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Search for pair-produced vectorlike quarks coupling to light quarks
in the lepton plus jets final state using 13 TeV pp collisions
with the ATLAS detector

G. Aad er al.”
(ATLAS Collaboration)

® (Received 31 May 2024; accepted 8 August 2024; published 24 September 2024)

A search is presented for the pair production of heavy vectorlike quarks (VLQs) that each decay into a W
boson and a light quark. This study focuses on events where one W boson decays into leptons and the other
into hadrons. The search analyzed 140 fb~! of pp collision data with /s = 13 TeV, recorded by the
ATLAS detector from 2015 to 2018 during run 2 of the Large Hadron Collider. The final state is
characterized by a high-transverse-momentum isolated electron or muon, large missing transverse
momentum, multiple small-radius jets, and a single large-radius jet identified as originating from the
hadronic decay of a boosted W boson. With higher center-of-mass energy and integrated luminosity than in
the run 1 search, and improved analysis tools, this analysis excludes VLQs (Q) with masses below
1530 GeV at 95% confidence level for the branching ratio B(Q — W¢q) = 1, an improvement of 840 GeV

on the previous ATLAS limit.

DOI: 10.1103/PhysRevD.110.052009

I. INTRODUCTION

The Standard Model (SM) of particle physics has stood
as a highly successful theory for many decades. Despite its
successes, the SM falls short in explaining several phe-
nomena, including the matter-antimatter asymmetry, the
fermion mass hierarchy, and dark matter. A notable concern
within the SM framework is the issue of the Higgs boson’s
mass divergence [1], which arises from quantum correc-
tions due to interactions with other particles. Various
models have emerged to address these shortcomings of
the SM, such as top color [2,3], little Higgs [4], composite
Higgs [5,6], and the left-right mirror models [7]. A
common thread among these models is the introduction
of additional particles known as vectorlike quarks (VLQs),
for which the left- and right-handed chiralities transform
identically under the electroweak gauge group SU(2) x
U(1) [8,9]. These particles may either be composite states
linked to the strongly coupled sector or interact with same-
charge SM quarks. At the Large Hadron Collider (LHC), a
single VLQ can be produced via the electroweak inter-
action, whereas pair production takes place via the strong
interaction. The cross section for pair production depends
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only on the VLQ mass, while for single production the
cross section depends on the coupling parameter [10-12].

Most past searches have focused on models with VLQs
that mix with third-generation quarks, while only a few have
considered mixing with lighter generations [13—16]. The
previous best lower limit on the mass of new heavy quarks
(Q) that decay to light SM quarks is from the CMS
Collaboration, using run 1 data [16]. For pair production,
VLQs with masses below 845 GeV are excluded for
branching ratio B(Q — W¢q) = 1, and for single production,
masses below 685 GeV are excluded for a weak-isospin
singlet @, corresponding to B(Q — Wq:Zq:Hgq) =
0.5:0.25:0.25 [11]. The previous ATLAS searches for
single and pair production of such VLQs were performed
at+/s = 7 and 8 TeV [13,15,17]. In addition, the analysis in
Ref. [18] sets even stronger limits by reinterpreting and
combining various channels with current LHC measure-
ments to VLQs.

The present search focuses on pair production of VLQs
that decay into a W boson and a light quark (QQ —
WqgWgq, with g =u, d, or s) using 140 fb~! of pp
collisions with /s = 13 TeV collected by the ATLAS
detector. Figure 1 illustrates a characteristic Feynman
diagram for this process. Consequently, this analysis
complements the more common searches for top- and
bottom-partner VLQs that are assumed to mix only with
the third-generation SM quarks [19-23]. The event selec-
tion targets the final state where one W boson decays
leptonically, which greatly reduces the multijet back-
ground, and the other W boson decays hadronically, which
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FIG. 1. Tllustrative Feynman diagram of pair production of the

vectorlike quarks. Each vectorlike quark decays into a light quark
and either a W boson, a Z boson, or a Higgs boson.

has a large branching ratio. Events are selected in this
channel, requiring a high- pt charged lepton (£ = e or ),
missing transverse momentum, and a minimum of three
jets (comprising two small-radius jets and a large-radius
jet). For better discrimination between signal and back-
ground, the search leverages the distinct topology of the
high-pt decay products from the VLQs, particularly the
highly boosted W bosons, and the transverse momentum
balance between these products. The masses of VLQs

where the W bosons decay leptonically (ml\‘;‘EQ) and

hadronically (m‘\‘,aLdQ) are reconstructed from the final-

state particles after employing several kinematic require-
ments to isolate a high-purity sample of signal-like
events. The final step involves scrutinizing the number
of observed events for any signal-like excess over the SM
prediction.

