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Search for pair-production of vector-like quarks in lepton+jets final states 

containing at least one 𝑏-tagged jet using the Run 2 data from the ATLAS 

experiment
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser A search is presented for the pair-production of heavy vector-like quarks in the lepton+jets final state using 
140 fb−1 of proton–proton collisions at 

√
𝑠 = 13 TeV collected with the ATLAS detector. The search is optimised 

for vector-like top-quarks (𝑇 ) that decay into a 𝑊 boson and a 𝑏-quark, with one 𝑊 boson decaying leptonically 
and the other hadronically. Other vector-like quark flavours and decay modes are also considered. Events are 
selected with one high transverse-momentum electron or muon, large missing transverse momentum, a large-
radius jet identified as a 𝑊 boson, and multiple small-radius jets, at least one of which is 𝑏-tagged. Vector-like 
𝑇 -quarks with 100% branching ratio to 𝑊 𝑏 are excluded at 95% CL for masses below 1700 GeV. These limits 
are also applied to vector-like 𝑌 -quarks, which decay exclusively into a 𝑊 boson and a 𝑏-quark. Isospin singlets 
with B(𝑇 →𝑊 𝑏 ∶𝐻𝑡 ∶𝑍𝑡) = 1∕2 ∶ 1∕4 ∶ 1∕4 are excluded for masses below 1360 GeV.

1. Introduction

The Standard Model (SM) of particle physics is extremely successful 
in describing elementary particles and their interactions, yet its many 
shortcomings reveal that it is incomplete. In particular, naturalness [1]
suggests that a more complete theory will provide an explanation for 
how radiative divergences to the Higgs boson mass from 𝑡-quark loops 
are cancelled out. Extensions of the SM, such as extra dimensions [2], 
composite Higgs bosons [3,4] and Little Higgs boson [5] models, pre-
dict the existence of vector-like quarks (VLQs) that could mitigate 
these large radiative corrections to the Higgs boson mass. The VLQs 
are spin-1/2, colour-triplets that have the same weak isospin for left-
and right-handed chiralities. Thus, VLQs would not acquire mass via 
the Higgs boson [6], allowing them to evade the limits that exclude 
additional SM-like quarks [7]. To cancel out the Higgs boson mass di-
vergence from top-quark loops, the VLQs must couple preferentially to 
third-generation quarks. VLQs could appear as different types of mul-
tiplets: SU(2) singlets, doublets, or triplets of 𝑇 , 𝐵, 𝑋 or 𝑌 ; where 𝑇
and 𝐵 have the same electric charge as the SM 𝑡- and 𝑏-quarks, while 𝑋
and 𝑌 have electric charges 5∕3 and −4∕3, respectively. In the simplest 
models, the mass difference between VLQs in a given SU(2) multiplet 
must be small to satisfy constraints from precision electroweak mea-
surements [6], excluding cascade decays such as 𝑇 → 𝑊𝐵 → 𝑊𝑊 𝑡. 
The VLQs can decay via a flavour-changing neutral current or a charged 
current, allowing the 𝑇 and 𝐵 to each have three possible decays: 

⋆ E-mail address: atlas .publications @cern .ch.

𝑇 →𝑊 𝑏∕𝑍𝑡∕𝐻𝑡 and 𝐵→𝑊 𝑡∕𝑍𝑏∕𝐻𝑏. The 𝑋 and 𝑌 have no SM part-
ners, so these can only decay via 𝑋 →𝑊 𝑡 and 𝑌 →𝑊 𝑏. Decays into 
final states with first and second generation quarks, though not forbid-
den, are not favoured as they would not address the hierarchy problem. 
Examples of Feynman diagrams for 𝑇 and 𝐵 pair production and decay 
are shown in Fig. 1.

The branching ratio of the VLQ decay to SM particles is not fixed by 
the theory, therefore, all possible VLQ decays and branching ratios need 
to be probed in searches for VLQs. A combination of searches for pair-
production of VLQs by ATLAS using 36 fb−1 of Run 2 data collected at 
the Large Hadron Collider (LHC) from 2015 to 2016 at a centre-of-mass 
energy of 

√
𝑠 = 13 TeV excludes VLQs with masses below 1310GeV for 

any branching ratio to the assumed decays [8]. ATLAS searches for pair-
produced VLQs using the full proton–proton (𝑝𝑝) collision data sample 
of 140 fb−1 collected during Run 2 of the LHC between 2015 and 2018 
at 

√
𝑠 = 13 TeV include a search in final states with one lepton, jets and 

large missing transverse momentum [9], mostly sensitive to the decay 
𝑇 → 𝑍𝑡 or 𝐵 →𝑊 𝑡, and in final states with at least one leptonically 
decaying 𝑍 boson and a third-generation quark [10], which is mainly 
sensitive to 𝑇 →𝑍𝑡 and 𝐵→𝑍𝑏. CMS published searches for pair pro-
duction [11,12] of vector-like quarks using 137 fb−1 of data collected 
during the LHC Run 2.

ATLAS has previously performed a search for pair-produced VLQs 
in the one lepton+jets final state using 36 fb−1 of Run 2 data which 
was optimised to the 𝑇 → 𝑊 𝑏 decay [13]. That search excluded 𝑇 -
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Fig. 1. Representative tree-level Feynman diagrams for (a) 𝑇 𝑇̄ and (b) 𝐵𝐵̄ production for which at least one of the VLQs decays into a 𝑊 boson.

quark masses below 1350GeV in the scenario B(𝑇 →𝑊 𝑏) = 1 and 𝑇 -
quark masses below 1170GeV in the 𝑇 isospin singlet scenario with a 
branching ratio of B(𝑇 →𝑊 𝑏 ∶𝐻𝑡 ∶𝑍𝑡) = 1∕2 ∶ 1∕4 ∶ 1∕4. The recent 
search for pair-produced VLQs by CMS in leptonic final states using the 
full CMS Run 2 data sample excludes the scenario B(𝑇 →𝑊 𝑏) = 1 for 
masses below 1540GeV [12].

Singly produced VLQs have also been searched for by ATLAS [14,
15] and CMS [16–18] using the full LHC Run 2 data sample, but the 
interpretation of the search results depends on an additional constant 
for the coupling to electroweak bosons [19].

This paper presents a search for the pair production of VLQs decay-
ing into third-generation quarks using the 𝑝𝑝 collision data collected at 
the LHC from 2015 to 2018 at a centre-of-mass energy of 13 TeV with 
the ATLAS experiment, increasing the data sample relative to the previ-
ous search in this decay channel from 36 fb−1 to 140 fb−1 . The analysis 
is optimised for the 𝑇 𝑇̄ →𝑊 𝑏𝑊 𝑏̄ channel with one 𝑊 boson decay-
ing leptonically and the other hadronically, resulting in a final state 
with exactly one lepton, missing transverse momentum and jets, but 
the search is also sensitive to the other VLQs and decay modes. Tar-
geting events with a leptonically decaying 𝑊 boson (𝑊 → 𝓁𝜈 with 
𝓁 = 𝑒, 𝜇) suppresses SM processes with purely hadronic final states, 
while the hadronically decaying 𝑊 boson provides a large branching 
ratio. Vector-like 𝑇 candidates are reconstructed such that the mass 
difference between the leptonically and hadronically decaying 𝑇 candi-
dates is minimised. The reconstructed mass of the leptonically decaying 
𝑇 is then used as the discriminating variable to test for the presence of 
a VLQ signal. The dominant background processes are 𝑡𝑡, 𝑊+jets, and 
single-top-quark production. Control regions enhanced in 𝑡𝑡 or 𝑊+jets
events are used to correct the mismodelling observed in Monte-Carlo 
(MC) simulations of those processes. Finally, a profile likelihood fit 
is performed on the observed distributions of the reconstructed VLQ 
mass to test for the presence of VLQ signals for various signal models, 
varying the VLQ mass and the decay branching ratios. The data-driven 
corrections to 𝑡𝑡 and 𝑊+jets in dedicated control regions are new with 
respect to previous analyses. The statistical analysis also includes ad-
ditional control regions to better constrain the dominant backgrounds 
characterised by substantial modelling uncertainties, while maintaining 
a high signal acceptance and achieving a narrow peak in the recon-
structed VLQ mass distribution. Further improvements are brought by 
the improved object identification, especially from 𝑊 -boson tagging.

