = 0.4, and (3) large-R jets with R = 1.0. These
are reconstructed independently of each other. The
VRTrack jets make use of tracking information from the
inner detector, the large-R jets use information from
topological clusters [125] in the calorimeter, and the
small-R jets use both tracking information and topological
clusters [126].

Only jets that have pp > 25 GeV and |n| < 2.5 are
considered. To reduce pileup effects, the jet-vertex tagger
(JVT) algorithm [127] is used to reject small-R jets that do
not originate from the primary interaction vertex. The
primary vertex is selected as the one with the largest
EpTz, where the sum is over all tracks with transverse
momentum pr > 0.5 GeV that are associated with the
vertex. This JVT algorithm is applied only to small-R jets
with pr < 60 GeV and || < 2.4.

The topological clusters used as input to the small-R and
large-R jet reconstruction are calibrated using the local
calibration method [128]. The jet energy scale is energy and
n dependent with calibration factors derived from simu-
lation and in situ measurements [125,129,130]. The large-R
jet candidates are required to have |n| <2.0 and
pt > 350 GeV. The 5 requirement is imposed to optimize
the T-quark signal-to-background ratio and to select jets in
a kinematic regime where the object tagging is efficient and
well understood. The pr requirement ensures that the large-
R jets are sufficiently collimated to contain most of the
decay products of the top quark or Higgs boson. A
trimming algorithm [131] with parameters R, = 0.2
and f., = 0.05 is applied to suppress gluon radiation
and further mitigate pileup effects. The small-R jets are
used to validate the modeling of large-R jets arising from

the ¢f and multijet backgrounds and are not used directly in
the event selection. Only small-R jets with pp > 25 GeV
and || < 2.5 are considered, so as to match the VRTrack
jet candidates.

B. Higgs boson, top quark, and b-jet tagging

This analysis searches for Higgs bosons, top quarks, and
b-hadron jets (b-jets) to identify T-quark candidates that
undergo a T — Ht decay, followed by H — bb, t - Wb,
and W — ¢g’ decays. Distinct tagging algorithms are
employed to identify these three objects.

Higgs-boson candidates are identified by requiring the
large-R jet mass [128] to be between 100 and 140 GeV,
along with an upper bound on the jet-substructure variable
751 [132,133], which is a relative measure of whether the jet
has a two-body or one-body structure. The upper bound on
7, is chosen as a function of the jet pt in order to achieve a
tagging efficiency of 70% for Higgs bosons, independent of
their pt. The tagger provides a rejection factor between five
and ten for light-quark and gluon jets.

The top-quark-tagging algorithm uses a deep-neural-
network (DNN) scheme [48]. It makes use of jet-
substructure variables to discriminate between top-quark
jets and jets arising from W, Z, Higgs bosons, gluons, and
lighter quarks. An 80% efficiency working point is used,
which is defined for all top-quark jets whose decay
products are clustered together into the large-R jet. In
addition, only jets with a reconstructed mass between 140
and 225 GeV are considered. The orthogonal mass window
requirements for tagging Higgs bosons and top quarks
ensure that a jet can only be identified as either a top-quark
or Higgs-boson candidate.

The b-tagging algorithm used is known as DL.1, a DNN-
based tagging scheme that uses the secondary vertex
information and the impact parameters of the charged
tracks in a VRTrack jet [49]. The working point chosen
for this algorithm results in 70% tagging efficiency for
b-jets in ff events, with a rejection of ~10 and ~400 for
charm and light quarks, respectively. This algorithm is
applied to all VRTrack jets that have been geometrically
matched to the large-R jets by requiring that the jet axes
have an i — ¢ distance AR < 1.0.

C. Event preselection

A preselection is performed to obtain a sample of
candidate signal and background events. Each event is
required to have a primary vertex with five or more
associated tracks with pt > 0.5 GeV [134].

To identify the fully hadronic Ht decay topology, events
must have at least two large-R jets with pp > 350 GeV
and |n| < 2.0. The highest-pr jet is required to have
pr > 500 GeV to ensure that the inclusive jet trigger
used to record the events has 100% efficiency. The two
highest-pt large-R jets are referred to as the leading and
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second-leading jets. All other large-R jets are ignored. The
large-R jets must have a mass between 100 and 225 GeV.

To remove candidates where a ¢7 event has resulted in a
lepton + jet or dilepton final state, events are rejected if
they have an identified electron or muon candidate, as
described in Sec. IVA.

This preselection defines the data sample used in the
T-quark search, which comprises about four million events.

D. Event classification by tagging states

The leading and second-leading large-R jet candidates
are examined to determine if either jet satisfies the Higgs-
boson-tagging or top-quark-tagging criteria. In addition,
each VRTrack jet contained within a large-R jet is exam-
ined to determine if it is b-tagged. In what follows, a
b-tagged VRTrack jet associated with a large-R jet is
referred to as a b-tag.

With these tagging definitions, the events are classified
according to the tagging states of each large-R jet: the jet
could be neither Higgs-boson tagged nor top-quark
tagged, be Higgs-boson tagged, or be top-quark tagged.
The jet also could have no b-tags, 1b-tag, or >2b-tags.
Altogether, a large-R jet could be in one of nine different
tagging states, so a 9 X 9 matrix is defined as shown in
Fig. 2 to categorize all possible tagging states of the two
jets in an event.