II. ATLAS DETECTOR

The ATLAS experiment [24] at the LHC is a multipur-
pose particle detector with a forward-backward symmetric
cylindrical geometry and a near 4z coverage in solid
angle.1 It consists of an inner tracking detector (ID)
surrounded by a thin superconducting solenoid providing
a 2 T axial magnetic field, electromagnetic and hadronic
calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range |n| <2.5. It
consists of silicon pixel, silicon microstrip, and transition

'ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward. Polar
coordinates (r, ¢b) are used in the transverse plane, (¢) being the
azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle (0) as 7 = — Intan(6/2) and is equal to

the rapidity y zéln(léf[’z <) in the relativistic limit. Angular
& T g

distance is measured in units of AR =

radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy
measurements with high granularity within the region
In| < 3.2. A steel/scintillator-tile hadronic calorimeter cov-
ers the central pseudorapidity range (|n| < 1.7). The end
cap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements
up to || =4.9. The muon spectrometer surrounds the
calorimeters and is based on three large superconducting
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 up to || = 2.7 and
fast detectors for triggering up to || = 2.4. The luminosity
is measured mainly by the LUCID-2 [25] detector, which is
located close to the beam pipe. A two-level trigger system is
used to select events [26]. The first-level trigger is imple-
mented 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. A software suite [27] 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 systems of the experiment.

III. DATA AND SIMULATED EVENT SAMPLES

The analysis uses the ATLAS run 2 data collected during
2015-2018, with an integrated luminosity of 140.1 &+
1.2 fb~! [25,28] from pp collisions at a center-of-mass
energy of /s = 13 TeV. Data quality requirements [29]
were applied while choosing the events to be analyzed.
These requirements include stable-beam conditions with all
detector subsystems and relevant components operational
while recording the data.

Monte Carlo (MC) simulated event samples are used to
model the background and signal events. All samples were
produced using the ATLAS simulation infrastructure [30]
and Gean4 [31] to simulate the response of the detector.
Data-driven corrections were applied to simulated
W + jets, f1, single-top and multijet events, while all other
processes were estimated in a purely MC-driven way. The
effects of pileup, which refers to additional proton-proton
interactions in an event, were modeled by overlaying the
hard-scattering events with minimum-bias events, simu-
lated using the soft QCD processes of PYTHIA 8.186 [32]
with the A3 set of tuned parameters (“tune”) [33].
Differences between the pileup conditions in data and
simulation are taken into account by reweighting the mean
number of interactions per bunch crossing in simulation to
the one observed in data.

Signal samples simulating pair-produced vectorlike
quarks QQ were generated at leading order (LO) with
MadGraph 5 [34] using the NNPDF3.0NLO [35] parton distri-
bution function (PDF) set, and interfaced with PYTHIA 8.186
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to model the parton shower, hadronization, and underlying
event. The samples were produced for the weak-isospin
singlet model in the narrow-width approximation with
masses from 800 GeV to 2 TeV, in steps of 100 GeV.
Dedicated signal samples were also produced for a VLQ
from a weak-isospin doublet for the 1.2 TeV mass point and
used to confirm that kinematic differences between the
singlet and doublet models have a negligible effect on the
results. The final results are also tested for other branching
ratio scenarios by performing event-by-event reweighting
using the generator’s decay information. The signal sample
cross sections were calculated with TOP++ 2.0 [36] at next-
to-next-to-leading order (NNLO) in QCD including the
resummation of next-to-next-to-leading logarithmic soft-
gluon terms.

The production of a single W boson in association with
jets is the dominant background. The production of V+ jets
(V=W, Z) was simulated with the Sherpa 2.2.11 [37]
generator using next-to-leading-order (NLO) matrix ele-
ments for up to two partons, and LO matrix elements for up
to five partons, calculated with the Comix [38] and OpenLoops
[39—41] libraries. They were matched with the Sherpa parton
shower [42] using the MEPS@NLO prescription [43—46] and
the set of tuned parameters developed by the Sherpa authors.
The NNPDF3.0NNLO [35] PDF set was used and the samples
were normalized to a NNLO prediction [47]. Generator-
level W + jets samples were also produced with the Catani-
Krauss-Kuhn-Webber (CKKW) merging/matching scale
shifted from 20 to 15 GeV or 30 GeV, or with the
resummation scale (QSF) parameters varied from 1 to
0.25 or 4, to estimate the related uncertainties.