2. ATLAS detector

The ATLAS experiment [20] at the LHC is a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry and 
a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking de-
tector (ID) surrounded by a thin superconducting solenoid providing a 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the 

2 T axial magnetic field, electromagnetic and hadron calorimeters, and 
a muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |𝜂| < 2.5. It consists of silicon pixel, silicon microstrip, and 
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements 
with high granularity. A steel/scintillator-tile hadron calorimeter covers 
the central pseudorapidity range (|𝜂| < 1.7). The endcap and forward 
regions are instrumented with LAr calorimeters for both the EM and 
hadronic energy measurements up to |𝜂| = 4.9. The muon spectrometer 
(MS) surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0 Tm across most of 
the detector. The muon spectrometer includes a system of precision 
tracking chambers and fast detectors for triggering. A two-level trigger 
system is used to select events. The first-level trigger is implemented in 
hardware and uses a subset of the detector information to accept events 
at a rate below 100 kHz. This is followed by a software-based trigger 
that reduces the accepted event rate to 1 kHz on average depending on 
the data-taking conditions. An extensive software suite [21] is used in 
data simulation, in the reconstruction and analysis of real and simulated 
data, in detector operations, and in the trigger and data acquisition sys-
tems of the experiment.

3. Data and simulated event samples

The data sample analysed is from 𝑝𝑝 collisions with a centre-of-mass 
energy of 

√
𝑠 = 13TeV. The data were collected between 2015 and 

2018 with the ATLAS detector and correspond to an integrated lumi-
nosity of 140 fb−1 [22,23]. A set of single-electron [24] and single-muon 
triggers [25] were used, with transverse momentum (𝑝T) lowest thresh-
olds in the range of 20–26 GeV depending on the lepton flavour and 
data-taking period. In addition, data were recorded using a trigger tar-
geting events with large missing transverse energy (𝐸miss

T ) [26] with 
thresholds of 70, 90 or 110GeV, depending on the data taking period. 
All detector subsystems are required to be operational during data tak-
ing and to satisfy data quality requirements [27].

Signal events and SM background with at least one prompt lepton 
are modelled by MC simulation. Contributions from processes surviv-
ing selection requirements due to non-prompt leptons or hadronic jets 
misidentified as leptons (dominated by QCD multijet events) are es-
timated by a data-driven method, with MC samples serving as cross 
checks. All samples were produced using the ATLAS simulation in-
frastructure [28] and GEANT4 [29]. The estimate of some systematic 

beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 
𝑦-axis points upwards. Polar coordinates (𝑟, 𝜙) 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 = − ln tan(𝜃∕2). Angular distance is measured 
in units of Δ𝑅 ≡

√
(Δ𝜂)2 + (Δ𝜙)2.
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uncertainties used a faster detector simulation employing a parameteri-
sation of the calorimeter response [30]. Unless specified otherwise, the 
parton shower, hadronisation, and underlying events are modelled us-
ing PYTHIA8.230 [31], with parameters set according to the A14 set of 
tunable parameters (the A14 “tune”) [32] and using the NNPDF2.3LO

set of parton distribution functions (PDFs) [33]. In the simulation, the 𝑡-
quark and SM Higgs boson masses were set to 172.5 GeV and 125 GeV, 
respectively. The effect of additional 𝑝𝑝 interactions per bunch cross-
ing (pile-up) is accounted for by overlaying the hard-scattering process 
with minimum-bias events simulated with PYTHIA 8.186 [34] using the 
A3 tune [35] and NNPDF2.3LO PDFs. The distribution of the mean 
number of interactions per bunch crossing in simulation is reweighted 
such that its distribution matches that measured in the data.

Signal events for the production and decay of 𝑇 𝑇̄ and 𝐵𝐵̄ were 
simulated at leading-order using PROTOS v.2.2 [36] with VLQ masses 
from 1000GeV to 1800GeV in steps of 100GeV, and with a mass of 
2000GeV. The samples were produced for the singlet model, with al-
ternative branching ratio scenarios obtained by reweighting the events 
based on the decay mode. Samples for the doublet model with a mass of 
1.2 TeV were also produced to confirm that kinematic differences due to 
isospin have negligible impact on the results. The signal cross-sections 
were calculated with TOP++ 2.0 [37] at next-to-next-to-leading-order 
(NNLO) in QCD including the resummation of next-to-next-to-leading-
logarithmic (NNLL) soft-gluon terms.

The dominant background arises from the production of 𝑡-quark 
pairs (𝑡𝑡). Events with a single 𝑡-quark (henceforth referred to as “sin-
gle top”) or a 𝑊 boson produced in association with jets (𝑊+jets) 
also make significant contributions. Finally, events containing a 𝑍 bo-
son and jets (𝑍+jets), three or four 𝑡-quarks, multi-boson events, and 
𝑡-quark pairs produced in association with a vector boson or a Higgs 
boson (𝑡𝑡𝑉 with 𝑉 =𝑊 , 𝑍 and 𝑡𝑡𝐻 , respectively) have small contribu-
tions.

The production of 𝑡𝑡 events is modelled using the POWHEG BOX v2 
[38–41] generator at NLO accuracy in QCD with the NNPDF3.0NLO

[42] PDFs and the ℎdamp parameter2 set to 1.5𝑚𝑡 [43], where 𝑚𝑡 de-
notes the 𝑡-quark mass. The dependence on the parton shower and 
hadronisation models is evaluated by comparing the nominal 𝑡𝑡 sam-
ple with an alternative sample also produced with POWHEG BOX v2 
generator using the NNPDF3.0NLO PDFs, but instead interfaced to HER-
WIG7.04 [44,45] using the MMHT2014LO PDFs [46] and the H7UE 
tune [45]. An uncertainty in the matching of the NLO matrix elements 
(ME) to the parton shower is assessed by comparing the nominal sam-
ple to one simulated with MADGRAPH5_AMC@NLO 2.6.0 [47] using 
the NNPDF3.0NLO PDFs. The effect from possibly under-estimating 
the initial-state radiation (ISR) is evaluated by comparing the nominal 
sample to one produced with ℎdamp increased to 3𝑚𝑡, the renormalisa-
tion and factorisation scales divided by two, and using the “Var3cUp” 
weight of the A14 tune. The effect from possibly over-estimating the 
ISR is evaluated by comparing the nominal sample to one obtained 
by doubling the renormalisation and factorisation scales and choosing 
the “Var3cDown” weight of the A14 tune [48]. The size of the uncer-
tainty in the modelling of final state radiation (FSR) is evaluated by 
doubling or halving the renormalisation scale for emissions from the 
parton shower.

The associated production of a 𝑡-quark with a 𝑊 boson (𝑡𝑊 ) ac-
counts for the vast majority of single top events. These events were mod-
elled with the POWHEG BOX v2 generator at NLO in QCD using the five-
flavour scheme and the NNPDF3.0NLO PDFs. The nominal sample uses 
the diagram removal (DR) scheme [49] to remove the contribution from 
Feynman diagrams already included in the 𝑡𝑡 production. An alternative 

2 The ℎdamp parameter is a resummation damping factor and one of the param-
eters that controls the matching of POWHEG matrix elements (ME) to the parton 
shower and thus effectively regulates the high-𝑝T radiation against which the 𝑡𝑡
system recoils.

sample simulated using the diagram subtraction scheme (DS) [43,49]
is used to evaluate an uncertainty due to the choice of 𝑡𝑡/𝑡𝑊 overlap 
removal scheme. The uncertainty due to the parton shower and hadroni-
sation models is evaluated by comparing the nominal sample of events 
with events simulated by the POWHEG BOX v2 generator interfaced to
HERWIG7.04 using the H7UE tune and the MMHT2014LO PDFs. To as-
sess the uncertainty in the matching of the ME to the parton shower, 
the nominal 𝑡𝑊 sample is compared with a sample simulated with the
MADGRAPH5_AMC@NLO 2.6.2 generator at NLO in QCD using the five-
flavour scheme and the NNPDF2.3LO PDFs [42].

The small contributions from single top 𝑡-channel and 𝑠-channel 
production were modelled using the POWHEG BOX v2 [39–41,50,51]
generator at NLO in QCD using the four-flavour scheme (𝑡-channel) or 
the five-flavour scheme (𝑠-channel) and the NNPDF3.0NLO PDFs. The 
uncertainty due to the parton shower and hadronisation models is eval-
uated by comparing the nominal sample of events with events simulated 
by the POWHEG BOX v2 generator at NLO accuracy in QCD using the 
five-flavour scheme and interfaced to HERWIG7.04 using the H7UE tune 
and the MMHT2014LO PDFs. To assess the uncertainty in the matching 
of NLO accuracy ME to the parton shower, the nominal sample is com-
pared with a sample simulated with the MADGRAPH5_AMC@NLO 2.6.2 
generator at NLO accuracy in QCD using the five-flavour scheme and
NNPDF2.3NLO or NNPDF3.0NLO PDFs for the 𝑡- and 𝑠-channel, re-
spectively.

