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Search for single production of a vectorlike T quark decaying
into a Higgs boson and top quark with fully hadronic final states

using the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 19 January 2022; accepted 29 March 2022; published 25 May 2022)

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−1. The Higgs-boson and top-quark candidates are identified in the
all-hadronic decay mode, where H → bb̄ and t → bW → bqq̄0 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 mT and coupling κT 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 withmT from a minimum value of 0.35 for 1.07 < mT < 1.4 TeV
to 1.6 for mT ¼ 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

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 T quark with charge þ2=3 can decay into Wb,
Zt, orHt, while a down-type B quark with charge−1=3 can
decay intoWt, Zb, orHb (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 T quarks have placed
limits on T-quark production cross sections for T-quark
masses between 1 and 2 TeV at 95% C.L. for various SM
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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 T quark in 13 TeV pp collisions
produced at the Large Hadron Collider (LHC) and recorded
by the ATLAS detector in a 139 fb−1 data sample. The
search targets T quarks decaying into a SM Higgs boson
and a top quark, T → 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 mT of the T quark and the overall
coupling factor κT to the SMW boson, Z boson, and Higgs
boson [47] are unknown parameters. There are also three
additional parameters, ξW , ξZ, and ξH, that determine the
T-quark branching ratios. In this analysis, the asymptotic
limit of these parameters—as mT 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 mT and κT 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 T quark decays
to Ht followed by the hadronic decays H → bb̄ 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-pT 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 → bb̄ and t → Wb decays. Assuming the existence
of single T-quark production, the signal would appear as
an excess of events with Ht invariant masses around the
T-quark mass for values of κT ≲ 0.5. Above this κT , the
Ht invariant mass distribution broadens to masses below
the T-quark mass as κT 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,
c, and b) and/or gluons. The ATLAS [50–58] and CMS
[59–63,63–69] Collaborations have published measure-
ments of the tt̄ differential cross sections at center-of-mass
energies of

ffiffiffi
s

p ¼ 7, 8, and 13 TeV in pp collisions. The
measured cross section for the production of top quarks
with pT > 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 αs. 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 Ht 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. VIII.

FIG. 1. A Feynman diagram illustrating the W-mediated
production of a single T quark, shown in red, decaying into a
top quark and Higgs boson.
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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 4π 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 jηj < 2.5 and a transition radiation tracker
covering jηj < 2.0.
The calorimeter system covers the pseudorapidity range

jηj < 4.9 and measures the positions and energies of
electrons, photons, and charged and neutral hadrons.
Within the region jηj < 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 jηj < 2.7, while the muon trigger system
covers the range jηj < 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 pp collisions with a center-of-mass
energy of

ffiffiffi
s

p ¼ 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−1

[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-kt jet [77,78] with a jet
radius parameter of R ¼ 1.0 [73]. The maximum pT
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 pT >
500 GeV and jηj < 2.0, as described in Sec. IV.
The main backgrounds for this search are from tt̄ and

multijet events. There are also small contributions from
single-top-quark and tt̄þ X (X ¼ 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 þ jets production.
The T-quark signal samples were produced at leading

order, using the MadGraph5_aMC@NLO2.6.0 MC generator [79]
to generate the hard interaction and the PYTHIA8 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 T-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 T-quark production
modes. The decay channel considered is T → Ht, with
mT and κT as unknown parameters. The three additional
parameters, ξW , ξZ, and ξH, that determine the T-quark
branching ratios are set to the asymptotic limit in mT ,
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 mT and κT are varied, MC samples were created for a
variety of mass and coupling values, with mT ranging from
1.0 to 2.3 TeV in steps of 0.1 TeV and κT ranging from 0.1
to 1.6 in steps of 0.05 for κT < 0.5 and 0.1 for larger κT. 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 (mtop)

and Higgs boson were set to 172.5 and 125.0 GeV,
respectively. The production of tt̄ 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 hdamp parameter, which controls the matching
of the matrix element to the parton shower in Powheg and
effectively regulates the high-pT radiation against which

1ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the center of the
detector and the z-axis along the beam pipe. The x-axis points
from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates ðr;ϕÞ are used in the transverse
plane, ϕ being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ. Angular distance is measured in units of
ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.
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the tt̄ system recoils, was set to 1.5 ×mtop [87]. The
functional form of the renormalization and factorization

scales was set to the default scale
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

top þ p2
T;top

q
. The

PYTHIA8.230 [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 tt̄ 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 offfiffiffi
s

p ¼ 13 TeV, this cross section is σðtt̄ÞNNLOþNNLL ¼
832� 51 fb. The cross section uncertainties due to the
PDF and αs are calculated using the PDF4LHC prescription
[99] with the MSTW2008NNLO 68% C.L. [100,101],
CT10NNLO [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 μr, factorization scale μf , and the hdamp parameter
independently. The Var3c A14 tune variation corresponds
to the variation of αs for ISR in the A14 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 hdamp uncertainty is
measured by comparing the nominal tt̄ sample with a
sample using hdamp ¼ 3mtop. 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 tt̄ sample with a sample that was also generated
by Powheg Box v2 but used Herwig 7.1.3 [104,105] instead of
PYTHIA8.230 for parton showering and hadronization. The
Herwig 7.1 default set of tuned parameters [105,106] and the
MMHT2014LO PDF set [107] were employed.
To assess the uncertainty in the matching of NLO matrix

elements to the parton shower, the Powheg tt̄ sample was
compared with a sample of events generated with
MadGraph5_aMC@NLO2.6.0 but retaining the PYTHIA[8.230]

parton-shower and hadronization models. The MadGraph5_

aMC@NLO2.6.0 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 (tW) 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 tt̄ 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 t-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 A14
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 t-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 tt̄ in association with a Higgs

boson (tt̄þH) was modeled by the Powheg Box v2

[83–86,115] generator at NLO. The production of tt̄ in
association with a W or Z boson was modeled using the
MadGraph5_aMC@NLO2.6.0 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 1.2.0. The cross
sections for the tt̄þW=Z=H processes were calculated
using MadGraph5_aMC@NLO2.6.0 at NLO QCD and NLO
electroweak accuracies using Ref. [116]. The tt̄þ 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
0.88þ0.09

−0.11 , 0.60
þ0.08
−0.07 , and 0.51þ0.04

−0.05 pb for tt̄þ Z, tt̄þW,
and tt̄þH, 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[8.186] 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
ET > 25 GeV, jηj < 2.47, and be outside the transition
region 1.37 ≤ jηj ≤ 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 η
and improved rejection as pT increases.
Muon candidates are reconstructed using high-quality

inner-detector tracks combined with tracks reconstructed
in the muon spectrometer [122]. Only muon candidates
with pT > 25 GeV and jηj < 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 ΔR ¼ 0.4 of a
jet are removed.
The anti-kt algorithm implemented in the FastJet 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 ¼ 0.02 and R ¼ 0.4 [124], (2) small-R
jets with R ¼ 0.4, and (3) large-R jets with R ¼ 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 pT > 25 GeV and jηj < 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
ΣpT

2, where the sum is over all tracks with transverse
momentum pT > 0.5 GeV that are associated with the
vertex. This JVT algorithm is applied only to small-R jets
with pT < 60 GeV and jηj < 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
η dependent with calibration factors derived from simu-
lation and in situmeasurements [125,129,130]. The large-R
jet candidates are required to have jηj < 2.0 and
pT > 350 GeV. The η 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 pT 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 Rsub ¼ 0.2
and fcut ¼ 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 tt̄ and multijet backgrounds and are not used directly in
the event selection. Only small-R jets with pT > 25 GeV
and jηj < 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 → bb̄, t → Wb,
and W → qq̄0 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
τ21 [132,133], which is a relative measure of whether the jet
has a two-body or one-body structure. The upper bound on
τ21 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 GeVare 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 DL1, 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 tt̄ 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 η − ϕ distance ΔR < 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 pT > 350 GeV
and jηj < 2.0. The highest-pT jet is required to have
pT > 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 tt̄ event has resulted in a

leptonþ 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 × 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 tt̄

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 tt̄ normalization region is designed to contain the

highest-purity sample of tt̄ 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 → cs̄ 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 1b-
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 tt̄ 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 (VR5
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 VR8) are considered to validate the background
modeling involving ≥3b-tags.