The production of 77 events was modeled using the
POWHEG BOX[v2] [48-51] generator at NLO with the
NNPDF3.ONLO PDF set and the /hgymp parameter2 set to
1.5 myq, [52]. The events were interfaced to PYTHIA 8.230 to
model the parton shower, hadronization, and underlying
event, with parameter values set according to the A14 tune
[53] and using the NNPDF2.3LO set of PDFs [54]. The impact
of using a different parton shower and hadronization model
was evaluated by replacing PYTHIA 8.230 with Herwig 7.0
[55,56], using the H7UE tune [56] and the MMHT2014LO
PDF set [57]. To assess the uncertainty in the matching
of NLO matrix elements to the parton shower, the
POWHEG sample was compared with a sample of events
generated with MadGraph5_aMC@NLO 2.6.0 [58] interfaced
with PYTHIA 8.230. The MadGraph5_aMC@NLO calculation
used the NNPDF3.0NLO PDF set, and PYTHIA 8 used the
NNPDF2.3LO PDF set with the Al4 tune. The potential
impact of underestimating the amount of initial-state
radiation (ISR) is assessed by comparing the nominal

The haamp parameter is a resummation damping factor and
one of the parameters that control the matching of POWHEG matrix
elements to the parton shower and thus effectively regulates the
high-pr radiation against which the ¢7 system recoils.

sample with another that increases the hg,m, value to 3
myep, halves the renormalization and factorization scales,
and utilizes the “Var3cUp” weight from the Al4 tune.
Conversely, a possible overestimation of the amount of ISR
is examined by doubling the renormalization and factori-
zation scales in another sample and selecting the
“Var3cDown” weight from the Al4 tune. Additionally,
the uncertainty related to modeling of final-state radiation
(FSR) is evaluated by either doubling or halving the
renormalization scale for emissions from the parton shower.

Background events may also originate from the produc-
tion of single-top-quark events. The main contribution to
this background comes from top quarks associated with a W
boson (tW), while #- and s-channel single-top production
gives only a minor contribution. The single-top background
was modeled by the POWHEG BOX[v2] [49—51,59] generator
at NLO in QCD using the five-flavor scheme and the
NNPDF3.0NLO set of PDFs. The events were interfaced with
PYTHIA 8.230, which used the A14 tune. Comparisons with
samples generated by MadGraph5_aMC@NLO 2.6.2 at NLO in
QCD are used to estimate the uncertainty in the matching of
NLO matrix elements to the parton shower. The parton
shower and hadronization uncertainties are evaluated from
comparisons with samples generated with an alternative
showering program, Herwig7.04, using the H7UE tune and the
MMHT2014L0 PDF set. For the tW samples, the diagram
removal (DR) scheme [60] was used to remove interference
and overlap with #7 production. The related uncertainty was
estimated by comparing these samples with an alternative
sample generated using the diagram subtraction (DS)
scheme [52,60].

The contributions from other processes are nearly
negligible relative to the overall background. The largest
additional background contribution comes from the pro-
duction of two bosons, either two vector bosons (VV) or a
vector boson and a Higgs boson (VH), with at least one
lepton in the final state. Diboson events with multiple
leptons in the final state are strongly disfavored by
requiring exactly one reconstructed lepton in the final
state. The VV samples were generated with Sherpa[2.2.2],
whereas the VH samples were generated with PYTHIA 8.186.
Fully leptonic final states and semileptonic final states,
where one boson decays leptonically and the other hadroni-
cally, were generated using matrix elements at NLO
accuracy in QCD for up to one additional parton and at
LO accuracy for up to three additional parton emissions.
Samples for the loop-induced gg — V'V processes were
generated using LO-accurate matrix elements for up to one
additional parton emission for both the fully leptonic and
semileptonic final states. The MEPS@NLO prescription was
used to match and merge the matrix element calculations
with the Sherpa parton shower based on Catani-Seymour
dipole factorization [38,42]. The virtual QCD corrections
were provided by the OpenlLoops library. The NNPDF3.0NNLO
set of PDFs was used, along with a dedicated set of tuned
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parton-shower parameters developed by the Sherpa authors.
Finally, production of 7V events was modeled using
the MadGraph5_aMC@NLO 2.3.3 generator at NLO with the
NNPDF3.0NLO PDFs, interfaced to PYTHIA 8.210 using the
A14 tune and the NNPDF2.3LO PDF set. Multijet events were
simulated using the Sherpa[2.1.1] generator with the default
CT10 PDF set [61].