The production of 𝑉 +jets (𝑉 = 𝑊 , 𝑍) was simulated with the
SHERPA2.2.1 [52] generator at NLO accuracy in QCD for up to two 
partons, and at LO accuracy for up to four additional partons. The 
full samples are then normalised to the NNLO predictions [53]. Sam-
ples of diboson events (𝑉 𝑉 ) were simulated with the SHERPA2.2.1 or 
2.2.2 [52] generator at NLO accuracy in QCD for up to one additional 
parton and at LO accuracy for up to three additional parton emis-
sions, including off-shell effects and Higgs-boson contributions, where 
appropriate. The ME calculations for SHERPA samples were matched 
and merged with the parton shower based on Catani–Seymour dipole 
factorisation [54,55] using the MEPS@NLO prescription. The virtual 
QCD corrections were provided by the OPENLOOPS library [56–58]. The
NNPDF3.0NNLO set of PDFs was used, along with the dedicated tune 
developed by the SHERPA authors.

The production of 𝑡𝑡𝑉 and 𝑡𝑊 𝑍 events was modelled using the
MADGRAPH5_AMC@NLO 2.3.3 generator at NLO with the
NNPDF3.0NLO PDF and PYTHIA8.210 (PYTHIA8.211) for 𝑡𝑡𝑉 (𝑡𝑊 𝑍) 
with the A14 tune and the NNPDF2.3LO PDFs for the parton shower 
and hadronisation. The diagram removal scheme described in Ref. [49]
was employed to treat the overlap between 𝑡𝑊 𝑍 and 𝑡𝑡𝑍 , and was ap-
plied to the 𝑡𝑊 𝑍 sample. The production of 𝑡𝑡𝐻 events is modelled 
using the POWHEG BOX v2 generator at NLO with the NNPDF3.0NLO

PDF set. The production of 𝑡𝑍 , three and four 𝑡-quarks events, and 
𝑡𝑡𝑊𝑊 events was simulated with MADGRAPH5_AMC@NLO 2.2.2 in-
terfaced to PYTHIA8.186 using the A14 tune. The small contributions 
from processes from 𝑡𝑡𝐻 , 𝑡𝑊 𝑍 , 𝑡𝑍 , 𝑡𝑡𝑊𝑊 and multi-top production 
are summarised as “rare top” processes. Multijet MC samples were simu-
lated using the SHERPA 2.1.1 generator. The matrix element calculation 
was included for the 2 → 2 process at leading-order, and the default
SHERPA parton shower based on Catani–Seymour dipole factorisation 
was used for the showering with 𝑝T ordering, using the CT10 PDF 
set [59].

Decays of 𝑏- and 𝑐-hadrons were simulated by EVTGEN 1.6.0 [60] in 
all simulations except SHERPA, for which the default SHERPA configura-
tion recommended by the SHERPA authors was used.

4. Object reconstruction

Events are required to contain at least one vertex with two or more 
associated tracks that must have 𝑝𝑇 > 500 MeV. Among all vertices, the 
vertex with the highest 𝑝2

𝑇
sum of the associated tracks is taken as the 

primary vertex (PV) [61].
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Electrons are reconstructed from clusters in the EM calorimeter 
matched with ID tracks and are calibrated [62]. Electron candidates 
must be in the central region of the detector 

(|||𝜂||| < 2.47
)

with 𝑝T >

27 GeV and match a track with ||𝑧0 sin𝜃|| < 0.5 mm and |||𝑑0∕𝜎𝑑0 ||| < 5; 
where 𝑑0 is the impact parameter between the track and the beam 
line, 𝜎𝑑0 is the measured uncertainty in 𝑑0, and 𝑧0 is the minimum 
distance in 𝑧 between the track and the beam spot. Any candidates 
in the transition region between the barrel and endcap calorimeters 
(1.37 < |𝜂| < 1.52) are removed. “Baseline electrons” must satisfy the 
medium likelihood identification criteria [62], with no selection on the 
isolation. “Tight electrons” must satisfy the tight likelihood identification 
criteria, plus the following isolation requirements in both the calorime-
ter and the ID [62]. The first isolation requirement is 𝐸isol

T, cone∕𝑝
𝑒
T < 0.2; 

where 𝑝𝑒T is the electron candidate 𝑝T and 𝐸isol
T,cone is the energy de-

posited in the calorimeter within a cone of size 𝑅 = 0.2 around the 
candidate direction; any leakage energy and energy from pile-up are 
subtracted. The second isolation requirement is 𝑝isol

T,var∕𝑝
𝑒
T < 0.15; where 

𝑝isol
T,var is the sum of the track 𝑝T without the electron candidate in a cone 

of radius 𝑅 = min(10GeV∕𝑝𝑒T, 0.2). Scale factors are used to correct for 
differences between data and simulation for reconstruction, identifica-
tion, isolation and trigger selection efficiencies [62].

Muons are reconstructed [63] from combined tracks in the MS and 
the ID, with “baseline muons” required to satisfy the loose identifica-
tion criteria and no selection on the isolation, while “tight muons” must 
satisfy the tight identification criteria [63] and satisfy the track-based 
isolation requirements defined by the TightTrackOnly working point. 
This working point uses the scalar sum of the 𝑝T of all tracks that are 
within a cone of size 𝑅 = min(0.3, 10GeV∕𝑝𝜇T) around the muon can-
didate, where 𝑝𝜇T is the candidate muon 𝑝T. The track matched to the 
muon candidate under consideration is excluded from the sum. The 
muon is selected if this sum is less than 6% of 𝑝𝜇T. Finally, all muon 
candidates are required to satisfy |𝑧0 sin𝜃| < 0.5mm and |||𝑑0∕𝜎𝑑0 ||| < 3. 
Muons are calibrated [64] and are required to have 𝑝T > 15GeV and 
to be reconstructed within |𝜂| = 2.5. Scale factors are used to correct 
for differences in muon reconstruction, identification, vertex matching, 
isolation and trigger efficiencies between simulation and data [63].

Small-radius (small-𝑅) jet candidates are built from particle-flow 
objects [65], using the anti-𝑘𝑡 algorithm [66,67] with a radius parame-
ter of 𝑅 = 0.4. The particle-flow algorithm combines information about 
tracks in the ID and energy deposits in the calorimeters to form the in-
put for the jet reconstruction. The jet energy is calibrated to the particle 
level scale by using a sequence of corrections, including simulation-
based corrections and in situ calibrations [68]. Jets are required to have 
𝑝T > 25GeV and |𝜂| < 2.5. To reject jets originating from pile-up inter-
actions, jet candidates with |𝜂| < 2.4 and 𝑝T < 60GeV are required to 
satisfy the “tight” jet vertex tagger (JVT) criterion [69]. An algorithm 
based on deep and recurrent neural networks, called DL1r, is used to 
identify small-𝑅 jets containing a 𝑏-hadron decay [70]. Jets are consid-
ered to be 𝑏-tagged if they satisfy the criteria for the operating point 
with an efficiency of 77% and mistag rates for charm and light jets of 
17.7% and 0.52%, respectively, as determined in simulated 𝑡𝑡 events. 
The 𝑏-quark tagging efficiencies in simulation, and the charm and light 
jet mistag rates, are corrected to match the efficiencies in data [71–73].

An overlap removal procedure is applied to prevent double count-
ing of ambiguous reconstructed objects, using the baseline lepton def-
initions. First, electron–muon overlap is handled by removing muons 
sharing a track in the ID with an electron if the muon is calorimeter-
tagged [63], and otherwise removing the electron. Next, overlap be-
tween jets and leptons is removed by rejecting any jets within Δ𝑅 =
0.2 of an electron, followed by the rejection of any electrons within 
Δ𝑅 = 0.4 of the remaining jets. Similarly, jets are discarded if they 
have fewer than three matched tracks and are within Δ𝑅 = 0.2 of 
a muon candidate. Otherwise, the muon is rejected if it lies within 
Δ𝑅 = min(0.4, 0.04 + 10GeV∕𝑝𝜇T) of a jet.

The missing transverse momentum, with magnitude 𝐸miss
T , is de-

fined as the negative vectorial sum of the transverse momenta of all 
calibrated objects in an event, plus a track-based soft-term which takes 
into account energy depositions matched to the primary vertex but not 
matched with any calibrated object [74].