FIG. 2. The 9 × 9matrix 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 tt̄ 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 tt̄ production, with smaller contribu-
tions arising from events with only one hadronically
decaying top quark or from tt̄ 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 tt̄ 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 tt̄ 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 tt̄ 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. V C.

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 T-quark production of less
than 1% for all choices of T-quark masses and couplings
considered in this search. Contributions from W=Z þ 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 tt̄
background subtracted from each region is normalized to the
event yield in theNR that depends on the multijet estimate in
that region. Hence, the multijet background and tt̄ 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 NA, NB, NC, and ND, 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 ND to NC is equal to the
ratio of NB to NA 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

ND ¼ NB × NC

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 tt̄ background
subtraction in regions A, B, and C is normalized to the
tt̄ event yield in the NR, which requires an estimate of the
multijet background, the calculation of the multijet back-
ground and the tt̄ 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

NE

NF
¼ K

NG

NH
;

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.

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 tt̄ back-

ground subtraction, the two are determined iteratively as
described in the next section.

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

Previous measurements of the tt̄ 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 tt̄
background contribution and the multijet estimates in each
region, the ratio of the observed rate to the predicted rate of
events in the NR, αnorm, is used to normalize the predicted
tt̄ background contributions in the SR, validation regions,
and the event-tagging states used for the multijet estimate.
The value of αnorm is determined after the initial multijet

estimate that uses the nominal tt̄ prediction by requiring the

(a) (b)

FIG. 3. Invariant mass distributions for (a) the leading small-R jet associated with the leading large-R jet in the tt̄ 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 mT ¼ 1.6 TeV and
κT ¼ 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 theNR to match the observed yield.
However, the multijet estimate itself is a function of αnorm,
as the estimation technique described in the previous
section requires the subtraction of the tt̄ background
contribution in the multijet-dominated event-tagging states
during its calculation. Thus, both the multijet estimate and
αnorm are calculated iteratively using

αnormnþ1 ¼ NData − NMultijetðαnormn Þ − Ntop-related

Ntt̄MC
;

where αnormn is the value of αnorm resulting from the nth
iteration, NData is the observed event yield in the NR,
NMultijetðαnormn Þ is the data-driven multijet background event
yield from the nth iteration in the NR, Ntop-related is the sum
of the backgrounds from single-top-quark, tt̄þW, tt̄þ Z,
and tt̄þH production that are estimated by MC calcu-
lations in the NR, and Ntt̄MC is the sum of the tt̄ events with
all-hadronic and non-all-hadronic decays in the NR.
In each iteration of the multijet estimate Ntt̄MC is scaled

by αnormnþ1 before subtraction. This calculation converges to

(a) (b)

(c) (d)

FIG. 4. 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 mT ¼ 1.6 TeV and κT ¼ 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
αnorm ¼ 0.82� 0.01, where only statistical uncertainties
are considered. This is consistent with cross section
measurements of boosted tt̄ production [57]. The tt̄ con-
tribution predicted by the MC calculations in the SR is
scaled by αnorm.
The resulting tt̄ yield estimates are 8587� 1369 events

and 174� 35 events in the NR and SR, respectively, where
the uncertainties include the systematic uncertainties

described in Sec. VI. This estimate of the tt̄ 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� 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

(a) (b)

(c) (d)

FIG. 5. Dijet invariant mass distributions for the two large-R jets in four validation regions: (a) VR5 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, (c) 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) VR8 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 T-quark signal
with mT ¼ 1.6 TeV and κT ¼ 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 theWt 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. III. 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 tt̄ 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 tt̄ 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 tt̄
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 tt̄ 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 tt̄ 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 VR1. 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 (VR5
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 VR8) 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 T-quark signal
cross section for a T-quark mass of 1.6 TeV and coupling
κT ¼ 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 tt̄ 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.

Category
Uncertainty in σ

(pp → T þ X → Htþ X) (fb)

Detector uncertainties

b-jet tagging 6.1
Top-quark jet tagging 5.9
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 tt̄ modeling uncertainties 4.9
tt̄ parton shower and
hadronization

1.9

tt̄ matrix element 2.4

Background uncertainty 7.3
Signal MC statistical uncertainty 4.9

tt̄ normalization (αfit) 1.5
Other top-quark-background
theory uncertainties

1.8

Total uncertainties

Total statistical uncertainty 19
Total systematic uncertainty 15

Total uncertainty 25

SEARCH FOR SINGLE PRODUCTION OF A VECTORLIKE T … PHYS. REV. D 105, 092012 (2022)

092012-11



Variations corresponding to a þ1σ and −1σ 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 mT ¼ 1.6 TeV and κT ¼ 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 situmeasurements [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-pT leptonþ jets tt̄ 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 tt̄ events [49]. Correction factors are applied

to the jets in the MC sample so that the b-jet tagging
efficiency as a function of jet pT 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 pT > 300 GeV,
as b-jet tagging calibrations use data with pT < 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 τ21 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 tt̄ production process and decay
into the all-hadronic final states, the modeling of the non-
all-hadronic tt̄ background, the cross sections for processes
producing smaller backgrounds involving at least one top
quark, and the multijet background estimates.

(a) (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 mT ¼ 1.6 TeV and κT ¼ 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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The tt̄ background estimate has systematic uncertain-
ties from initial/final-state radiation (ISR/FSR), the
renormalization scale, factorization scale, PDF, parton-
shower algorithm, matrix-element calculation, and hdamp

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
PDF4LHC15 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

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

+PYTHIA8 sample.
Although the non-all-hadronic tt̄ 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 tt̄ 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

TABLE II. The event yields are shown for the tt̄ 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.

tt̄ normalization Ht signal region

Region Postfit Postfit

tt̄ all-hadronic 8366� 216 147� 17
tt̄ non-all-hadronic 189� 133 14� 10
Single top quark 92� 49 8� 6
tt̄þW=Z=H 117� 25 9� 2
Multijet events 1452� 57 316� 9

Signal events (mT ¼ 1.6 TeV, κT ¼ 0.5) −9� 21
Predicted background 10216� 150 494� 22
Data (139 fb−1) 10231 471

(a) (b)

FIG. 7. 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 mT ¼ 1.6 TeV and κT ¼ 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.
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tt̄ 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
tt̄þW=Z=H background estimate is 22%, as described
in Sec. V C.