Three sets of regions are defined: a signal region SR, a 17
normalization region NR, and eight validation regions, as
illustrated in Fig. 2. The signal region consists of those
events where one jet is Higgs-boson tagged with >2b-tags

and the other jet is top-quark tagged with >1b-tag, and
comprises four event-tagging states as illustrated in Fig. 2.

The ¢7 normalization region is designed to contain the
highest-purity sample of 77 pair events. The four event-
tagging states that define this region are those with both
large-R jets being top-quark tagged and each having at least
1b-tag. Top-quark-tagged jets with >2b-tags are included,
as these typically result from mistagging a charm-quark jet
arising from a W — ¢5 decay. This region is used to study
top-quark-tagging performance and to validate the top-
quark acceptance and background estimates.

The validation regions are used to validate the back-
ground estimation techniques used in the SR and NR. The
regions with a leading large-R jet top-quark tagged with 15-
tag and the second-leading large-R jet not being top-quark
tagged with 1b-tag (VR1 and VR2) or the second-leading
large-R jet being either Higgs-boson tagged or top-quark
tagged with no b-jets (VR3 and VR4) validate the multijet
and non-all-hadronic #f background estimates. The vali-
dation regions defined by the event-tagging states with a
Higgs-boson-tagged large-R jet with >2b-tags and with the
other jet top-quark tagged with no associated b-tags (VRS
and VR6) are expected to be dominated by mistagged
events and are used to cross-check the mistagging estimates
for the Higgs-boson, top-quark, and b-jet tagging schemes.
The validation regions defined by one jet that is neither
Higgs-boson tagged nor top-quark tagged with 1b-tag
and the other jet being top-quark tagged with >2b-tags
(VR7 and VRS) are considered to validate the background
modeling involving >3b-tags.
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£
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OtOHOb | Ot1HOb | 1tOHOb | OtOH1b | Ot1H1b | 1tOH 1b | OtOH >2b | Ot 1H >2b | 1tOH >2b

Leading large-R jet tagging state

FIG. 2. The 9 x 9 matrix that represents the 81 exclusive event-tagging states defined by the nine possible tagging states of each large-
R jet. Each event can be in only one of the 81 event-tagging states. The red event-tagging states comprise the events in the signal region
(SR), the blue event-tagging states comprise the #7 normalization region (NR), and the yellow event-tagging states are validation regions
labeled V1 through V1. The gray event-tagging states are regions used to estimate the multijet background, as described in Sec. VA.
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V. BACKGROUND ESTIMATION AND
VALIDATION

The two largest contributions to the SR and NR are
multijet events and 7 production, with smaller contribu-
tions arising from events with only one hadronically
decaying top quark or from ¢f production in association
with a W, Z, or Higgs boson.

The multijet background in all the regions is estimated
using a data-driven technique employing sidebands and
control regions dominated by multijet events and originally
developed to study boosted #7 production [53,58,135]. This
background is found to be the largest source of candidate
events in the signal region and is determined iteratively, as
described in Sec. VA.

The second-largest background in the SR consists of
events in which a pair of boosted top quarks decay
hadronically to produce two top-quark jets. This back-
ground is estimated using MC calculations normalized by
the event yield in the NR after subtracting other back-
grounds. As this subtraction requires an estimate of the
multijet background, the background-subtracted event
yield is determined iteratively, as described in Sec. V B.

The third-largest contribution in the SR is from the non-
all-hadronic {7 process where one top quark decayed
semileptonically and the other hadronically. In this case,
the final-state leptons are not reconstructed or are mis-
identified and not rejected by the electron and muon veto.
The rate of this process, estimated using MC samples, is
normalized using the observed 7 event yield in the NR.

Other contributions from SM processes with at least one
top-quark jet are estimated using MC samples as described
in Sec. VC.

A. The data-driven multijet background estimate

The multijet background is estimated by a data-driven
method using events from specifically chosen event-
tagging states to estimate the multijet background event
yields in the signal, normalization, and validation regions.
The event-tagging states used are dominated by multijet
backgrounds and have small contributions from events with
one or more top quarks. These event-tagging states also have
potential contributions from 7-quark production of less
than 1% for all choices of T-quark masses and couplings
considered in this search. Contributions from W/Z + jets
are negligible due to a combination of a relatively low cross
section for high-pt hadronically decaying bosons [136] and
the tagging requirements. For a given event-tagging state, the
number of events from all MC backgrounds is subtracted
from the observed number of events with that event-tagging
state. This provides an estimate of the number of multijet
events in each event-tagging state. As noted above, the 17
background subtracted from each region is normalized to the
event yield in the NR that depends on the multijet estimate in
that region. Hence, the multijet background and 7 yield are

calculated iteratively. This procedure is similar to the
algorithm used in Ref. [58].