Finally, large-radius (large-𝑅) jets are constructed from the noise-
suppressed topological calorimeter-cell clusters calibrated by using lo-
cal hadronic cell reweighting [75] and the anti-𝑘𝑡 algorithm with 
𝑅 = 1.0. To reduce the impact of soft radiation, a grooming algorithm 
called “trimming” [76] is applied. Constituent small-𝑅 jets, reclustered 
with the 𝑘𝑡 algorithm with a radius parameter 𝑅 = 0.2, with 𝑝T less 
than 5% of the large-𝑅 jet 𝑝T are removed. The large-𝑅 jets are re-
quired to have 𝑝T > 200GeV, |𝜂| < 2.0 and a mass larger than 50GeV. 
The jet energy scale (JES) and resolution (JER) and the mass scale (JMS) 
and resolution (JMR) of large-radius jets are calibrated [77,78]. A 𝑊
boson tagging algorithm identifies high-𝑝T hadronically decaying 𝑊
bosons, whose decay products are collimated to a single large-radius 
jet [79], with an efficiency of 80%. The 𝑊 -tagging algorithm applies 
criteria on the mass of the large-radius jet, the number of inner-detector 
tracks associated with the jets and the energy correlation function ra-
tio 𝐷2 [79,80]. Scale factors correct the 𝑊 boson tagging efficiency in 
simulation to match the efficiency measured in data [81].

5. Event selection, reconstruction and categorisation

This search targets final states with exactly one electron or muon, 
missing transverse momentum, and jets. Events are selected by a single 
lepton or 𝐸miss

T trigger, as described in Section 3. If the event is selected 
by a single lepton trigger, the selected lepton must have 𝑝T > 27GeV
and be matched to the object that triggered the event. If the event is 
selected by the 𝐸miss

T trigger, it must have 𝐸miss
T > 200GeV. The 𝐸miss

T
trigger selection is added to compensate for the efficiency loss of the 
single muon triggers at high muon 𝑝T. These lepton and the 𝐸miss

T re-
quirements ensure full trigger efficiency over all data taking periods.

Events are required to have exactly one tight muon with 𝑝T >

27GeV or one tight electron with 𝑝T > 60GeV. Increasing the 𝑝T
threshold for electrons to 𝑝T > 60GeV facilitates the estimation of the 
background from non-prompt electrons. The fake lepton background es-
timation relies on the fact that, compared to real leptons, fake leptons 
that satisfy the baseline lepton selection have a much lower efficiency 
for satisfying the tight lepton criteria. The single electron trigger selec-
tion, which is part of both the baseline and tight electron selection al-
ready imposes very strict selections on the electrons with 𝑝T < 60GeV, 
making it difficult to define a selection tighter than the baseline elec-
tron criteria. Studies showed that increasing the electron 𝑝T threshold to 
60GeV does not impact the analysis sensitivity. Events with additional 
leptons with 𝑝T > 25GeV satisfying the baseline criteria are vetoed. 
In addition, all events must have 𝐸miss

T > 60GeV and contain at least 
three small-𝑅 jets, at least one of which must be 𝑏-tagged. The criteria 
described above are referred to as the preselection.

The focus is on 𝑇 -quarks with a mass above 1.35 TeV, which cor-
responds to the lower mass limit set by the previous analysis [13]. 
The large mass of the 𝑇 will lead to decay products with large 𝑝T, 
which in turn will have collimated decay products. In particular, the 
hadronically decaying 𝑊 boson will produce a large-𝑅 jet, so events 
are required to contain at least one 𝑊 -tagged large-𝑅 jet. If more than 
one large-𝑅 jet is 𝑊 -tagged, the one with a mass closest to the 𝑊 -boson 
mass (𝑚𝑊 = 80.38GeV) is selected as the hadronically decaying 𝑊 bo-
son (𝑊had) for the reconstruction of the hadronically decaying 𝑇 -quark 
candidate. The leptonically decaying 𝑊 boson (𝑊lep) is reconstructed 
from the system of the selected lepton and reconstructed neutrino. The 
𝑝𝑇 of the reconstructed neutrino is determined from the missing trans-
verse momentum, and the 𝑝𝑧 of the reconstructed neutrino is calculated 
by assuming that the lepton-neutrino system has the invariant mass of 
the 𝑊 boson. This leads to a quadratic equation. When two real so-
lutions are obtained, the one with the smaller absolute value for the 



Physics Letters B 854 (2024) 138743

5

The ATLAS Collaboration

reconstructed neutrino 𝑝𝑧 is used. When the solutions are complex, a 
real solution is obtained by adjusting the 𝑥 and 𝑦 components of the 
neutrino momentum to minimise a 𝜒2 parameter that includes the un-
certainties in the neutrino and lepton momenta and 𝑊 boson mass. 
Finally, the angular distance between the lepton and the reconstructed 
neutrino is required to be Δ𝑅(𝓁, 𝜈) < 0.7.

Reconstruction of the two 𝑇 candidates is done by pairing each of 
the 𝑊 candidates, 𝑊lep and 𝑊had, with a small-𝑅 jet. The small-𝑅
jets are selected for pairing with the candidate 𝑊 bosons by minimis-
ing the difference between the hadronic and leptonic reconstructed 𝑇
masses, Δ𝑚VLQ ≡ |𝑚lep

𝑇
− 𝑚had

𝑇
|. If the event contains one 𝑏-tagged jet, 

only combinations that include the 𝑏-tagged jet are considered. If the 
event contains two or more 𝑏-tagged jets, only combinations with the 
two 𝑏-tagged jets leading in 𝑝T are considered. Signal events are ex-
pected to have VLQs with low 𝑝T and high mass, causing the jet paired 
with the 𝑊had, referred to as 𝑏had, to be well separated from the 𝑊had. 
By contrast, 𝑡𝑡 events will have high-𝑝T 𝑡-quarks that lead to a small 
opening angle between the resulting 𝑊 and 𝑏. Therefore, a requirement 
of Δ𝑅(𝑊had, 𝑏had) > 1.0 is imposed to reduce the 𝑡𝑡 background. Well re-
constructed signal events should also have small values of Δ𝑚VLQ, with 
both the reconstructed 𝑇 -quark masses 𝑚lep

𝑇
and 𝑚had

𝑇
close to the actual 

mass of the 𝑇 -quark. A similar statement can be made for 𝑡𝑡 events, but 
the reconstructed variables 𝑚lep

𝑇
and 𝑚had

𝑇
are close to the 𝑡-quark mass 

𝑚𝑡. Production of 𝑇 𝑇̄ events with other decays, such as 𝑇 →𝐻𝑡∕𝑍𝑡, 
will tend to have 𝑚lep

𝑇
and 𝑚had

𝑇
near the 𝑇 -quark mass, but with large 

values of Δ𝑚VLQ as the VLQ reconstruction is less optimised for 𝑡-quarks 
from the 𝑇 -quark decay. Detector effects, final state radiation, and mis-
reconstruction can also broaden the reconstructed mass peaks for signal 
and 𝑡𝑡 events. In contrast, a smooth distribution in Δ𝑚VLQ is expected 
for background processes, such as 𝑊+jets and single top production. 
The variable Δ𝑚VLQ is therefore used to separate regions enriched in 
single top background with similar kinematic properties as the single 
top events in the signal region.

The scalar sum 𝑆T of the 𝑝T of the selected small-𝑅 jets, the lep-
ton 𝑝T and the 𝐸miss

T , is a powerful discrimination quantity, due to the 
large expected mass of the 𝑇 . The signal regions require 𝑆T > 1900GeV, 
while regions to constrain the background nuisance parameters and 
normalisations require 1400 < 𝑆T < 1900GeV. The control and sig-
nal regions are further divided by Δ𝑚VLQ, as illustrated in Fig. 2. 
Events in these regions are used in the final likelihood fit as de-
scribed in Section 8. The signal region is defined by 𝑆T > 1900GeV
and Δ𝑚VLQ < 500GeV, which is further divided into the regions SR1 
with Δ𝑚VLQ < 200GeV and SR2 with 200 < Δ𝑚VLQ < 500GeV. The 
region SR1 is designed to capture the best-reconstructed VLQ events 
that would have a narrow peak in the 𝑚lep

𝑇
and 𝑚had

𝑇
distributions. The 

region SR2 will capture less-well-reconstructed VLQ events, resulting 
in broader mass distributions. Despite this, the fraction of VLQs ex-
pected to enter this region is non-negligible. A control region with 
𝑆T > 1900 GeV and Δ𝑚VLQ > 500GeV, denoted 𝑆High

T Δ𝑚CR, has low 
signal contamination for signal masses that are not excluded yet and 
is dominated by single top production. This control region provides an 
opportunity to constrain the modelling of the single top background 
using events with kinematic properties similar to the signal region. 
The region with 1400 < 𝑆T < 1900 GeV is divided into two control 
regions in Δ𝑚VLQ: 𝑡𝑡CR with Δ𝑚VLQ < 500GeV and 𝑆Low

T Δ𝑚CR with 
Δ𝑚VLQ > 500GeV. The 𝑡𝑡CR is rich in 𝑡𝑡 events with a purity of nearly 
70%, allowing the constraint of the normalisation and modelling of 𝑡-
quark pair production. The 𝑆Low

T Δ𝑚CR provides a second region for 
constraining the single top background, but with kinematics properties 
similar to the 𝑡𝑡CR. A summary of all regions is provided in Table 1. 
The regions not included in the fit, 𝑊+jetsCR and 𝑡𝑡RWR (𝑡𝑡 reweight-
ing region), serve to derive data-driven corrections to the background 
modelling and are discussed in the following section.