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 NR 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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FIG. 8. Observed and expected 95% C.L. upper limits on the single T-quark production cross section as a function ofmT for values of
κT 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 T-quark
production are shown in red.
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T-quark signal contribution with mT ¼ 1.6 TeV and
κT ¼ 0.5 scaled to the theory cross section of 41 fb. The
overall acceptance times efficiency of T-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: σobs, the observed cross

section for single production of a T-quark, and αfit, the SR
and NR tt̄ 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 σobs. In the NR
the very small contribution from the T-quark signal is

C.L.

C.L.

FIG. 9. Observed and expected 95% C.L. upper limits on the single T-quark coupling κT as a function ofmT 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 κT above the solid line are excluded. The dashed curves represent contours of
fixed Γ=mT .

(a) (b)

C
.L

.

C
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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 (ΓT is the T-quark width). The branching fractions (B) for T → Ht and T → Zt are kept
equal. The branching fraction for T → Wb is 1 − BðT → HtÞ − BðT → ZtÞ. 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 αfit is constrained to
be positive. The fit of the tt̄ background in the NR and SR
measures αfit using both regions and thus provides a scaled
tt̄ 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 tt̄
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 mT ¼ 1.6 TeV and κT ¼ 0.5. The observed and
predicted event yields in the NR and SR are given in
Table II. The fitted value of αfit ¼ 0.79� 0.12 is consistent
with the tt̄ normalization factor αnorm ¼ 0.82� 0.01 deter-
mined from the background-subtracted event yield in the
NR (the uncertainty on αnorm 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
mT ¼ 1.6 TeV and κT ¼ 0.5 signal hypothesis results in
σðpp → T þ X → Htþ XÞ ¼ −10� 25 fb, further con-
firming no excess of events at Ht masses around 1.6 TeV.
Similarly, fit results with T-quark cross sections con-

sistent with zero are obtained for T-quark masses between
1.0 and 2.3 TeVand for κT values from 0.1 to 1.6. Based on
these fit results, for 1.0 < mT < 2.3 TeV there is no
significant evidence of a T quark decaying to the Ht final
state.
The fit results are used to set 95% C.L. upper limits on

the single-T-quark production cross section for 1.0 <
mT < 2.3 TeV and 0.1 < κT < 1.6 using the C:L:s method
[139]. The predicted cross sections assume a singlet T
quark with a T → Ht branching fraction of 1=4. Figure 8
shows the 95% C.L. upper limits as a function of mT for
different values of κT . The cross section limits range from
∼10 to ∼200 fb, depending on κT . 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 pT
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 mT and κT . Figure 10
shows the observed and expected 95% C.L. limits on the
T-quark mass as a function of the T-quark width-to-mass
ratio Γ=mT 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 κT rises from a minimum

value of 0.3 starting at mT ¼ 1.1 TeV, up to 1.6
for mT ¼ 2.3 TeV.
At 95% C.L., this analysis excludes T quarks with

Γ=mT ≥ 0.05 for 1.05 < mT < 1.2 TeV, with the mass
limits rising with Γ=mT to exclude mT < 1.7 TeV for
Γ=mT ≥ 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−1 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 T-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 T-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 T-quark mass and coupling to SM
particles and range from ∼10 to ∼200 fb, depending on the
assumed κT 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 mT from a minimum
value of 0.3 for mT ¼ 1.1 TeV to 1.6 for mT ¼ 2.3 TeV.
This analysis excludes T quarks with Γ=mT ≥ 0.05 for
1.05 < mT < 1.2 TeV, with the mass limits rising with
Γ=mT to exclude mT < 1.7 TeV for Γ=mT ≥ 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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Pérez-Victoria, Handbook of vectorlike quarks: Mixing
and single production, Phys. Rev. D 88, 094010 (2013).

[17] A. Atre, M. Carena, T. Han, and J. Santiago, Heavy quarks
above the top at the Tevatron, Phys. Rev. D 79, 054018
(2009).

[18] A. Atre, G. Azuelos, M. Carena, T. Han, E. Ozcan, J.
Santiago, and G. Unel, Model-independent searches for
new quarks at the LHC, J. High Energy Phys. 08 (2011)
080.

[19] CMS Collaboration, Search for a vectorlike quark with
charge 2=3 in tþ Z events from pp collisions atffiffiffi
s

p ¼ 7 TeV, Phys. Rev. Lett. 107, 271802 (2011).
[20] CMS Collaboration, Search for pair produced fourth-

generation up-type quarks in pp collisions at
ffiffiffi
s

p ¼
7 TeV with a lepton in the final state, Phys. Lett. B
718, 307 (2012).

[21] ATLAS Collaboration, Search for Pair Production of a
New b0 Quark that Decays into a Z Boson and a Bottom

SEARCH FOR SINGLE PRODUCTION OF A VECTORLIKE T … PHYS. REV. D 105, 092012 (2022)

092012-17

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1103/PhysRevD.101.012002
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://cds.cern.ch/record/2668684
https://cds.cern.ch/record/2668684
https://cds.cern.ch/record/2668684
https://cds.cern.ch/record/2668684
https://doi.org/10.1007/JHEP03(2021)003
https://doi.org/10.1007/JHEP03(2021)003
https://doi.org/10.1103/PhysRevD.20.2619
https://doi.org/10.1103/PhysRevD.20.2619
https://doi.org/10.1016/0550-3213(83)90316-4
https://doi.org/10.1088/1126-6708/2009/11/030
https://doi.org/10.1088/1126-6708/2002/07/034
https://doi.org/10.1088/1126-6708/2002/07/034
https://doi.org/10.1146/annurev.nucl.55.090704.151502
https://doi.org/10.1016/0370-2693(84)91178-X
https://doi.org/10.1016/j.nuclphysb.2005.04.035
https://doi.org/10.1016/S0370-1573(03)00140-6
https://doi.org/10.1016/S0370-1573(03)00140-6
https://doi.org/10.1051/epjconf/20136016012
https://doi.org/10.1051/epjconf/20136016012
https://doi.org/10.1103/PhysRevD.88.094010
https://doi.org/10.1103/PhysRevD.79.054018
https://doi.org/10.1103/PhysRevD.79.054018
https://doi.org/10.1007/JHEP08(2011)080
https://doi.org/10.1007/JHEP08(2011)080
https://doi.org/10.1103/PhysRevLett.107.271802
https://doi.org/10.1016/j.physletb.2012.10.038
https://doi.org/10.1016/j.physletb.2012.10.038


Quark with the ATLAS Detector, Phys. Rev. Lett. 109,
071801 (2012).

[22] CMS Collaboration, Search for vectorlike charge 2=3 T
quarks in proton-proton collisions at

ffiffiffiffiffiffiðsÞp ¼ 8 TeV,
Phys. Rev. D 93, 012003 (2016).

[23] CMS Collaboration, Search for pair-produced vectorlike B
quarks in proton-proton collisions at

ffiffiffi
s

p ¼ 8 TeV, Phys.
Rev. D 93, 112009 (2016).

[24] CMS Collaboration, Inclusive search for a vector-like T
quark with charge 2

3
in pp collisions at

ffiffiffi
s

p ¼ 8 TeV, Phys.
Lett. B 729, 149 (2014).

[25] CMS Collaboration, Search for vector-like T quarks
decaying to top quarks and Higgs bosons in the all-
hadronic channel using jet substructure, J. High Energy
Phys. 06 (2015) 080.

[26] ATLAS Collaboration, Search for pair production of a new
heavy quark that decays into a W boson and a light quark
in pp collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS detector,
Phys. Rev. D 92, 112007 (2015).