IV. OBJECT RECONSTRUCTION

Electrons are reconstructed from energy clusters in the
EM calorimeter matched with ID tracks. Electron candi-
dates must be located in the central region of the detector
(In] < 2.47), have py > 27 GeV, and be matched to a track
with |z sin @] < 0.5 mm and |dy/6,,| < 5, where d, is the
track’s transverse impact parameter with respect to the
hard-scatter vertex and its uncertainty is given by o, and
Zq 1s its longitudinal impact parameter. Candidates in the
transition region between the EM calorimeter’s barrel and
end cap sections (1.37 < || < 1.52) are excluded. A
“baseline electron” selection requires electrons to satisfy
the Medium likelihood identification criteria with no
selection on the isolation. Alternatively, a “tight electron”
selection requires satisfying the Tight likelihood identi-
fication criteria, with loose isolation requirements [62].

The first isolation requirement is Ef% /p% < 0.2, where

p4 is the electron candidate’s pr, and EX°! s the energy
deposited in the calorimeter within a cone of angular size
AR = 0.2 around the candidate’s direction, with energy
leakage and pileup contributions subtracted. The second
requirement is pi9, /p4 < 0.15, where pi, is the sum
of the track pr, excluding the electron candidate, within a
cone of size AR = min(0.2,10 GeV/p5). Data-based
scale factors [62] are employed to correct for variations
in reconstruction, identification, isolation, and trigger
efficiencies between data and simulation.

Muons are reconstructed [63] using combined tracks in
the MS and the ID. Baseline muons must meet Loose
identification criteria with no isolation requirements,
while tight muons must satisfy Tight identification criteria
[63] and meet the track-based isolation requirements
defined by the “TightTrackOnly” working point. This
working point uses the scalar sum of the py of all tracks
that are within a cone of size AR = min(0.3, 10 GeV/pf)
around the muon candidate, where p4 is the muon
candidate’s 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 p. All muon
candidates must also satisfy |zosinf| < 0.5 mm and
|dy/64,] < 3. Muons are required to have pp > 25 GeV
and a reconstruction limit of || < 2.5. Efficiency scale
factors are applied to account for differences in muon
reconstruction, identification, vertex association, isola-
tion, and trigger efficiencies between simulation and
data [63].

Small-radius (small-R) jet candidates are formed from
particle-flow objects [64], utilizing the anti-k, algorithm
[65,66] with a radius parameter of R = 0.4. The particle-
flow algorithm combines information from ID tracks and
calorimeter energy deposits to construct input for jet
reconstruction. The jet energy is calibrated to the particle
scale, i.e. without detector effects, through a series of
corrections, including simulation-based adjustments and
in situ calibrations [67]. Jets are required to have pt >
25 GeV and || < 2.5. To reject jets originating from pileup
interactions, jet candidates with || < 2.4 and 20 < pr <
60 GeV must satisfy the tight jet-vertex-tagger (JVT)
criterion [68]. Small-R jets containing a b-hadron decay
are identified using the DLIr algorithm [69]. Jets are
considered b-tagged if they meet the operating point criteria
for 70% efficiency [70]. The b-tagging efficiencies in
simulation, as well as the charm and light mistag rates,
are corrected to match those in data [71,72].

Large-radius (large-R) jets are constructed from noise-
suppressed topological calorimeter-cell clusters with the
anti-k, algorithm with a radius parameter of R = 1.0, and
calibrated using local hadronic cell reweighting [73]. These
large-R jets are required to have pr > 200 GeV and || < 2.

A W-boson tagging algorithm identifies high-pr
hadronically decaying W bosons that produce a single
collimated large-R jet [74], with 80% efficiency. It uses
criteria based on the mass of the large-R jet, the number of
ID tracks associated with the jet, and the energy correlation
function ratio D, [74,75]. Scale factors adjust the W-boson
tagging efficiency in simulation to match that in data [76].