For example, consider the SR event-tagging state defined
by requiring that the leading jet is top-quark tagged with
1b-tag and the second-leading jet is Higgs-boson tagged
with >2b-tags. The method uses the numbers of multijet
events N, N, Nc, and Np, after MC background
subtraction, in four regions A, B, C, and D. In region A
the leading jet is neither top-quark tagged nor Higgs-boson
tagged with no b-tags and the second-leading jet is neither
top-quark tagged nor Higgs-boson tagged with no b-tags.
In region B the leading jet is neither top-quark tagged nor
Higgs-boson tagged with no b-tags and the second-leading
jet is Higgs-boson tagged with >2b-tags. In region C the
leading jet is top-quark tagged with 1b-tag and the second-
leading jet is neither top-quark tagged nor Higgs-boson
tagged with no b-tags. In region D, which is one of the SR
event-tagging states, the leading jet is top-quark tagged
with 1b-tag and the second-leading jet is Higgs-boson
tagged with >2b-tags. If the tagging efficiencies of the two
large-R jets are uncorrelated, then the ratio of the numbers
of multijet events in two distinct event-tagging states that
differ only by the tagging state for one of the large-R jets
will be independent of the tagging state of the other large-R
jet. In this example, the ratio of Np to N¢ is equal to the
ratio of Ny to N since the ratios only differ by the tagging
state of the leading large-R jet. Hence, the number of
multijet events in region D is

Ny = Ng X N¢ .
Na

A corresponding method is performed for each of the
event-tagging states of the SR and NR, and for all the
validation regions using different event-tagging states to
define regions A, B, and C. Since the #f background
subtraction in regions A, B, and C is normalized to the
{1 event yield in the NR, which requires an estimate of the
multijet background, the calculation of the multijet back-
ground and the 7 event yield in each region is iterated as
described in Sec. V B.

The assumption of uncorrelated jet-tagging states is only
approximately true. The level of correlation is determined
by examining ratios of the numbers of events with specific
event-tagging states that do not overlap with the SR, NR, or
validation regions, shown as the gray event-tagging states
in Fig. 2. The observed corrections between the jet-tagging
states defined by the top-quark, Higgs-boson, and b-
tagging criteria are applied to the multijet background
estimates for each of the event-tagging states that define the
SR, NR, and the eight validation regions, with the total
corrections varying from 1.01 to 1.10 with uncertainties
ranging from 0.03 to 0.06. In the calculation of the multijet
background for the event-tagging state belonging to the SR
illustrated above, there are four corrections applied as a
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product. The multijet estimates are calculated independ-
ently for each of the four event-tagging states that make up
the SR and NR, after which they are summed. This
provides a fully data-driven multijet background estimate
in each region.

For example, to calculate the correlation between the
mistagging probabilities when the leading jet is top-quark
tagged and the second-leading jet is Higgs-boson tagged,
the event yields in four regions, E, F, G, and H are
considered. In region E the leading jet is neither top-quark
tagged nor Higgs-boson tagged with no b-tags and the
second-leading jet is neither top-quark tagged nor Higgs-
boson tagged with no b-tags. In region F the leading jet is
top-quark tagged with no b-tags and the second-leading jet
is neither top-quark tagged nor Higgs-boson tagged with
no b-tags. In region G the leading jet is neither top-quark
tagged nor Higgs-boson tagged with no b-tags and the
second-leading jet is Higgs-boson tagged with no b-tags. In
region H the leading jet is top-quark tagged with no b-tags
and the second-leading jet is Higgs-boson tagged with no
b-tags. The ratio between the number of events in regions E
and F is related to the ratio of events in regions G and H by

N
B _ K&,
Ng Ny

where K is the measure of the correlation in mistagging
probabilities between the leading jet being top-quark
tagged and the second-leading jet being Higgs-boson
tagged, with both large-R jets having no associated b-tags.
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FIG. 3.

The value of K in this example is 0.976 £ 0.004, where the
uncertainty is statistical only, and is applied as a correction
to the multijet background estimate.

Each correlation is measured in an analogous way using
the numbers of events in pairs of event-tagging states. The
pairs chosen have MC background contributions less than
8% of the observed event yield, thus reducing the system-
atic uncertainties arising from the subtraction of the MC
background contributions. The multijet background esti-
mate taking into account the tagging correlations is
calculated bin-by-bin for each distribution so that the shape
of the multijet background distribution is measured as well
as the total background event yield.

Since the multijet background depends on the #7 back-
ground subtraction, the two are determined iteratively as
described in the next section.

B. Top-quark pair yields and multijet backgrounds
in the VR and SR

Previous measurements of the ¢f differential cross
sections for highly boosted top quarks [58] show that
the observed cross section is lower than MC predictions by
~20%. To avoid the uncertainty this would create in the #7
background contribution and the multijet estimates in each
region, the ratio of the observed rate to the predicted rate of
events in the NR, @™, is used to normalize the predicted
t1 background contributions in the SR, validation regions,
and the event-tagging states used for the multijet estimate.