[27] ATLAS Collaboration, Search for production of vector-
like quark pairs and of four top quarks in the lepton-plus-
jets final state in pp collisions at

ffiffiffi
s

p ¼ 8 TeV with the
ATLAS detector, J. High Energy Phys. 08 (2015) 105.

[28] ATLAS Collaboration, Search for pair production of
vector-like top quarks in events with one lepton, jets,
and missing transverse momentum in

ffiffiffi
s

p ¼ 13 TeV pp
collisions with the ATLAS detector, J. High Energy Phys.
08 (2017) 052.

[29] CMS Collaboration, Search for pair production of vector-
like T and B quarks in single-lepton final states using
boosted jet substructure techniques at

ffiffiffi
s

p ¼ 13 TeV, J.
High Energy Phys. 11 (2017) 085.

[30] CMS Collaboration, Search for pair production of vector-
like quarks in the bWb̄W channel from proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B 779, 82 (2018).
[31] CMS Collaboration, Search for vector-like T and B quark

pairs in final states with leptons at
ffiffiffi
s

p ¼ 13 TeV, J. High
Energy Phys. 08 (2018) 177.

[32] CMS Collaboration, Search for vector-like quarks in
events with two oppositely charged leptons and jets in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C
79, 364 (2019).

[33] ATLAS Collaboration, Search for pair production of heavy
vector-like quarks decaying to high-pT W bosons and b
quarks in the lepton-plus-jets final state in pp collisions atffiffiffi
s

p ¼ 13 TeV with the ATLAS detector, J. High Energy
Phys. 10 (2017) 141.

[34] ATLAS Collaboration, Search for pair production of up-
type vector-like quarks and for four-top-quark events in
final states with multiple b-jets with the ATLAS detector,
J. High Energy Phys. 07 (2018) 089.

[35] ATLAS Collaboration, Search for pair production of heavy
vector-like quarks decaying into high-pT W bosons and
top quarks in the lepton-plus-jets final state in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS detector,
J. High Energy Phys. 08 (2018) 048.

[36] ATLAS Collaboration, Combination of the Searches for
Pair-Produced Vector-like Partners of the Third-Generation
Quarks at

ffiffiffi
s

p ¼ 13 TeV with the ATLAS Detector, Phys.
Rev. Lett. 121, 211801 (2018).

[37] CMS Collaboration, Search for pair production of vector-
like quarks in the fully hadronic final state, Phys. Rev. D
100, 072001 (2019).

[38] ATLAS Collaboration, Search for single production of
vector-like quarks decaying into Wb in pp collisions atffiffiffi
s

p ¼ 8 TeV with the ATLAS detector, Eur. Phys. J. C 76,
442 (2016).

[39] ATLAS Collaboration, Search for the production of single
vector-like and excited quarks in the Wt final state in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS detector, J.
High Energy Phys. 02 (2016) 110.

[40] CMS Collaboration, Search for single production of a
heavy vector-like T quark decaying to a Higgs boson and a
top quark with a lepton and jets in the final state, Phys.
Lett. B 771, 80 (2017).

[41] CMS Collaboration, Search for single production of
vector-like quarks decaying to a Z boson and a top or a
bottom quark in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV,
J. High Energy Phys. 05 (2017) 029.

[42] CMS Collaboration, Search for electroweak production of
a vector-like quark decaying to a top quark and a Higgs
boson using boosted topologies in fully hadronic final
states, J. High Energy Phys. 04 (2017) 136.

[43] CMS Collaboration, Search for a heavy resonance
decaying to a top quark and a vector-like top quark atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 09 (2017) 053.
[44] CMS Collaboration, Search for single production of a

vector-like T quark decaying to a Z boson and a top quark
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Lett. B
781, 574 (2018).

[45] CMS Collaboration, Search for single production of
vector-like quarks decaying to a top quark and a W boson
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J.
C 79, 90 (2019).

[46] CMS Collaboration, Search for electroweak production of
a vector-like T quark using fully hadronic final states, J.
High Energy Phys. 01 (2020) 036.

[47] M. Buchkremer, G. Cacciapaglia, A. Deandrea, and L.
Panizzi, Model-independent framework for searches of top
partners, Nucl. Phys. B876, 376 (2013).

[48] ATLAS Collaboration, Performance of top-quark and
W-boson tagging with ATLAS in run 2 of the LHC,
Eur. Phys. J. C 79, 375 (2019).

[49] ATLAS Collaboration, ATLAS b-jet identification perfor-
mance and efficiency measurement with tt̄ events in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 79, 970 (2019).
[50] ATLAS Collaboration, Measurements of top quark pair

relative differential cross-sections with ATLAS in pp
collisions at

ffiffiffi
s

p ¼ 7 TeV, Eur. Phys. J. C 73, 2261 (2013).
[51] ATLAS Collaboration, Measurements of normalized dif-

ferential cross-sections for tt̄ production in pp collisions atffiffiffi
s

p ¼ 7 TeV using the ATLAS detector, Phys. Rev. D 90,
072004 (2014).

[52] ATLAS Collaboration, Differential top-antitop cross-
section measurements as a function of observables con-
structed from final-state particles using pp collisions atffiffiffi
s

p ¼ 7 TeV in the ATLAS detector, J. High Energy Phys.
06 (2015) 100.

[53] ATLAS Collaboration, Measurement of the differential
cross-section of highly boosted top quarks as a function of

G. AAD et al. PHYS. REV. D 105, 092012 (2022)

092012-18

https://doi.org/10.1103/PhysRevLett.109.071801
https://doi.org/10.1103/PhysRevLett.109.071801
https://doi.org/10.1103/PhysRevD.93.012003
https://doi.org/10.1103/PhysRevD.93.112009
https://doi.org/10.1103/PhysRevD.93.112009
https://doi.org/10.1016/j.physletb.2014.01.006
https://doi.org/10.1016/j.physletb.2014.01.006
https://doi.org/10.1007/JHEP06(2015)080
https://doi.org/10.1007/JHEP06(2015)080
https://doi.org/10.1103/PhysRevD.92.112007
https://doi.org/10.1007/JHEP08(2015)105
https://doi.org/10.1007/JHEP08(2017)052
https://doi.org/10.1007/JHEP08(2017)052
https://doi.org/10.1007/JHEP11(2017)085
https://doi.org/10.1007/JHEP11(2017)085
https://doi.org/10.1016/j.physletb.2018.01.077
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1007/JHEP08(2018)177
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://doi.org/10.1140/epjc/s10052-019-6855-8
https://doi.org/10.1007/JHEP10(2017)141
https://doi.org/10.1007/JHEP10(2017)141
https://doi.org/10.1007/JHEP07(2018)089
https://doi.org/10.1007/JHEP08(2018)048
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevD.100.072001
https://doi.org/10.1103/PhysRevD.100.072001
https://doi.org/10.1140/epjc/s10052-016-4281-8
https://doi.org/10.1140/epjc/s10052-016-4281-8
https://doi.org/10.1007/JHEP02(2016)110
https://doi.org/10.1007/JHEP02(2016)110
https://doi.org/10.1016/j.physletb.2017.05.019
https://doi.org/10.1016/j.physletb.2017.05.019
https://doi.org/10.1007/JHEP05(2017)029
https://doi.org/10.1007/JHEP04(2017)136
https://doi.org/10.1007/JHEP09(2017)053
https://doi.org/10.1016/j.physletb.2018.04.036
https://doi.org/10.1016/j.physletb.2018.04.036
https://doi.org/10.1140/epjc/s10052-019-6556-3
https://doi.org/10.1140/epjc/s10052-019-6556-3
https://doi.org/10.1007/JHEP01(2020)036
https://doi.org/10.1007/JHEP01(2020)036
https://doi.org/10.1016/j.nuclphysb.2013.08.010
https://doi.org/10.1140/epjc/s10052-019-6847-8
https://doi.org/10.1140/epjc/s10052-019-7450-8
https://doi.org/10.1140/epjc/s10052-012-2261-1
https://doi.org/10.1103/PhysRevD.90.072004
https://doi.org/10.1103/PhysRevD.90.072004
https://doi.org/10.1007/JHEP06(2015)100
https://doi.org/10.1007/JHEP06(2015)100


their transverse momentum in
ffiffiffi
s

p ¼ 8 TeV proton-proton
collisions using the ATLAS detector, Phys. Rev. D 93,
032009 (2016).