Fig. 2. Illustration of the two-dimensional plane in 𝑆T and Δ𝑚VLQ on which 
the signal and control regions, included in the final combined likelihood fit, are 
defined.

6. Background estimate

Contributions from the dominant background processes, 𝑡𝑡 and 
𝑊+jets production, are estimated by using MC simulation with data-
driven corrections derived in dedicated control regions dominated by 
the respective process. The SM backgrounds containing a prompt-lepton 
(single top, 𝑍+jets, diboson, etc.) are also estimated by using MC simu-
lations. Finally, the small contribution from multijet events is estimated 
by using a data-driven approach.

A correction for 𝑊+jets events is derived in a dedicated con-
trol region referred to as the 𝑊+jetsCR. This region is constructed to 
be orthogonal to the signal region, in particular with an inverted jet 
mass requirement in the hadronic 𝑊 boson tagging algorithm. Pos-
sible biases in the modelling of 𝑊+jets events due to the inversion 
of this requirement are investigated and taken into account with a 
dedicated uncertainty, as detailed below. The 𝑊+jetsCR also requires 
900 < 𝑆T < 1900GeV to reduce possible contamination from VLQ sig-
nal events. All other selection requirements are the same as in the signal 
region, as shown in Table 1.

Requiring at least one 𝑏-tagged jet, similar to the signal region re-
quirement, causes the 𝑊+jetsCR to have a significant contribution from 
𝑡𝑡 events. This requirement helps to validate the correction to simulated 
𝑊+jets events as the modelling of 𝑊+jets depends on the heavy-
flavour requirement [82]. The estimate of the 𝑊+jets correction is 
based on the charge asymmetry of 𝑊+jets events in the 𝑊+jetsCR, 
present due to the asymmetry in 𝑢- and 𝑑-quark content in the pro-
ton [83]. Charge asymmetry is defined as 𝐴 = 𝑁+ − 𝑁−, where 𝑁+
and 𝑁− are the numbers of events with a positively or negatively 
charged lepton, respectively. The correction factor to the 𝑊+jets nor-
malisation is calculated by comparing 𝐴 in data and MC simulation 
in the 𝑊+jetsCR. This approach decouples the charge-asymmetric pro-
cess, 𝑊+jets, from possible mis-modelling of the 𝑡𝑡 events, which 
is a charge-symmetric process. This method is also useful for sepa-
rating charge-asymmetric events from the VLQ signal, as it is also 
charge-symmetric. The contributions to 𝐴 from charge-symmetric back-
grounds, such as 𝑡𝑡 and multijet, cancel out. The small contributions 
from other charge-asymmetric backgrounds, such as single top, dibo-
son, and 𝑡-associated production, is accounted for using MC samples. 
The dependence of the 𝑊+jets normalisation on 𝑆T and the 𝑊 -tag 
requirements was investigated in the control region sidebands (re-
laxed or tightened requirements on 𝑆T or the 𝑊 -tag selection in the 
𝑊+jetsCR) to ensure applicability of this correction in the signal re-
gion. The 𝑊+jets correction is derived as a function of 𝑆T up to 
𝑆T = 4TeV as a check and no dependence of the 𝑊+jets correction 
on the event 𝑆T is observed. An additional uncertainty is added to 
cover the difference between the normalisation correction found in the 
𝑊+jetsCR and the control region sidebands with varied 𝑊 -tag require-
ments. The dependence of the 𝑊+jets normalisation on other relevant 
event and kinematic variables is checked and no significant dependen-
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Table 1

Overview of the signal and control regions used in the analysis.

Selection SR1 / SR2 𝑡𝑡CR 𝑆Low
T Δ𝑚CR / 𝑆

High
T Δ𝑚CR 𝑊+jetsCR 𝑡𝑡RWR

Preselection ✓ ✓ ✓ ✓ ✓
𝑁Large-𝑅 Jet ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 1
𝑆T [GeV] >1900 1400–1900 1400–1900 / >1900 900–1900 >800
𝑁𝑊-tag ≥ 1 ≥ 1 ≥ 1 ≥ 1 partially inverted ≥ 1
𝑁𝑏−tag ≥ 1 ≥ 1 ≥ 1 ≥ 1 ≥ 2
Δ𝑅(𝑊had, 𝑏had) > 1.0 > 1.0 > 1.0 – < 1.0
Δ𝑅(𝓁, 𝜈) < 0.7 < 0.7 < 0.7 < 1.0 < 1.2
Δ𝑚VLQ [GeV] < 200 / 200–500 < 500 > 500 – –
𝑚

lep
𝑇
,𝑚had

𝑇
[GeV] – – – – < 700

Included in fit yes / yes yes yes / yes no no

Goal Optimise signal
sensitivity

Constrain 𝑡𝑡

normalisation
Constrain single top
uncertainties

Derive 𝑊 +jets
normalisation factor

Derive 𝑡𝑡 𝑆T

shape reweighting

Fig. 3. Distributions of 𝑆T for data (dots) and predictions (histograms with various colours) in the 𝑡𝑡RWR (a) before and (b) after applying the reweighting (see text). 
The prediction is normalised to the data to illustrate the discrepancies in the shape of the distribution and the effect of the 𝑆T shape reweighting. The error bars 
include the statistical uncertainty and the shaded band represents the total systematic uncertainty. The last bin includes the overflow.

cies are observed. Thus, a single normalisation factor is applied to the 
𝑊+jets MC prediction. The 𝑊+jets normalisation correction amounts 
to 𝑓𝑊 +jets = 0.915 ±0.09 (stat.)±0.54 (syst.), the largest systematic un-
certainties are from the modelling of the single top background and 
from inverting the requirements of the 𝑊 -tag selection.

The 𝑡𝑡 background estimate from MC simulation is known to overes-
timate the number of events at high 𝑡-quark 𝑝T [84], directly impacting 
the modelling of 𝑆T, which is essential for discriminating signal from 
background. Therefore, a data-driven reweighting is applied to the 𝑡𝑡
MC events to correct for the difference between the MC and the data 
in the 𝑆T distribution. The correction is derived in the 𝑡𝑡 reweighting 
region 𝑡𝑡RWR, defined in Table 1, which has a 𝑡𝑡 purity of 89%, with 
the next most significant contribution from single top background at 
6%. The main selection criteria differentiating the 𝑡𝑡RWR from the sig-
nal region are Δ𝑅(𝑊-tag, 𝑏had) < 1.0 and 𝑆T > 800GeV. These criteria 
are motivated by the low angular distance between the 𝑊 boson and 
𝑏-quark from the decay of a high-𝑝T 𝑡-quark. To ensure that the con-
tamination by signal event in 𝑡𝑡RWR is low, the invariant masses of 
the reconstructed VLQs, 𝑚lep

𝑇
and 𝑚had

𝑇
, are required to be smaller than 

700GeV. Fig. 3(a) shows the 𝑆T distributions in the 𝑡𝑡RWR before de-
riving the reweighting.

The reweighting is constructed to correct the shape of the 𝑆T dis-
tribution, but not the normalisation, as it is varying freely in the final 
likelihood fit and ultimately constrained by the data in the 𝑡𝑡CR. The 
contributions to the 𝑡𝑡RWR from processes other than 𝑡𝑡 are subtracted 
from the data and the ratio of the resulting 𝑆T distribution and the 𝑆T
distribution from the 𝑡𝑡 prediction is calculated. The correction factor is 
then derived in a fit to that ratio with a function of the form:

𝑓 (𝑆T) = 𝑝0 ⋅ exp
(
−𝑝1 ⋅ (𝑆T − 𝑝2)2

)
+ 𝑝3, (1)

where 𝑝𝑖 (with 𝑖 = 0, 1, 2, 3) are the free parameters of the fit. Other 
functional forms are also studied, but the one in Eq. (1) is found to 
describe the data/MC ratio most accurately. The fit is also found to be 
consistent for different fit intervals and bin choices. The 𝑆T and the 
jet multiplicity, 𝑁jets, are correlated, so the correction to 𝑆T could also 
depend on 𝑁jets. Therefore, separate fits are performed for events with 
3 ≤𝑁jets ≤ 6 and 𝑁jets ≥ 7. Fig. 3(b) shows the 𝑆T distribution in the 
𝑡𝑡RWR after the application of the reweighting correction.