The value of a"°™ is determined after the initial multijet
estimate that uses the nominal #7 prediction by requiring the
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(b)

Invariant mass distributions for (a) the leading small-R jet associated with the leading large-R jet in the 77 normalization region

where both the leading and second-leading large-R jets are top-quark tagged with at least 1b-tag and (b) the leading large-R jet, in the
same region. The predicted distributions include the estimated backgrounds and a hypothetical T-quark signal with my = 1.6 TeV and
k7 = 0.5. The blue hashed lines correspond to the sum in quadrature of the statistical and systematic uncertainties of the prediction in a
given bin. The lower panels show the ratio of the data to the prediction, along with the uncertainty in the ratio. A ratio outside the bounds
of the axis is represented by a blue arrow. The last bin includes the event overflows. Contributions to the predicted yield are stacked in

the same order as they appear in the legend.
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predicted event yield in the NR to match the observed yield.
However, the multijet estimate itself is a function of a"°™,
as the estimation technique described in the previous
section requires the subtraction of the #f background
contribution in the multijet-dominated event-tagging states
during its calculation. Thus, both the multijet estimate and

a™™ are calculated iteratively using
norm
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FIG. 4.

where ;™ is the value of a"™ resulting from the nth

iteration, Np,, is the observed event yield in the NR,
Npyturijer (@,°™) is the data-driven multijet background event
yield from the nth iteration in the NR, Niop relaed 18 the sum
of the backgrounds from single-top-quark, 17 + W, 1t + Z,
and 17 + H production that are estimated by MC calcu-
lations in the NR, and N ;¢ is the sum of the ¢f events with
all-hadronic and non-all-hadronic decays in the NR.

In each iteration of the multijet estimate N ¢ is scaled
by a3 before subtraction. This calculation converges to
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(d)

Invariant mass distributions for the leading small-R jet associated with the leading large-R jet for (a) VR1 defined by requiring

the leading large-R jet be top-quark tagged with 1b-tag and the second-leading jet is Higgs-boson tagged with 1b-tag, (b) V1 defined by
requiring the leading large-R jet be top-quark tagged with 1b-tag and the second-leading jet is neither Higgs-boson tagged nor top-quark
tagged with 1b-tag, (c) V1 defined by requiring the leading large-R jet be top-quark tagged with 1b-tag and the second-leading jet is top-
quark tagged with no b-tag, and (d) V1 defined by requiring the leading large-R jet be top-quark tagged with 1b-tag and the second-
leading jet is Higgs-boson tagged with no b-tag. The predicted distribution includes the estimated backgrounds and a hypothetical
T-quark signal with my = 1.6 TeV and x; = 0.5. The blue hashed lines correspond to the sum in quadrature of the statistical and
systematic uncertainties of the prediction in a given bin. The lower panels show the ratio of the data to the prediction, along with the
uncertainty in the ratio. A ratio outside the bounds of the axis is represented by a blue arrow. The last bin includes the event overflows.
Contributions to the predicted yield are stacked in the same order as they appear in the legend.
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subpercent level in four iterations to a value of
a™™ = (0.82 4+ 0.01, where only statistical uncertainties
are considered. This is consistent with cross section
measurements of boosted ¢7 production [57]. The #f con-
tribution predicted by the MC calculations in the SR is
scaled by a"™™.

The resulting #7 yield estimates are 8587 4 1369 events
and 174 £ 35 events in the NR and SR, respectively, where
the uncertainties include the systematic uncertainties

ATLAS ¢+ Data
q
300 AFTITSTe_v,?sefb WM =16TeV, k=05
-hadronic single T — Ht Ot (all-had)
VR5 mit+ Z7W/H
> 250 [ (0t 1H22b | 1t OH Ob) M Single top
(0] tt (non-all-had)
) Multijet
8 200 N\ Stat. @ Syst. Unc
3
£ 150
[
>
w100
50
93
o 2
S& @w&%&&%@%\ §

12 14 16 18 2 22242628 3
Dijet mass [TeV]

(a)
250 I ATLAS ¢+ Data

I Vs=13TeV, 139 b m;=1.6TeV,x;=0.5

[ All-hadronic single T — Ht [t (all-had)

- VR7 mtt+ Z/W/H
= 200 = (1toH >2b | 0t OH 1b) m Single top
[ o tt (non-all-had)
9] C Multijet
8 150 N Stat. @ Syst. Unc
hg -
2]
& 100
> -
w N

50 [—
o PRI S R B I il NI 4 |

o]l
©| o
LR

12141618 2 22 24 26 28 3
Dijet mass [TeV]

()

FIG. 5.

described in Sec. VI. This estimate of the ¢7 yield in the
NR is used only for the iterative multijet background
estimate.

The multijet yields in the NR and SR after this iterative
calculation are estimated to be 1452 4+ 57 and 316+ 9
events, respectively. The uncertainties in the multijet
estimates, including the uncertainties in the tagging corre-
lations, consist of the statistical uncertainties in the event-
tagging states used for the calculation and the systematic
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(d)

Dijet invariant mass distributions for the two large-R jets in four validation regions: (a) VRS defined by requiring a leading jet

Higgs-boson tagged with >2b-tags and second-leading jet top-quark tagged with no associated b-tag, (b) VR6 defined by requiring a
leading jet top-quark tagged with no associated b-tag and second-leading jet Higgs-boson tagged with >2b-tags, (¢) VR7 defined by
requiring a leading jet top-quark tagged with >2b-tags and second-leading jet neither top-quark tagged nor Higgs-boson tagged with
1b-tag, and (d) VRS defined by requiring a leading jet neither top-quark tagged nor Higgs-boson tagged with 1b-tag and second-leading
jet top-quark tagged with >2b-tags. The predicted distributions include the estimated backgrounds and a hypothetical 7-quark signal
with my = 1.6 TeV and 7 = 0.5. The blue hashed lines correspond to the sum in quadrature of the statistical and systematic
uncertainties of the prediction in a given bin. The lower parts of each panel show the ratio of the data to the prediction, along with the
uncertainty in the ratio. A ratio outside the bounds of the axis is represented by a blue arrow. The last bin includes the event overflows.
Contributions to the predicted yield are stacked in the same order as they appear in the legend.
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uncertainties arising from the MC background subtraction,
as described in Sec. VI