[54] ATLAS Collaboration, Measurements of top-quark pair
differential cross-sections in the leptonþ jets channel in
pp collisions at

ffiffiffi
s

p ¼ 8 TeV using the ATLAS detector,
Eur. Phys. J. C 76, 538 (2016).

[55] ATLAS Collaboration, Measurement of top quark pair
differential cross sections in the dilepton channel in pp
collisions at

ffiffiffi
s

p ¼ 7 and 8 TeV with ATLAS, Phys. Rev. D
94, 092003 (2016).

[56] ATLAS Collaboration, Measurements of top-quark pair
differential cross-sections in the eμ channel in pp colli-
sions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector, Eur.
Phys. J. C 77, 292 (2017).

[57] ATLAS Collaboration, Measurements of top-quark pair
differential cross-sections in the leptonþ jets channel in
pp collisions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector,
J. High Energy Phys. 11 (2017) 191.

[58] ATLAS Collaboration, Measurements of tt̄ differential
cross-sections of highly boosted top quarks decaying to
all-hadronic final states in pp collisions at

ffiffiffi
s

p ¼ 13 TeV
using the ATLAS detector, Phys. Rev. D 98, 012003
(2018).

[59] CMS Collaboration, Measurement of differential top-
quark-pair production cross sections in pp collisions atffiffiffi
s

p ¼ 7 TeV, Eur. Phys. J. C 73, 2339 (2013).
[60] CMS Collaboration, Measurement of the semileptonic

tt̄þ γ production cross section in pp collisions atffiffiffi
s

p ¼ 8 TeV, J. High Energy Phys. 10 (2017) 006.
[61] CMS Collaboration, Measurement of the differential cross

section for top quark pair production in pp collisions atffiffiffi
s

p ¼ 8 TeV, Eur. Phys. J. C 75, 542 (2015).
[62] CMS Collaboration, Measurement of the integrated and

differential tt̄ production cross sections for high-pT top
quarks in pp collisions at

ffiffiffi
s

p ¼ 8 TeV, Phys. Rev. D 94,
072002 (2016).

[63] CMS Collaboration, Measurement of differential cross
sections for top quark pair production using the leptonþ
jets final state in proton-proton collisions at 13 TeV, Phys.
Rev. D 95, 092001 (2017).

[64] CMS Collaboration, Measurement of double-differential
cross sections for top quark pair production in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV and impact on parton distribu-
tion functions, Eur. Phys. J. C 77, 459 (2017).

[65] CMS Collaboration, Measurement of normalized differ-
ential tt̄ cross sections in the dilepton channel from pp
collisions at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 04
(2018) 060.

[66] CMS Collaboration, Measurements of differential cross
sections of top quark pair production as a function of
kinematic event variables in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 06 (2018) 002.
[67] CMS Collaboration, Measurement of differential cross

sections for the production of top quark pairs and of
additional jets in leptonþ jets events from pp collisions atffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 97, 112003 (2018).
[68] CMS Collaboration, Measurement of tt̄ normalised multi-

differential cross sections in pp collisions at
ffiffiffi
s

p ¼13TeV,
and simultaneous determination of the strong coupling

strength, top quark pole mass, and parton distribution
functions, Eur. Phys. J. C 80, 658 (2020).

[69] CMS Collaboration, Measurement of differential tt̄ pro-
duction cross sections using top quarks at large transverse
momenta in pp collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D
103, 052008 (2021).

[70] ATLAS Collaboration, The ATLAS experiment at the
CERN large hadron collider, J. Instrum. 3, S08003 (2008).

[71] ATLAS Collaboration, ATLAS insertable B-layer techni-
cal design report, Report No. ATLAS-TDR-19, 2010,
https://cds.cern.ch/record/1291633; ATLAS Insertable
B-layer technical design report addendum, Report No. AT-
LAS-TDR-19-ADD-1, 2012, http://cds.cern.ch/record/
1451888.

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

[73] ATLAS Collaboration, Performance of the ATLAS trigger
system in 2015, Eur. Phys. J. C 77, 317 (2017).

[74] ATLAS Collaboration, The ATLAS Collaboration soft-
ware and firmware, Report No. ATL-SOFT-PUB-2021-
001, 2021, https://cds.cern.ch/record/2767187.

[75] ATLAS Collaboration, Luminosity determination in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV using the ATLAS detector at
the LHC, Report No. ATLAS-CONF-2019-021, 2019,
https://cds.cern.ch/record/2677054.

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

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

[78] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user
manual, Eur. Phys. J. C 72, 1896 (2012).

[79] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, MadGraph 5: Going beyond, J. High Energy Phys.
06 (2011) 128.

[80] R. D. Ball et al., Parton distributions for the LHC run II,
J. High Energy Phys. 04 (2015) 040.

[81] G. Cacciapaglia, A. Carvalho, A. Deandrea, T. Flacke,
B. Fuks, D. Majumder, L. Panizzi, and H.-S. Shao,
Next-to-leading-order predictions for single vector-like
quark production at the LHC, Phys. Lett. B 793, 206
(2019).

[82] A. Roy, N. Nikiforou, N. Castro, and T. Andeen, Novel
interpretation strategy for searches of singly produced
vectorlike quarks at the LHC, Phys. Rev. D 101,
115027 (2020).

[83] S. Frixione, P. Nason, and G. Ridolfi, A positive-weight
next-to-leading-order Monte Carlo for heavy flavour ha-
droproduction, J. High Energy Phys. 09 (2007) 126.

[84] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[85] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: the Powheg
method, J. High Energy Phys. 11 (2007) 070.

[86] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The Powheg Box, J. High Energy
Phys. 06 (2010) 043.