The statistical uncertainty of the fit is propagated as an uncertainty 
on the reweighting correction. The impact of the uncertainty in the 
single top modelling is taken into account by varying the single top con-
tribution by 100% in the 𝑡𝑡RWR region. Uncertainties in other processes 
have negligible impact on the extracted reweighting. The offset param-
eter 𝑝3 in Eq. (1) causes the function to approach an asymptote at high 
values of 𝑆T to 0.64 for 3 ≤𝑁jets ≤ 6 and 0.62 for 𝑁jets ≥ 7, where the 
statistical uncertainty is too large to determine the exact dependence 
of the correction on 𝑆𝑇 with confidence. In addition, an uncertainty 
of 58% (38%), covering the large statistical uncertainty in the high-𝑆T
tail, is added if 𝑆T ≥ 2.5TeV for events with 3 ≤𝑁jets ≤ 6 (𝑁jets ≥ 7). 
Finally, the correction in 𝑆T is tested in a dedicated 𝑡𝑡-dominated valida-
tion region, where the 𝑡𝑡 MC estimate is found to have good agreement 
with data after application of the 𝑆T-dependent correction.

Events from multijet production satisfy the lepton requirement of 
the signal region by mis-identifying a hadronic jet as a lepton or a 
non-prompt lepton from a heavy-flavour jet, collectively referred to 
as non-prompt leptons. The contribution from multijet production is 
small, accounting for about 5% of the events in the signal region. Back-
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ground from these processes is estimated by using a data-driven“Matrix 
Method” (MM) [85]. This method uses the classification of the leptons 
in “loose” and “tight” categories to predict the number of non-prompt 
leptons. Tight leptons correspond to signal leptons, as described in Sec-
tion 5. Loose leptons satisfy the baseline criteria, as defined in Section 5, 
but fail to meet the tight lepton requirements. A “loose region” enriched 
in non-prompt leptons is created by changing the lepton requirement 
from tight to loose for the signal region selection. The number of events 
with prompt (non-prompt) leptons in the signal region is related to the 
number of events with prompt (non-prompt) leptons in the loose re-
gion by the efficiencies for prompt (non-prompt) leptons that satisfy 
the baseline lepton requirements to also satisfy the tight requirements, 
which is referred to as the “real efficiency” (“fake efficiency”). There-
fore, once the real and fake efficiencies are determined, the number of 
events with non-prompt leptons (the multijet events) in the signal re-
gion can be calculated, as described in Ref. [86].

The tight lepton criteria reduce the contribution of the multijet back-
ground in the signal and control regions to very low levels, such that 
the shapes of differential distributions estimated by the MM are domi-
nated by statistical fluctuations. An accurate prediction for the multijet 
background is particularly important for the 𝑚lep

𝑇
distribution, as it is 

used in the final likelihood fit. As the background events do not con-
tain real VLQ decays, the distribution of reconstructed masses is largely 
determined by the kinematic constraints from the event selection. As 
a result, the 𝑚lep

𝑇
distribution for 𝑍+jets and multijet events are very 

similar, but is much more stable for 𝑍+jets. Therefore, in the final fit, 
the shape of the 𝑚lep

𝑇
template for the multijet background is taken from 

𝑍+jets events, while the total predicted yield is determined from the 
MM calculation.

For reconstructed 𝑚lep
𝑇

below 200GeV, the MM estimate for multi-
jet events is extremely sensitive to the amount of 𝑡𝑡 that is subtracted 
from the data. Therefore, an iterative method is employed to determine 
the total predicted multijet yield for the scaling of the Z+jets template. 
First, the MM prediction is evaluated using the nominal normalization 
for the subtracted 𝑡𝑡. Second, the 𝑚lep

𝑇
template (taken from 𝑍+jets

events) is scaled to have the same yield as the MM prediction for events 
with 𝑚lep

𝑇
> 200GeV. Third, the normalisation of the 𝑡𝑡 events is ad-

justed to get the MM prediction to agree with the 𝑚lep
𝑇

template for 
𝑚
lep
𝑇

> 200GeV. The second and third steps are then repeated until the 
predicted multijet yield changes by less than 1% from the previous it-
eration. An uncertainty of 100% is assigned to the multijet yield to 
account for the impact of systematic uncertainties in the modelling of 
prompt lepton processes and the fake-lepton efficiency. An additional 
uncorrelated uncertainty of 100% is applied to the multijet prediction 
for 𝑚lep

𝑇
< 200GeV to account for the uncertainty of the MM predic-

tion in that region due to the normalization of the 𝑡𝑡 background. To 
model the multijet shape in other variables and analysis regions, the 
MC sample for multijet production, scaled to the MM estimate, is used.

7. Systematic uncertainties

Systematic uncertainties are broadly grouped into the following two 
classes: experimental uncertainties, which are related to the modelling 
of the detector response and reconstruction of physics objects, and to 
the data-driven background estimate or the data-driven corrections to 
the simulated backgrounds; and theoretical uncertainties, which are re-
lated to the modelling of the physics processes by simulation. Unless 
stated otherwise, uncertainties from a common source are correlated 
across processes and regions in the final statistical analysis and the im-
pact of the uncertainties is allowed to be constrained by the likelihood 
fit to the data.

The largest systematic uncertainties are related to the modelling of 
𝑡𝑡 and single top backgrounds. The uncertainties in the theory for the 𝑡𝑡
prediction include the choice of MC generator (in this case, MC events 
were generated to NLO accuracy); ISR, FSR, and parton shower model; 

and shower matching scheme of simulated 𝑡𝑡 events. Each of these un-
certainties is evaluated by comparing the nominal 𝑡𝑡 prediction to the 
alternative MC samples, as described in Section 3. Modelling uncertain-
ties in the single top prediction include the choice of the parton shower 
and the matching of the NLO matrix element to the parton shower, 
which are evaluated using alternative samples as described in Section 3. 
Similarly, an uncertainty due to the choice of the 𝑡𝑡∕𝑊 𝑡 overlap re-
moval scheme is evaluated by comparing the nominal single top MC 
produced with DR scheme to the alternative sample produced with the 
DS scheme [87]. The DR scheme is found to be more compatible with 
the data at lower energies, while at higher energies, the DS scheme 
is observed to provide a better description of the data. To avoid ex-
trapolation of the DS versus DR uncertainty from the regions defined 
with low 𝑆T to those at high 𝑆T, this uncertainty is split into a high-𝑆T
component, applied to regions with 𝑆T > 1.9TeV, and a low-𝑆T com-
ponent, applied to regions with 1.4 < 𝑆T < 1.9TeV. For both the single 
top and the 𝑡𝑡 production, uncertainties in the PDF are obtained us-
ing the PDF4LHC15 combined PDF set [88]. The effect of QCD scale 
uncertainties is estimated by independently doubling or halving the 
renormalisation and factorisation scales for single top and 𝑡𝑡 produc-
tion, respectively. The QCD scale variation with the largest impact on 
the fit discriminant (𝑚lep

𝑇
) is used.

To simplify the statistical analysis, all the smaller backgrounds from 
𝑡𝑡𝑉 , 𝑍+jets, rare top processes and diboson production are grouped 
into a single category named “other”, and a single overall normalisa-
tion uncertainty of 50% is applied. This uncertainty of 50% is adopted 
from the uncertainty in 𝑍+jets events which has the largest relative 
uncertainty among the processes contained in the “other” category. The 
uncertainty in the 𝑍+jets contribution was estimated in the previous 
analysis [13] by investigating the mis-modelling of the jet multiplicity 
of 𝑍+jets events.

Experimental uncertainties include an uncertainty of 0.83% on 
the integrated luminosity measurement on the combined 2015−2018 
data [22], obtained using the LUCID-2 detector [23] for the primary 
luminosity measurements. Uncertainties in leptons arise from poten-
tial mis-modelling of the electron and muon energy scales and reso-
lutions [62,64] and from uncertainties in the correction factors to the 
electron and muon trigger, reconstruction, identification and isolation 
efficiencies [62,63].