C. Other top-quark backgrounds

Single-top-quark production in the Wt final state and the
t-channel represent a small contribution to the total back-
ground prediction, which is estimated using the Powheg
+PYTHIA8 MC calculation described in Sec. IIl. The s-
channel single-top-quark process is not included as an
explicit contribution because of its small cross section and
because a part of it is already taken into account in the data-
driven multijet estimate. The uncertainty in the single-top-
quark background is increased by 50% to account for the
uncertainty in this contribution.

The estimated single-top-quark yields in the 7 NR and
SR are 93 + 52 and 8 + 6 events, respectively.

The backgrounds from production of a top-quark pair in
association with a W, Z, or Higgs boson are also estimated
using the MC samples described in Sec. III. The estimated
yields in the NR and SR are 115 £ 25 events and 9 + 2
events, respectively.

D. Validation of background calculations

Kinematic variables with the ability to distinguish
between ff and multijet contributions in the NR and the
validation regions are examined to further validate the
background modeling. The potential contribution of
T-quark production to these regions is <1%. The distri-
butions of the mass of the leading small-R jet associated
with the leading large-R jet events in the NR where both
large-R jets are top-quark tagged and have >1b-tags are
shown in Fig. 3(a). A W-mass peak is observed, which
arises when the W-boson decay products are collimated
into a small-R jet, along with a low-mass peak arising from
light quarks and bottom quarks. A shoulder is seen around
the top-quark mass, which arises from a small number of
highly boosted top-quark jets where all the decay products
of the top quark are clustered into the small-R jet. The
observed distribution is well modeled with a large 7
contribution and a smaller multijet distribution. The invari-
ant mass distribution of the leading large-R jet in the same
sample, shown in Fig. 3(b), confirms the interpretation that
this region is dominated by #7 production.

The distributions of the jet mass for the leading small-R
jet associated with the leading large-R jet are shown in
Fig. 4 for validation regions VR1-VR4. The relative sizes
of the f# and multijet contributions vary between these
validation regions, further testing the robustness of their
modeling and normalization. There is agreement between
the observed and predicted distributions in both normali-
zation and shape, except for a small excess in the prediction
of events for VRI1. This is further discussed in Sec. VI B.

Further validation of the multijet background estimates is
illustrated in Fig. 5, where the distributions of the invariant

mass of the two leading jets, or dijet system, are shown for the
four validation regions dominated by multijet backgrounds.
The distributions for events with a top-quark-tagged jet with
no b-tags and a Higgs-boson-tagged jet with >2b-tags (VRS
and VR6) are shown in Figs. 5(a) and 5(b), respectively.
Distributions for events with a jet with 1b-tag, but no top-
quark or Higgs-boson tag, and another jet with a top-quark
tag and >2b-tags (VR7 and VRS) are shown in Figs. 5(c)
and 5(d), respectively. There is also agreement between the
observed and predicted distributions.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties that affect the interpretation
of the data are estimated using data and MC samples.

TABLE I.  Size of the postfit uncertainties in the 7-quark signal
cross section for a 7T-quark mass of 1.6 TeV and coupling
kr = 0.5. The fitted cross section is —10 fb and is consistent
with zero. The background uncertainty is the sum in quadrature of
the systematic uncertainty on the multijet background and the
statistical uncertainties on the MC-derived backgrounds. The
total uncertainty of 25 fb is the sum in quadrature of the total
systematic uncertainty and statistical uncertainty. The uncertainty
arising from simultaneously fitting the 7 normalization factor is
included in the total systematic uncertainty. The individual
uncertainties do not add up in quadrature to the total uncertainty
because of their correlations in the fit.

Uncertainty in ¢

Category (pp =T+ X - Ht+ X) (fb)
Detector uncertainties
b-jet tagging 6.1
Top-quark jet tagging 59
Jet mass resolution 3.0
Jet mass scale 2.3
Jet energy scale 1.8
Jet energy resolution 1.7
Higgs-boson tagging 1.6
Other detector uncertainties 0.3
Modeling uncertainties
Other 7 modeling uncertainties 4.9
tt parton shower and 1.9
hadronization
tf matrix element 24
Background uncertainty 7.3
Signal MC statistical uncertainty 4.9
17 normalization (af®) 1.5
Other top-quark-background 1.8

theory uncertainties

Total uncertainties

Total statistical uncertainty 19
Total systematic uncertainty 15
Total uncertainty 25
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Variations corresponding to a +16 and —1lo confidence
interval are derived for each uncertainty.

These systematic uncertainties are broken down into
detector-related and modeling uncertainties. They do not
have a significant dependence on the choice of T-quark
mass and coupling, so an example of the size of the
systematic uncertainties arising from the likelihood fit
described in Sec. VII (the “postfit” results) is provided
in Table I for my = 1.6 TeV and x7 = 0.5.