SEARCH FOR SINGLE PRODUCTION OF A VECTORLIKE T … PHYS. REV. D 105, 092012 (2022)

092012-19

https://doi.org/10.1103/PhysRevD.93.032009
https://doi.org/10.1103/PhysRevD.93.032009
https://doi.org/10.1140/epjc/s10052-016-4366-4
https://doi.org/10.1103/PhysRevD.94.092003
https://doi.org/10.1103/PhysRevD.94.092003
https://doi.org/10.1140/epjc/s10052-017-4821-x
https://doi.org/10.1140/epjc/s10052-017-4821-x
https://doi.org/10.1007/JHEP11(2017)191
https://doi.org/10.1103/PhysRevD.98.012003
https://doi.org/10.1103/PhysRevD.98.012003
https://doi.org/10.1140/epjc/s10052-013-2339-4
https://doi.org/10.1007/JHEP10(2017)006
https://doi.org/10.1140/epjc/s10052-015-3709-x
https://doi.org/10.1103/PhysRevD.94.072002
https://doi.org/10.1103/PhysRevD.94.072002
https://doi.org/10.1103/PhysRevD.95.092001
https://doi.org/10.1103/PhysRevD.95.092001
https://doi.org/10.1140/epjc/s10052-017-4984-5
https://doi.org/10.1007/JHEP04(2018)060
https://doi.org/10.1007/JHEP04(2018)060
https://doi.org/10.1007/JHEP06(2018)002
https://doi.org/10.1103/PhysRevD.97.112003
https://doi.org/10.1140/epjc/s10052-020-7917-7
https://doi.org/10.1103/PhysRevD.103.052008
https://doi.org/10.1103/PhysRevD.103.052008
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
http://cds.cern.ch/record/1451888
http://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1016/j.physletb.2019.04.056
https://doi.org/10.1016/j.physletb.2019.04.056
https://doi.org/10.1103/PhysRevD.101.115027
https://doi.org/10.1103/PhysRevD.101.115027
https://doi.org/10.1088/1126-6708/2007/09/126
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043


[87] ATLAS Collaboration, Studies on top-quark Monte Carlo
modelling for Top2016, Report No. ATL-PHYS-PUB-
2016-020, 2016, https://cds.cern.ch/record/2216168.

[88] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[89] ATLAS Collaboration, ATLAS PYTHIA8 tunes to 7 TeV
data, Report No. ATL-PHYS-PUB-2014-021, 2014, https:
//cds.cern.ch/record/1966419.

[90] R. D. Ball et al., Parton distributions with LHC data, Nucl.
Phys. B867, 244 (2013).

[91] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[92] M. Beneke, P. Falgari, S. Klein, and C. Schwinn, Hadronic
top-quark pair production with NNLL threshold resum-
mation, Nucl. Phys. B855, 695 (2012).

[93] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and P.
Nason, Top-pair production at hadron colliders with next-
to-next-to-leading logarithmic soft-gluon resummation,
Phys. Lett. B 710, 612 (2012).

[94] P. Baernreuther, M. Czakon, and A. Mitov, Percent Level
Precision Physics at the Tevatron: First Genuine NNLO
QCD Corrections to qq̄ → tt̄þ X, Phys. Rev. Lett. 109,
132001 (2012).

[95] M. Czakon and A. Mitov, NNLO corrections to top-pair
production at hadron colliders: The all-fermionic scattering
channels, J. High Energy Phys. 12 (2012) 054.

[96] M. Czakon and A. Mitov, NNLO corrections to top pair
production at hadron colliders: The quark-gluon reaction,
J. High Energy Phys. 01 (2013) 080.

[97] M. Czakon, P. Fiedler, and A. Mitov, Total Top-Quark Pair-
Production Cross Section at Hadron Colliders through
Oðα4SÞ, Phys. Rev. Lett. 110, 252004 (2013).

[98] M. Czakon and A. Mitov, Top++: A program for the
calculation of the top-pair cross-section at hadron colliders,
Comput. Phys. Commun. 185, 2930 (2014).

[99] J. Butterworth et al., PDF4LHC recommendations for
LHC Run II, J. Phys. G 43, 023001 (2016).

[100] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt,
Parton distributions for the LHC, Eur. Phys. J. C 63, 189
(2009).

[101] A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt,
Uncertainties on alpha(S) in global PDF analyses and
implications for predicted hadronic cross sections, Eur.
Phys. J. C 64, 653 (2009).

[102] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J.
Pumplin, and C.-P. Yuan, New parton distributions for
collider physics, Phys. Rev. D 82, 074024 (2010).

[103] J. Gao, M. Guzzi, J. Huston, H.-L. Lai, Z. Li, P. Nadolsky,
J. Pumplin, D. Stump, and C.-P. Yuan, CT10 next-to-next-
to-leading order global analysis of QCD, Phys. Rev. D 89,
033009 (2014).

[104] M. Bähr et al., Herwig++ physics and manual, Eur. Phys. J.
C 58, 639 (2008).

[105] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur.
Phys. J. C 76, 196 (2016).

[106] J. Bellm et al., Herwig 7.1 release note, arXiv:1705
.06919.

[107] L. Harland-Lang, A. Martin, P. Motylinski, and R. Thorne,
Parton distributions in the LHC era: MMHT 2014 PDFs,
Eur. Phys. J. C 75, 204 (2015).

[108] E. Re, Single-top Wt-channel production matched with
parton showers using the Powheg method, Eur. Phys. J. C
71, 1547 (2011).

[109] S. Frixione, E. Laenen, P. Motylinski, C. White, and B. R.
Webber, Single-top hadroproduction in association with a
W boson, J. High Energy Phys. 07 (2008) 029.

[110] N. Kidonakis, Two-loop soft anomalous dimensions for
single top quark associated production with a W− or H−,
Phys. Rev. D 82, 054018 (2010).

[111] N. Kidonakis, Top quark production, in Proceedings,
Helmholtz International Summer School on Physics of
Heavy Quarks and Hadrons (HQ 2013) (JINR, Dubna,
Russia, 2013), p. 139, 10.3204/DESY-PROC-2013-03/
Kidonakis.

[112] R. Frederix, E. Re, and P. Torrielli, Single-top t-channel
hadroproduction in the four-flavour scheme with Powheg
and aMC@NLO, J. High Energy Phys. 09 (2012) 130.

[113] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer, and
M. Wiedermann, HATHOR: Hadronic top and heavy quarks
cross section calculator, Comput. Phys. Commun. 182,
1034 (2011).

[114] P. Kant, O. M. Kind, T. Kintscher, T. Lohse, T. Martini, S.
Mölbitz, P. Rieck, and P. Uwer, HatHor for single top-
quark production: Updated predictions and uncertainty
estimates for single top-quark production in hadronic
collisions, Comput. Phys. Commun. 191, 74 (2015).

[115] H. B. Hartanto, B. Jäger, L. Reina, and D. Wackeroth,
Higgs boson production in association with top quarks in
the Powheg Box, Phys. Rev. D 91, 094003 (2015).

[116] D. de Florian et al., Handbook of LHC Higgs cross
sections: 4. Deciphering the nature of the Higgs sector,
CERN-2017-002-M, arXiv:1610.07922.

[117] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief
introduction to PYTHIA8.1, Comput. Phys. Commun.
178, 852 (2008).

[118] ATLAS Collaboration, The PYTHIA8 A3 tune description
of ATLAS minimum bias and inelastic measurements
incorporating the Donnachie-Landshoff diffractive model,
Report No. ATL-PHYS-PUB-2016-017, 2016, https://cds
.cern.ch/record/2206965.

[119] S. Agostinelli et al., GEANT4: A simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[120] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[121] ATLAS Collaboration, Electron and photon performance
measurements with the ATLAS detector using the 2015-
2017 LHC proton-proton collision data, J. Instrum. 14,
P12006 (2019).

[122] ATLAS Collaboration, Muon reconstruction and identi-
fication efficiency in ATLAS using the full Run 2 pp
collision data set at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 81, 578
(2020).