Small-𝑅 jets have uncertainties in the JES, the JER [68] and on the 
JMS [77]. An uncertainty is assigned to the JVT selection efficiency [69]
and to the reweighting factors that correct the pile-up profile in MC 
simulations to match that in data. Similarly, JES, JER [77] and JMS 
uncertainties, and in addition JMR [78] systematic uncertainties are 
assigned to large-radius jets. An uncertainty related to the scale and 
resolution of the track soft term in the 𝐸miss

T calculation [74] is applied.
Uncertainties in the 𝑏-tagging algorithm selection efficiency include 

uncertainties in the 𝑏-jet selection efficiency, 𝑐-jet and light jet mistag 
rate correction factors and additional components from the extrapola-
tion of the calibrations to high 𝑝T and from 𝑐-jets to 𝜏 leptons [71–73]. 
An uncertainty is assigned to the efficiency correction of the 𝑊 boson 
tagging algorithm [79,81].

Uncertainties in the data-driven corrections for simulated back-
grounds or in the data-driven multijet event estimate are briefly listed 
below and detailed in Section 6. The uncertainty in the data-driven 
correction for simulated 𝑊+jets events is 60%. This is among the 
dominant systematic uncertainties, though still much smaller than the 
statistical uncertainty of the data set. The uncertainty in the 𝑡𝑡 𝑆T shape 
reweighting consists of a statistical component and a systematic compo-
nent from the uncertainty in the single top contribution in the 𝑡𝑡RWR. 
The two components affecting the multijet background estimate in-
clude a global 100% uncertainty in the MM estimate and an additional 
100% uncertainty for reconstructed VLQ invariant masses 𝑚lep

𝑇
below 

200 GeV.
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Fig. 4. Distribution for 𝑚lep
𝑇

for data (dots) and predictions (histograms with various colours) in the five fit regions ((a) 𝑆Low
T Δ𝑚CR, (b) 𝑆High

T Δ𝑚CR, (c) 𝑡𝑡CR, (d) 
SR1, and (e) SR2, respectively) after the simultaneous fit to data under the background-only hypothesis (Post-Fit). The binning in 𝑚lep

𝑇
was optimised to maximise 

the sensitivity to the signal in the signal regions while it is ensured that each bin of the fit regions contains a reasonable number of data events to guarantee good 
fit behaviour. The lower panel of each plot shows the ratio of data and predicted background yields. The arrow indicates that the ratio point is outside the ordinate 
range. The overflow events are included in the last bin. The error bars include the statistical uncertainty and the shaded band represents the systematic uncertainty 
after the likelihood fit (see text). The dashed green histograms in (d) SR1 and (e) SR2 show the shape for the signal with 𝑚VLQ = 1400GeV and B(𝑇 →𝑊 𝑏) = 1
scaled to the total background prediction. The expected signal event yields in each of the fit regions are displayed in Table 3.

8. Statistical analysis and results

The presence of the VLQ signal is tested by using a fit to the re-
constructed mass distributions of the leptonically decaying 𝑇 candidate 
(𝑚lep

𝑇
) from the signal regions SR1 and SR2 and control regions 𝑡𝑡CR, 

𝑆Low
T Δ𝑚CR, and 𝑆High

T Δ𝑚CR, denoted fit regions. The mass of the lep-
tonically decaying 𝑇 -quark is chosen because it is found to have a better 
resolution and sensitivity than the mass of the hadronically decaying 
𝑇 -quark. The fit maximises a binned likelihood function, L(𝜇, 𝜽), con-
structed as a product of Poisson probabilities for all bins considered in 
the search and depends on the parameter of interest 𝜇 and a vector 
of nuisance parameters (NP) 𝜽. The parameter of interest is the signal 
strength 𝜇 = 𝜎test∕𝜎theory, where 𝜎test is the value for the VLQ cross-
section being tested and 𝜎theory is the theoretical prediction. Each NP 𝜃𝑖
encodes a systematic uncertainty with a Gaussian function prior, except 
the normalisations of the 𝑡𝑡 and single top backgrounds, which are un-
constrained, and the statistical uncertainties due to the finite size of the 

Table 2

Event yields in the five fit regions after the fit to the data under the 
background-only hypothesis. The uncertainties include statistical and system-
atic uncertainties. The uncertainties in the individual background components 
can be larger than the uncertainty in the sum of the backgrounds due to cor-
relations.

SR1 SR2 𝑆
High
T Δ𝑚CR 𝑡𝑡CR 𝑆Low

T Δ𝑚CR

𝑡𝑡 257 ±33 74 ±14 46 ±9 1513 ±150 127 ±18
𝑊+jets 61 ±25 17 ±7 12 ±5 213 ±90 24 ±10
Single Top 53 ±19 40 ±14 23 ±10 340 ±120 60 ±20
Other 48 ±21 15 ±7 7.5 ±3.4 160 ±70 14 ±6
Multijet 3 ±11 0.9 ±3.1 0.7 ±2.4 10 ±40 1 ±5

Total 422 ±21 146 ±11 89 ±8 2240 ±60 226 ±13

Data 430 142 83 2235 232

MC samples, which are included as one additional NP per bin that ac-
counts for the statistical uncertainty of the total estimated yield in the 
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Table 3

Expected 𝑇 𝑇̄ event yields in the five fit regions for various VLQ scenarios. The uncertainties 
include statistical and systematic uncertainties.

Yields for B(𝑇 →𝑊 𝑏) = 1:

𝑚VLQ∕GeV SR1 SR2 𝑆
High
T Δ𝑚CR 𝑡𝑡CR 𝑆Low

T Δ𝑚CR

1200 83 ±4 26.9 ±1.3 9.5 ±0.6 18.7 ±0.6 1.65 ±0.11
1400 27.6 ±1.7 10.6 ±0.7 4.6 ±0.4 2.41 ±0.10 0.24 ±0.04
1600 8.6 ±0.6 3.59 ±0.24 1.87 ±0.14 0.273 ±0.017 0.066 ±0.009
1800 2.69 ±0.23 1.47 ±0.11 0.81 ±0.06 0.057 ±0.006 0.0076 ±0.0015

Yields for SU(2) singlet 𝑇 :

𝑚VLQ∕GeV SR1 SR2 𝑆
High
T Δ𝑚CR 𝑡𝑡CR 𝑆Low

T Δ𝑚CR

1200 42.9 ±2.1 20.4 ±1.2 9.8 ±0.8 12.5 ±0.5 1.49 ±0.08
1400 14.8 ±0.9 7.7 ±0.5 4.2 ±0.4 1.71 ±0.08 0.267 ±0.024
1600 4.66 ±0.32 2.58 ±0.18 1.82 ±0.16 0.246 ±0.013 0.057 ±0.004
1800 1.53 ±0.13 0.94 ±0.07 0.75 ±0.06 0.0526 ±0.0023 0.0101 ±0.0007

Fig. 5. Expected (dashed black line) and observed (solid black line) upper limits at the 95% CL on the 𝑇𝑇 cross-section as a function of 𝑇 -quark mass for (a) the 
B(𝑇 →𝑊 𝑏) = 1 scenario and (b) in the SU(2) singlet 𝑇 scenario. The green and yellow bands correspond to ±1 and ±2 standard deviations around the expected 
limit, respectively. The thin red line shows the theoretical prediction.

given bin. If an uncertainty would impact the normalisation or shape of 
all bins for a given process by less than 1%, the NP is removed from the 
fit for that process. The test statistic 𝑞𝜇 is defined as the profile likeli-

hood ratio, 𝑞𝜇 = −2ln(L(𝜇, ̂̂𝜽𝜇)∕L(𝜇̂, ̂𝜽)), where 𝜇̂ and 𝜽̂ are the values 
of the parameters that maximise the likelihood function (with the con-

straint 0 ≤ 𝜇̂ ≤ 𝜇), and ̂̂𝜽𝜇 are the values of the nuisance parameters 
that maximise the likelihood function for a given value of 𝜇. The com-
patibility with the background-only hypothesis for the observed data is 
tested by setting 𝜇 = 0 in the profile likelihood ratio. Upper limits on 
the cross-section times branching ratio for a given signal are derived by 
using 𝑞𝜇 in the modified frequentist CLs method [89,90], approximated 
using the asymptotic formulae [91]. For a given signal, the cross-section 
times branching ratio is excluded at ≥ 95% confidence level (CL) when 
CLs < 0.05.

Fig. 4 shows the 𝑚lep
𝑇

distribution in each of the five fit regions after 
the simultaneous fit to the background-only hypothesis to data. The 𝑚lep

𝑇
distributions of the SM backgrounds show a steep decline towards high 
𝑚
lep
𝑇

, whereas the signal 𝑚lep
𝑇

distribution is expected to peak close to the 
simulated 𝑚VLQ, at high 𝑚lep

𝑇
in SR1 and SR2, effectively distinguishing 

it from the SM backgrounds. The corresponding event yields are listed in 
Table 2. The uncertainty in the total prediction does not equal the sum 
in quadrature of the individual component due to correlations between 
the fit parameters. The expected number of 𝑇 𝑇̄ signal events in each 
of the five fit regions are given in Table 3 for various VLQ scenarios. 
The compatibility with the background-only hypothesis for the data is 
estimated by integrating the distribution of the test statistic above the 
observed value of 𝑞0. This value is computed for each signal scenario 
considered, defined by the assumed mass of the 𝑇 -quark and the three 

decay branching ratios. These results assume the 𝑇 -quark has a narrow 
width.