A. Detector-related uncertainties

The most significant detector-related systematic uncer-
tainties arise from the measurements of jet properties and
tagging efficiencies.

Uncertainties associated with the large-R jets arise from
the jet energy scale (JES), jet mass scale (JMS), jet mass
response (JMR), jet energy resolution (JER), and the JVT
requirement. The uncertainties in the JES, JMS, and JMR
are evaluated by using in situ measurements [125]. The JES
is measured in events where a large-R jet recoils against
well-defined reference objects (photons, Z bosons, or
calibrated small-R jets). The JMS and JMR uncertainties
are measured using both a double-ratio method that
compares the calorimeter-to-tracker response ratio between
data and simulation [125] and a fit to the W-boson mass
peak in high-pr lepton + jets ¢z events. The JER uncer-
tainty is measured by studying dijet mass resolution and the
effect of energy flow near the jet radius [128]. The JVT
uncertainty arises from the correction factors used to match
the efficiencies in the MC samples to data.

The efficiency for tagging b-jets is measured in data
using dilepton #7 events [49]. Correction factors are applied
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to the jets in the MC sample so that the b-jet tagging
efficiency as a function of jet p in MC events matches that
in data events. Uncertainties arising in the evaluation of the
efficiencies are propagated to the correction factors. The
largest source of b-jet tagging uncertainty is the extrapo-
lation of tagging efficiencies to b-jets with pp > 300 GeV,
as b-jet tagging calibrations use data with pp < 300 GeV.

The efficiency and rejection power of the DNN top-
quark tagger is measured in data and correction factors are
applied to MC events to match the measured efficiencies
[137]. These corrections take into account the correlations
between the tagging efficiencies and other jet observables
such as the jet energy and mass. The uncertainties in these
corrections are treated as systematic uncertainties.

The efficiency of the 7,; requirement used for the
Higgs-boson tagger is measured using the calorimeter-to-
tracker response double-ratio method [125]. The corre-
sponding uncertainty, which is approximately 2%, is
included in the uncertainty of the Higgs-boson-tagger
efficiency.

The relative uncertainty in the integrated luminosity is
determined to be 1.7% [75], obtained using the LUCID-2
detector [76] for the primary luminosity measurements.

B. Modeling and background uncertainties

The most significant modeling uncertainties arise from
the MC calculations of the 77 production process and decay
into the all-hadronic final states, the modeling of the non-
all-hadronic ¢7 background, the cross sections for processes
producing smaller backgrounds involving at least one top
quark, and the multijet background estimates.

4000 — ATLAS + Data
Vs =13TeV, 139 fo" mm =16TeV, k=05
3500 [ All-hadronic single T — Ht [t (all-had)
tt Normalization Region mtt+ Z/WH
> 3000 W Single top
8 tt (non-all-had)
2500 Multijet
P N\ Stat. ® Syst. Unc
T, 2000
5 )
0 1500
Ll
1000
500
E‘g
o2
8¢ &\ \W&W\\\\ \&\#

12141618 2 22242628 3
m; [TeV]

(b)

FIG. 6. Dijet invariant mass distributions in (a) the SR and (b) the NR before the fit of the signal and background model to the data.
A T-quark hypothesis with my = 1.6 TeV and x7 = 0.5 is used in these plots. The blue hashed lines correspond to the sum in
quadrature of the statistical and systematic uncertainties of the prediction in a given bin. The lower panels show the ratio of the data to
the prediction, along with the uncertainty in the ratio. A ratio outside the bounds of the axis is represented by a blue arrow. The last bin
includes the event overflows. Contributions to the predicted distributions are stacked in the same order as they appear in the legend.
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4000 = ATLAS + Data
Vs =13TeV, 139 fb™ WM =1.6TeV, k; =05
3500 [ All-hadronic single T — Ht [t (all-had)
tt Normalization Region post-fit -tt+Z/W/H
% 3000 W Single top
(G} tt (non-all-had)
o 2500 Multijet
9 N\ Stat. @ Syst. Unc
@ 2000
c
2 1500
L
1000
500
S
0...|...|T.—.tf ey T M R
S5 E .
A 1F sty N
osbB it b b b e 1 1 1
"1 12 14 16 18 2 22 24 26 28 3
m; [TeV]
(b)

Dijet invariant mass distributions for (a) the SR and (b) the NR showing the results of the model when fitted to the data. A

T-quark hypothesis with my = 1.6 TeV and x; = 0.5 is used in the fit. Since the central value of the fitted T-quark cross section is
negative, the predicted SR mass distribution shows no contribution from the signal. The blue hashed lines correspond to the sum in
quadrature of the statistical and systematic uncertainties of the prediction. The lower panels show the ratio of the data to the prediction,
along with the uncertainty in the ratio. A ratio outside the bounds of the axis is represented by a blue arrow. The last bin includes the
event overflows. Contributions to the predicted distributions are stacked in the same order as they appear in the legend.