[123] ATLAS Collaboration, Muon reconstruction performance
of the ATLAS detector in proton-proton collision data atffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).
[124] D. Krohn, J. Thaler, and L.-T. Wang, Jets with variable R,

J. High Energy Phys. 06 (2009) 059.

G. AAD et al. PHYS. REV. D 105, 092012 (2022)

092012-20

https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/j.nuclphysb.2011.10.021
https://doi.org/10.1016/j.physletb.2012.03.013
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1103/PhysRevLett.109.132001
https://doi.org/10.1007/JHEP12(2012)054
https://doi.org/10.1007/JHEP01(2013)080
https://doi.org/10.1103/PhysRevLett.110.252004
https://doi.org/10.1016/j.cpc.2014.06.021
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1072-5
https://doi.org/10.1140/epjc/s10052-009-1164-2
https://doi.org/10.1140/epjc/s10052-009-1164-2
https://doi.org/10.1103/PhysRevD.82.074024
https://doi.org/10.1103/PhysRevD.89.033009
https://doi.org/10.1103/PhysRevD.89.033009
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://arXiv.org/abs/1705.06919
https://arXiv.org/abs/1705.06919
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1140/epjc/s10052-011-1547-z
https://doi.org/10.1088/1126-6708/2008/07/029
https://doi.org/10.1103/PhysRevD.82.054018
https://doi.org/10.3204/DESY-PROC-2013-03/Kidonakis
https://doi.org/10.3204/DESY-PROC-2013-03/Kidonakis
https://doi.org/10.1007/JHEP09(2012)130
https://doi.org/10.1016/j.cpc.2010.12.040
https://doi.org/10.1016/j.cpc.2010.12.040
https://doi.org/10.1016/j.cpc.2015.02.001
https://doi.org/10.1103/PhysRevD.91.094003
https://arXiv.org/abs/1610.07922
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1088/1126-6708/2009/06/059


[125] ATLAS Collaboration, In situ calibration of large-radius jet
energy and mass in13 TeV proton-proton collisions with
the ATLAS detector, Eur. Phys. J. C 79, 135 (2019).

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

[127] ATLAS Collaboration, Performance of pile-up mitigation
techniques for jets in pp collisions at

ffiffiffi
s

p ¼ 8 TeV using
the ATLAS detector, Eur. Phys. J. C 76, 581 (2016).

[128] ATLAS Collaboration, Jet energy scale and resolution
measured in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV
with the ATLAS detector, Eur. Phys. J. C 81, 689 (2020).

[129] ATLAS Collaboration, Optimisation of large-radius jet
reconstruction for the ATLAS detector in13 TeV proton-
proton collisions, Eur. Phys. J. C 81, 334 (2020).

[130] ATLAS Collaboration, Measurement of the ATLAS detec-
tor jet mass response using forward folding with 80 fb−1 offfiffiffi
s

p ¼ 13 TeV pp data, Report No. ATLAS-CONF-2020-
022, 2020, https://cds.cern.ch/record/2724442.

[131] ATLAS Collaboration, Performance of jet substructure
techniques for large-R jets in proton-proton collisions atffiffiffi
s

p ¼ 7 TeV using the ATLAS detector, J. High Energy
Phys. 09 (2013) 076.

[132] J. Thaler and K. V. Tilburg, Identifying boosted objects
with N-subjettiness, J. High Energy Phys. 03 (2011) 015.

[133] J. Thaler and K. V. Tilburg, Maximizing boosted top
identification by minimizing N-subjettiness, J. High En-
ergy Phys. 02 (2012) 093.

[134] ATLAS Collaboration, Vertex reconstruction performance
of the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV, Report No. ATL-
PHYS-PUB-2015-026, 2015, https://cds.cern.ch/record/
2037717.

[135] ATLAS Collaboration, Search for resonances decaying
into top-quark pairs using fully hadronic decays in pp
collisions with ATLAS at

ffiffiffi
s

p ¼ 7 TeV, J. High Energy
Phys. 01 (2013) 116.

[136] ATLAS Collaboration, Measurements of WþW−þ ≥ 1 jet
production cross-sections in pp collisions at

ffiffiffi
s

p ¼
13 TeV with the ATLAS detector, J. High Energy Phys.
06 (2021) 003.

[137] ATLAS Collaboration, Boosted hadronic vector boson and
top quark tagging with ATLAS using run 2 data, Report
No. ATL-PHYS-PUB-2020-017, 2020, https://cds.cern.ch/
record/2724149.

[138] G. Bohm and G. Zech, Introduction to statistics and data
analysis for physicists, http://www-library.desy.de/
preparch/books/vstatmp_engl.pdf, Hamburg: Verl. Dt.
Elektronen-Synchrotron, 2010, p. 336, ISBN: 978-3-
935702-41-6.

[139] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011).

[140] ATLAS Collaboration, ATLAS computing acknowledge-
ments, Report No. ATL-SOFT-PUB-2021-003, https://cds
.cern.ch/record/2776662.

G. Aad,100 B. Abbott,126 D. C. Abbott,101 A. Abed Abud,36 K. Abeling,53 D. K. Abhayasinghe,93 S. H. Abidi,29

A. Aboulhorma,35e H. Abramowicz,158 H. Abreu,157 Y. Abulaiti,123 A. C. Abusleme Hoffman,144a B. S. Acharya,66a,66b,b

B. Achkar,53 L. Adam,98 C. Adam Bourdarios,4 L. Adamczyk,83a L. Adamek,163 S. V. Addepalli,26 J. Adelman,118

A. Adiguzel,21c S. Adorni,54 T. Adye,141 A. A. Affolder,143 Y. Afik,36 M. N. Agaras,13 J. Agarwala,70a,70b A. Aggarwal,98

C. Agheorghiesei,27c J. A. Aguilar-Saavedra,137f,137a,c A. Ahmad,36 F. Ahmadov,79,d W. S. Ahmed,102 X. Ai,46 G. Aielli,73a,73b

I. Aizenberg,176 M. Akbiyik,98 T. P. A. Åkesson,96 A. V. Akimov,109 K. Al Khoury,39 G. L. Alberghi,23b J. Albert,172

P. Albicocco,51 M. J. Alconada Verzini,88 S. Alderweireldt,50 M. Aleksa,36 I. N. Aleksandrov,79 C. Alexa,27b

T. Alexopoulos,10 A. Alfonsi,117 F. Alfonsi,23b M. Alhroob,126 B. Ali,139 S. Ali,155 M. Aliev,162 G. Alimonti,68a C. Allaire,36

B. M.M. Allbrooke,153 P. P. Allport,20 A. Aloisio,69a,69b F. Alonso,88 C. Alpigiani,145 E. Alunno Camelia,73a,73b

M. Alvarez Estevez,97 M. G. Alviggi,69a,69b Y. Amaral Coutinho,80b A. Ambler,102 L. Ambroz,132 C. Amelung,36

D. Amidei,104 S. P. Amor Dos Santos,137a S. Amoroso,46 K. R. Amos,170 C. S. Amrouche,54 V. Ananiev,131

C. Anastopoulos,146 N. Andari,142 T. Andeen,11 J. K. Anders,19 S. Y. Andrean,45a,45b A. Andreazza,68a,68b S. Angelidakis,9