No significant excess above the background expectation is found. 
Upper limits at the 95% CL on the 𝑇 𝑇̄ production cross-section are set 
for two benchmark scenarios as a function of 𝑇 -quark mass 𝑚VLQ and 
compared with the theoretical prediction from TOP++ 2.0 (see Fig. 5). 
The resulting lower limit on 𝑚VLQ is determined using the central value 
of the theoretical cross-section prediction.

For B(𝑇 → 𝑊 𝑏) = 1 and 𝑇 -quark masses from 1000GeV to 
2000GeV, 𝑇 𝑇̄ production cross-sections greater than 10.1 fb to 0.27 fb
are excluded at 95% CL. Comparing to the theory cross-section, this 
results in an observed (expected) lower limit on the 𝑇 -quark mass 
of 𝑚VLQ >1700 𝐺𝑒𝑉 (1570 GeV) for this scenario. For branching ra-
tios corresponding to the SU(2) singlet 𝑇 scenario, the observed (ex-
pected) 95% CL lower mass limit is 𝑚VLQ >1360 𝐺𝑒𝑉 (1360 GeV). 
The sensitivity of the analysis is limited by the statistical uncertainty 
in the data sample size. Including all systematic uncertainties for the 
B(𝑇 →𝑊 𝑏) = 1 scenario degrades the expected cross-section limit by 
less than 3.7% for any of the tested masses, and reduces the expected 
mass limit by only 10 GeV.

In the signal region, the prediction is found to slightly overestimate 
the data in the signal-sensitive high mass tail of the 𝑚lep

𝑇
distribution. 

Therefore, the observed limits on the signal cross-section, and thus also 
on the signal mass 𝑚VLQ, are generally more stringent than the expected 
limits. Large bin-to-bin variations between 1000 to 1600 GeV in the 
𝑚
lep
𝑇

distribution are observed in SR1, with an excess relative to the 
prediction in one bin and deficits in three bins. However, no signal 
model is compatible with the narrow excess in SR1, as the width of the 
𝑚
lep
𝑇

distribution for any of the signal models would be much wider than 
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Fig. 6. (a) Expected and (b) observed 95% CL lower limits on the mass of the 𝑇 -quark in the branching-ratio plane of B(𝑇 →𝑊 𝑏) versus B(𝑇 →𝐻𝑡). Contour lines 
are provided to guide the eye. The white region is due to the lower mass limit falling below 1000GeV, the lowest signal mass considered in this search. The yellow 
marker indicates the branching ratio for the SU(2) singlet 𝐵 scenario.

Fig. 7. (a) Expected and (b) observed 95% CL lower limits on the mass of the 𝐵-quark in the branching-ratio plane of B(𝐵→𝑊 𝑡) versus B(𝐵→𝐻𝑏). Contour lines 
are provided to guide the eye. The white region is due to the lower mass limit falling below 1000GeV, the lowest signal mass considered in this search. The yellow 
marker indicates the branching ratio for the SU(2) singlet 𝐵 scenario.

the observed one-bin excess. Additionally, no such excess or large bin-
to-bin variations of the data are observed in SR2. The narrow excess 
in SR1 does lead to weaker observed cross-section limits in an 𝑚VLQ
interval between around 1250GeV to 1500GeV relative to the rest of 
the 𝑚VLQ spectrum.

In the previous search by ATLAS performed on a fraction of this 
data set with an integrated luminosity of 36 fb−1 [13], observed (ex-
pected) 95% CL mass limits of 1350 GeV (1310 GeV) for the scenario 
B(𝑇 →𝑊 𝑏) = 1 and 1170 GeV (1080 GeV) for a singlet 𝑇 were found. 
The present search thus extends the observed mass limits by 350 GeV 
and 190 GeV for the B(𝑇 →𝑊 𝑏) = 1 and singlet 𝑇 case, respectively. 
The increase of the mass limits can almost entirely be attributed to 
the increase in the size of the data sample from 36 fb−1 to 140 fb−1, 
but about 15% (20%) of the improvement on the mass limits for the 
B(𝑇 →𝑊 𝑏) = 1 (singlet 𝑇 ) scenario is expected to come from changes 
in the analysis strategy, especially from improvements to the 𝑊 boson 
tagging and the slicing of the signal region into two regions, SR1 and 
SR2 according to Δ𝑚VLQ.

To check that the results do not depend on the weak-isospin of the 
𝑇 -quark in the simulated signal events, a sample of 𝑇 𝑇̄ events with 
a mass of 1.2 TeV was generated for an SU(2) doublet 𝑇 -quark and 
compared with the nominal sample of the same mass generated with 
an SU(2) singlet 𝑇 -quark. Both the expected number of events and 
expected excluded cross-section are consistent between the two sam-
ples. Thus the limits obtained are also applicable to VLQ models with 

non-zero weak-isospin. As there is no explicit use of charge identifica-
tion, the B(𝑇 →𝑊 𝑏) = 1 limits are applicable to the pair-production of 
vector-like 𝑌 -quarks of charge −4∕3, which decay exclusively into 𝑊 𝑏.

In addition to the benchmark scenarios, other combinations of 𝑇
branching ratios are tested by reweighting the relative contributions 
of the three 𝑇 -quark decay modes. Fig. 6 shows the expected and ob-
served lower limits on the 𝑇 -quark mass as a function of B(𝑇 →𝑊 𝑏)
and B(𝑇 →𝐻𝑡). For each point in the figure, the branching ratios for 
𝑇 →𝑍𝑡 decay are determined by the requirement B(𝑇 →𝑊 𝑏) +B(𝑇 →
𝐻𝑡) + B(𝑇 → 𝑍𝑡) = 1. Although the analysis is designed to search for 
𝑇 𝑇̄ , it also has sensitivity to 𝐵𝐵̄ production. Fig. 7 shows the expected 
and observed lower limits on the 𝐵-quark mass as a function of B(𝐵→
𝑊 𝑡) and B(𝐵→𝐻𝑏), with B(𝐵→𝑍𝑏) = 1 −B(𝐵→𝑊 𝑡) −B(𝐵→𝐻𝑏). 
For the B(𝐵→𝑊 𝑡) = 1 case, a lower limit on the 𝐵-quark mass of 1345
GeV (1196 GeV) is observed (expected). Similarly to the B(𝑇 →𝑊 𝑏) = 1
case, the B(𝐵→𝑊 𝑡) = 1 limits are applicable to the pair-production of 
vector-like 𝑋-quarks.

9. Conclusion

Pair-produced vector-like 𝑇 -quarks are searched for in events with 
exactly one electron or muon, missing transverse momentum and jets 
using the full Run 2 ATLAS data set. Final states compatible with the 
decay of a pair of heavy vector-like quarks are selected and a combined 
fit to the mass of the reconstructed vector-like quark in three control 
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regions and two signal regions is made. No significant excess over the 
background expectation is observed and 95% CL upper limits are set 
on the vector-like quark cross-section and lower bounds are set on 
the vector-like quark mass. The search is optimised for 𝑇 𝑇̄ →𝑊 𝑏𝑊 𝑏, 
thus the most stringent limits are set for B(𝑇 →𝑊 𝑏) = 1. For this sce-
nario, masses below 1700 GeV (1570 GeV) are observed (expected) 
to be excluded at 95% CL, which is the current strongest limit for 
this production and decay mode. The limits for B(𝑇 → 𝑊 𝑏) = 1 also 
apply to a vector-like 𝑌 -quark with charge −4∕3, which decays exclu-
sively into 𝑊 𝑏. The observed (expected) lower mass limit for the weak 
isospin singlet 𝑇 model is 1360 GeV (1360 GeV) and limits for other 
𝑇 -quark branching ratios are presented in the plane of B(𝑇 →𝑊 𝑏) vs. 
B(𝑇 → 𝐻𝑡). The analysis was also used to set limits on the mass of 
𝐵-quarks as a function of branching ratios. This search improves the 
previous result that used 36 fb−1 of ATLAS data by 350 GeV for the 
scenario B(𝑇 →𝑊 𝑏) = 1 and by 190 GeV in the 𝑇 singlet case.
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