The 7 background estimate has systematic uncertain-
ties from initial/final-state radiation (ISR/FSR),
renormalization scale, factorization scale, PDF, parton-
shower algorithm, matrix-element calculation, and /gy,
parameter value. The effects of ISR/FSR, renormaliza-
tion scale, and factorization scale uncertainties are
evaluated using the method described in Sec. III.
The PDF uncertainties are evaluated by use of the
PDF4L.HC15 Hessian uncertainties, where the 30 var-
iations are combined into one nuisance parameter.
Uncertainties arising from the choice of parton-shower
and hadronization algorithms are evaluated by compar-
ing the nominal Powheg+PYTHIA8 sample with the
Powheg+Herwig sample. The uncertainty arising from the

TABLE II.

matrix-element calculation is assessed by comparing the
nominal MC sample with the MadGraph5_aMC@NLO2.6.0

+PYTHIAS sample.

Although the non-all-hadronic 77 background is rela-
tively small in the SR and NR, a 5% excess of predicted
events relative to the data is observed in VR1 defined by
the event-tagging state with the leading large-R jet top-
quark tagged with 1b-tag and the second-leading jet
Higgs-boson tagged with 1b-tag. This validation region
is estimated to have a non-all-hadronic ¢ background
fraction of approximately 15% and it is possible that the
observed excess is due to mismodeling of this background.
A conservative uncertainty of 62%, which covers the
excess if it is attributed entirely to the non-all-hadronic

The event yields are shown for the 77 normalization region and for the signal region after the likelihood

fit (postfit). The requirement of the Ht invariant mass being greater than 1 TeV has been imposed on the signal
region. The postfit yields incorporate the statistical, detector, and modeling uncertainties as well as their

correlations.

11 normalization Ht signal region
Region Postfit Postfit
1t all-hadronic 8366 £ 216 147 +£17
1t non-all-hadronic 189 + 133 14+ 10
Single top quark 92 £+ 49 8+6
tt+W/Z/H 117 £25 9+2
Multijet events 1452 £ 57 316+9
Signal events (my = 1.6 TeV, kr = 0.5) -9 +21
Predicted background 10216 + 150 494 £ 22
Data (139 fb~!) 10231 471
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tf background, is applied to the size of this background in
the SR and NR.

The uncertainty in the multijet background estimate is
approximately 4%, as described in Sec. V B. The uncer-
tainty in the predicted single-top-quark background esti-
mate is 75% while the uncertainty in the predicted
tt+ W/Z/H background estimate is 22%, as described
in Sec. VC.
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FIG. 8.

VII. RESULTS

The dijet invariant mass formed from the tagged large-R
jets is interpreted as a combination of the expected SM
backgrounds and a T-quark signal. The dijet mass in the SR
is the invariant mass of the Higgs-boson and top-quark
candidates while in the NVR it is the invariant mass of the
two top-quark candidates. The dijet invariant mass distri-
butions for the SR and NR are shown in Fig. 6, assuming a
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()

Observed and expected 95% C.L. upper limits on the single 7-quark production cross section as a function of my for values of

k7 ranging from 0.1 to 1.1 in steps of 0.2 for figures (a) through (f), respectively. The green (yellow) band is the 68% (95%) confidence
interval around the median expected limit, as determined using pseudo-experiments. The predicted cross sections of single 7-quark

production are shown in red.
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FIG.9. Observed and expected 95% C.L. upper limits on the single T-quark coupling k7 as a function of m are shown as solid and
dashed lines, respectively. The green (yellow) band is the 68% (95%) confidence interval around the median expected limit, as
determined using pseudo-experiments. All values of k above the solid line are excluded. The dashed curves represent contours of

fixed T'/my.

T-quark signal contribution with m; = 1.6 TeV and
kr = 0.5 scaled to the theory cross section of 41 fb. The
overall acceptance times efficiency of 7T-quark detection in
the all-hadronic final state is 1.6% for this choice of mass
and couplings, taking into account the kinematic require-
ments and tagging efficiencies. The predicted background
rates and shapes are in good agreement with the observed
distributions.

The dijet mass is used as a discriminant in the SR and
NR to test for the presence of a T-quark signal. Two
parameters of interest are defined: o, the observed cross

ATLAS
Vs=13TeV, 139 fb"

All-hadronic T — Ht
T singlet

1.8
1.7
1.6

T/my (%)

1
0.2

95% C.L.Observed Lower Limit on m [TeV]

1
0.15

1
0.1
Branching Fraction (T — Ht)

(a)

section for single production of a T-quark, and a™, the SR
and NR tf background normalization.

A binned-likelihood fit is performed in which a T-quark
signal and the background model is fitted to the SR dijet
mass distribution and simultaneously the NR background
model is fitted to the NR dijet mass distribution. The fit is
performed for events with a dijet mass greater than 1 TeV.
The fit model in the SR is the sum of the background
distributions and a T-quark signal distribution with a given
mass, coupling, and signal cross section o,,,. In the NR
the very small contribution from the 7-quark signal is

ATLAS
Vs=13TeV, 139 fb"

All-hadronic T — Ht
T singlet

(o))
o

S IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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FIG. 10. Observed (a) and expected (b) 95% C.L. lower limits on the T-quark mass as a function of the T-quark width-to-mass ratio
and the branching fraction of the T — Ht decay (I'y is the T-quark width). The branching fractions (3) for T — Htand T — Zt are kept
equal. The branching fraction for T — Wb is | — B(T — Ht) — B(T — Zt). The color scale on the right side of each plot defines the
95% C.L. limit on the T-quark mass. Masses below the observed limit are excluded. The dashed white contour lines denote isolines of
equal exclusion on the mass in units of TeV.
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neglected. The signal cross section is allowed to take
negative values in the fit whereas af' is constrained to
be positive. The fit of the 77 background in the NR and SR
measures af' using both regions and thus provides a scaled
1t background contribution in the SR.