A. Angerami,39 A. V. Anisenkov,119b,119a A. Annovi,71a C. Antel,54 M. T. Anthony,146 E. Antipov,127 M. Antonelli,51

D. J. A. Antrim,17 F. Anulli,72a M. Aoki,81 J. A. Aparisi Pozo,170 M. A. Aparo,153 L. Aperio Bella,46 C. Appelt,18

N. Aranzabal,36 V. Araujo Ferraz,80a C. Arcangeletti,51 A. T. H. Arce,49 E. Arena,90 J-F. Arguin,108 S. Argyropoulos,52

J.-H. Arling,46 A. J. Armbruster,36 O. Arnaez,163 H. Arnold,117 Z. P. Arrubarrena Tame,112 G. Artoni,72a,72b H. Asada,114

K. Asai,124 S. Asai,160 N. A. Asbah,59 E. M. Asimakopoulou,168 J. Assahsah,35d K. Assamagan,29 R. Astalos,28a

R. J. Atkin,33a M. Atkinson,169 N. B. Atlay,18 H. Atmani,60b P. A. Atmasiddha,104 K. Augsten,139 S. Auricchio,69a,69b

V. A. Austrup,178 G. Avner,157 G. Avolio,36 M. K. Ayoub,14c G. Azuelos,108,e D. Babal,28a H. Bachacou,142 K. Bachas,159

A. Bachiu,34 F. Backman,45a,45b A. Badea,59 P. Bagnaia,72a,72b M. Bahmani,18 A. J. Bailey,170 V. R. Bailey,169 J. T. Baines,141

C. Bakalis,10 O. K. Baker,179 P. J. Bakker,117 E. Bakos,15 D. Bakshi Gupta,8 S. Balaji,154 R. Balasubramanian,117

E. M. Baldin,119b,119a P. Balek,140 E. Ballabene,68a,68b F. Balli,142 L. M. Baltes,61a W. K. Balunas,32 J. Balz,98 E. Banas,84

M. Bandieramonte,136 A. Bandyopadhyay,24 S. Bansal,24 L. Barak,158 E. L. Barberio,103 D. Barberis,55b,55a M. Barbero,100

SEARCH FOR SINGLE PRODUCTION OF A VECTORLIKE T … PHYS. REV. D 105, 092012 (2022)

092012-21

https://doi.org/10.1140/epjc/s10052-019-6632-8
https://doi.org/10.1140/epjc/s10052-017-5031-2
https://doi.org/10.1140/epjc/s10052-017-5031-2
https://doi.org/10.1140/epjc/s10052-016-4395-z
https://doi.org/10.1140/epjc/s10052-021-09402-3
https://doi.org/10.1140/epjc/s10052-021-09054-3
https://cds.cern.ch/record/2724442
https://cds.cern.ch/record/2724442
https://cds.cern.ch/record/2724442
https://doi.org/10.1007/JHEP09(2013)076
https://doi.org/10.1007/JHEP09(2013)076
https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1007/JHEP02(2012)093
https://doi.org/10.1007/JHEP02(2012)093
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037717
https://doi.org/10.1007/JHEP01(2013)116
https://doi.org/10.1007/JHEP01(2013)116
https://doi.org/10.1007/JHEP06(2021)003
https://doi.org/10.1007/JHEP06(2021)003
https://cds.cern.ch/record/2724149
https://cds.cern.ch/record/2724149
https://cds.cern.ch/record/2724149
https://cds.cern.ch/record/2724149
http://www-library.desy.de/preparch/books/vstatmp_engl.pdf
http://www-library.desy.de/preparch/books/vstatmp_engl.pdf
http://www-library.desy.de/preparch/books/vstatmp_engl.pdf
http://www-library.desy.de/preparch/books/vstatmp_engl.pdf
http://www-library.desy.de/preparch/books/vstatmp_engl.pdf
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://cds.cern.ch/record/2776662
https://cds.cern.ch/record/2776662
https://cds.cern.ch/record/2776662


G. Barbour,94 K. N. Barends,33a T. Barillari,113 M-S. Barisits,36 J. Barkeloo,129 T. Barklow,150 R. M. Barnett,17 P. Baron,128

A. Baroncelli,60a G. Barone,29 A. J. Barr,132 L. Barranco Navarro,45a,45b F. Barreiro,97 J. Barreiro Guimarães da Costa,14a

U. Barron,158 S. Barsov,135 F. Bartels,61a R. Bartoldus,150 G. Bartolini,100 A. E. Barton,89 P. Bartos,28a A. Basalaev,46

A. Basan,98 M. Baselga,47 I. Bashta,74a,74b A. Bassalat,64,f M. J. Basso,163 C. R. Basson,99 R. L. Bates,57 S. Batlamous,35e

J. R. Batley,32 B. Batool,148 M. Battaglia,143 M. Bauce,72a,72b F. Bauer,142,a P. Bauer,24 A. Bayirli,21a J. B. Beacham,49

T. Beau,133 P. H. Beauchemin,166 F. Becherer,52 P. Bechtle,24 H. P. Beck,19,g K. Becker,174 C. Becot,46 A. J. Beddall,21d

V. A. Bednyakov,79 C. P. Bee,152 L. J. Beemster,15 T. A. Beermann,36 M. Begalli,80b M. Begel,29 A. Behera,152 J. K. Behr,46

C. Beirao Da Cruz E Silva,36 J. F. Beirer,53,36 F. Beisiegel,24 M. Belfkir,122b G. Bella,158 L. Bellagamba,23b A. Bellerive,34

P. Bellos,20 K. Beloborodov,119b,119a K. Belotskiy,110 N. L. Belyaev,110 D. Benchekroun,35a Y. Benhammou,158

D. P. Benjamin,29 M. Benoit,29 J. R. Bensinger,26 S. Bentvelsen,117 L. Beresford,36 M. Beretta,51 D. Berge,18

E. Bergeaas Kuutmann,168 N. Berger,4 B. Bergmann,139 J. Beringer,17 S. Berlendis,7 G. Bernardi,5 C. Bernius,150

F. U. Bernlochner,24 T. Berry,93 P. Berta,140 I. A. Bertram,89 O. Bessidskaia Bylund,178 S. Bethke,113 A. Betti,42

A. J. Bevan,92 S. Bhatta,152 D. S. Bhattacharya,173 P. Bhattarai,26 V. S. Bhopatkar,6 R. Bi,136 R. Bi,29 R. M. Bianchi,136

O. Biebel,112 R. Bielski,129 N. V. Biesuz,71a,71b M. Biglietti,74a T. R. V. Billoud,139 M. Bindi,53 A. Bingul,21b C. Bini,72a,72b

S. Biondi,23b,23a A. Biondini,90 C. J. Birch-sykes,99 G. A. Bird,20,141 M. Birman,176 T. Bisanz,36 J. P. Biswal,2 D. Biswas,177,h

A. Bitadze,99 K. Bjørke,131 I. Bloch,46 C. Blocker,26 A. Blue,57 U. Blumenschein,92 J. Blumenthal,98 G. J. Bobbink,117

V. S. Bobrovnikov,119b,119a M. Boehler,52 D. Bogavac,13 A. G. Bogdanchikov,119b,119a C. Bohm,45a V. Boisvert,93 P. Bokan,46

T. Bold,83a M. Bomben,5 M. Bona,92 M. Boonekamp,142 C. D. Booth,93 A. G. Borbély,57 H. M. Borecka-Bielska,108
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35fMohammed VI Polytechnic University, Ben Guerir, Morocco
36CERN, Geneva, Switzerland

37Enrico Fermi Institute, University of Chicago, Chicago, Illinois, USA
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67aINFN Sezione di Lecce, Italy

67bDipartimento di Matematica e Fisica, Università del Salento, Lecce, Italy
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