The fit incorporates the systematic uncertainties as
Gaussian nuisance parameters. Additional bin-by-bin uncer-
tainties are included to account for the statistical uncertain-
ties in the predicted multijet and MC backgrounds. The 7
contributions to the NR and SR are fully correlated in the fit.
The likelihood is then profiled [138] as a function of each
nuisance parameter and used as the test statistic to determine
the statistical significance of the fit results.

Figure 7 shows the dijet mass distributions for the SR
and NR after the fit (postfit) assuming a signal hypothesis
with my = 1.6 TeV and «xy = 0.5. The observed and
predicted event yields in the NR and SR are given in
Table I1. The fitted value of aft = 0.79 + 0.12 is consistent
with the 77 normalization factor a"™ = 0.82 £ 0.01 deter-
mined from the background-subtracted event yield in the
NR (the uncertainty on "™ is statistical only). There is
good agreement between the predicted postfit signal region
background yield of 494 £ 22 events and the observed
yield of 471 events, consistent with no significant excess in
data above SM backgrounds over the entire Ht invariant
mass distribution as seen in Fig. 7(a). The fit of the
mr = 1.6 TeV and x; = 0.5 signal hypothesis results in
o(pp > T+ X - Ht+X) =-10=£25 fb, further con-
firming no excess of events at Ht masses around 1.6 TeV.

Similarly, fit results with 7-quark cross sections con-
sistent with zero are obtained for 7-quark masses between
1.0 and 2.3 TeV and for k¢ values from 0.1 to 1.6. Based on
these fit results, for 1.0 < my < 2.3 TeV there is no
significant evidence of a T" quark decaying to the H final
state.

The fit results are used to set 95% C.L. upper limits on
the single-7-quark production cross section for 1.0 <
my < 2.3 TeV and 0.1 < k7 < 1.6 using the C.L.; method
[139]. The predicted cross sections assume a singlet T
quark with a 7 — Ht branching fraction of 1/4. Figure 8
shows the 95% C.L. upper limits as a function of my for
different values of k7. The cross section limits range from
~10 to ~200 fb, depending on xy. The decrease in
sensitivity for masses from 1.0 to 1.2 TeV arises from
the change in signal shape due to the pt requirements on
the Higgs-boson and top-quark candidate jets. The pr
requirements shape the distribution to peak at roughly
1.2 TeV, which can be seen in Figs. 6 and 7. Figure 9 shows
the exclusion limits as a function of m; and 7. Figure 10
shows the observed and expected 95% C.L. limits on the
T-quark mass as a function of the 7-quark width-to-mass
ratio I'/my and the branching fraction for T-quark decay
into a Higgs boson and a top quark.

For the considered mass range of 1.0 to 2.3 TeV the
upper limit on allowed values of k rises from a minimum

value of 0.3 starting at my =1.1 TeV, up to 1.6
for my = 2.3 TeV.

At 95% C.L., this analysis excludes 7 quarks with
I'/my >0.05 for 1.05 < my < 1.2 TeV, with the mass
limits rising with I'/m; to exclude my; < 1.7 TeV for
I'/my>0.5.

VIII. CONCLUSION

A search is reported for the single production of a
vectorlike singlet T quark decaying into a Higgs boson and
a top quark both of which decay hadronically. The search
uses 139 fb~! of 13 TeV proton-proton collision data
collected with the ATLAS detector at the LHC. The final
states are fully reconstructed by clustering the decay
products into two large-R jets. The use of fully hadronic
decays allows the direct reconstruction of the 7-quark final
state, increasing the signal-to-background ratio for the
search. The results significantly extend the sensitivity for
the production of T quarks decaying fully hadronically. The
search sensitivity is further improved by a larger dataset
than used previously, tagging techniques with greater
background rejection, and a data-driven multijet back-
ground estimate that reduces the uncertainty in the back-
ground modeling. The cross section upper limits are
typically a factor of 2 lower than previous searches.

The analysis is performed by searching for an excess
above SM backgrounds in the Ht invariant mass distribu-
tion. This distribution shows no evidence of significant
contributions from single 7-quark production and is con-
sistent with the expected SM background sources.
Therefore, limits are set at 95% C.L. on the production
cross section of a T quark decaying to the Ht final state.
These depend on the 7-quark mass and coupling to SM
particles and range from ~10 to ~200 fb, depending on the
assumed x7 value for the couplings. In the resonance mass
range between 1.0 and 2.3 TeV, the upper limit on the
allowed coupling values rises with my from a minimum
value of 0.3 for my = 1.1 TeV to 1.6 for my = 2.3 TeV.
This analysis excludes T quarks with I'/m; > 0.05 for
1.05 < my < 1.2 TeV, with the mass limits rising with
I'/my to exclude my < 1.7 TeV for I'/my > 0.5.

These results provide significantly improved mass and
coupling limits on vectorlike quark models involving a T
quark decaying into a Higgs boson and a top quark. The
exclusion limits set by this analysis extend the limits set by
previous searches.
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