The missing transverse momentum is calculated as the
negative vectorial sum of the transverse momenta of all the
calibrated objects in an event, augmented by a track-based
soft term that accounts for energy depositions linked to the
event’s primary vertex but not attributed to any calibrated
object [77]. The magnitude of the missing transverse
momentum is denoted by ET!S and is required to exceed
250 GeV. In signal events, a significant amount of E%iss is
expected from the boosted leptonically decaying W boson.

An overlap removal procedure, based on the baseline
lepton definitions, is employed to avoid double counting of
ambiguous reconstructed objects. First, electron-muon
overlap is addressed by removing any muon that shares
a track in the ID with an electron if the muon is only
“calorimeter-tagged” (because of poor MS acceptance at
[n| = 0), or otherwise removing the electron. Subsequently,
overlap between jets and leptons is resolved by rejecting
any jets within AR = 0.2 of an electron and then rejecting
any electrons within AR = 0.4 of a jet. Similarly, jets are
rejected if they have fewer than three associated tracks and
are within AR = 0.2 of a muon candidate; otherwise, the
muon is rejected if it lies within AR = min(0.4,0.004 +
10 GeV/ph) of a jet.

An additional procedure to resolve overlaps between
small-R jets and large-R jets is described in Sec. V.
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TABLE 1.
regions.

Common preselection criteria for all analysis

= 1 isolated lepton (¢ = e or u) with p{i > 60 GeV
ERiss > 250 GeV
> 1 large-R jet with pp > 200 GeV
> 2 small-R jets with pr > 25 GeV
> 1 small-R jet with pr > 200 GeV
AR(small-R jets, Wy,q) > 1.0

V. EVENT SELECTION

This analysis focuses on the VLQ pair decay QQ —
WqWgq with one W boson decaying leptonically and the
other hadronically. A single-lepton trigger [78,79] was used
and events selected with this trigger were required to have
exactly one electron with pt > 27 GeV or one muon with
prt > 25 GeV. In addition to this, at least three small-R jets
with pr > 25 GeV, and E%iss > 250 GeV, are required.
These basic event-level requirements ensure the identifi-
cation of at least one quark from a hadronically decaying W
boson, two additional quarks coming directly from the two
VLQ decays, and one leptonically decaying W boson.

Events must satisfy a series of criteria referred to as the
“preselection” that significantly reduce the background
while retaining events consistent with the signal process.
As summarized in Table I, the preselection requires exactly
one charged lepton, large ET'*S, at least one large-R jet, and
at least two small-R jets. Events passing preselection have
two reconstructed W candidates. The leptonically decaying
W boson (W) is reconstructed by combining the lepton
and the reconstructed neutrino; where the neutrino is
reconstructed using the event’s E2* and the z-component
of the neutrino’s momentum, estimated by using the mass
of the W boson as a constraint. The hadronically decaying
W boson (W,,,4), is defined as the leading W-tagged large-R
jet. If no large-R jet meets the W-tagging criteria, then the
Whaa candidate is defined to be the large-R jet closest in
mass to the W boson [80]. Finally, an additional overlap
removal procedure requires small-R jets to be separated
from the Wy, candidate by AR > 1.0. Small-R jets that fail
this requirement are removed from the analysis and thus not
considered in the reconstruction of the VLQs.

The input for the VLQ pair reconstruction algorithm
consists of the Wy, and Wy, and the small-R jets after
overlap removal. The three leading small-R jets are then
paired with the reconstructed W bosons, and for each
pairing the invariant mass of each VLQ candidate is
computed. The pairing resulting in the smallest mass
difference [my}q, — miid| is chosen.

Events that pass the preselection are then categorized
into signal regions (SRs), reweighting regions (RwRs), and
validation regions (VRs). These regions are orthogonal, and
the RwRs and VRs are chosen to be kinematically close to

the SRs. The SRs are designed to maximize the sensitivity
to the possible presence of signal events. The RwRs have
high purity for a particular SM process and are used to
calculate data-driven corrections for that process. The
VRs are also dominated by a single SM process and are
used to validate the MC simulation’s modeling of the data
after corrections. Kinematic requirements for the variables
defining the SRs are chosen to optimize S/+/B for a signal
mass of 1400 GeV, since this is close to the expected
mass reach of the analysis for signal events in the WqgWgq
decay channel.

Two signal regions, SR1 and SR2, are defined for this
analysis. Using two SRs increases the sensitivity since
SR1 has a higher S/y/B than when using a single SR
combining SR1 and SR2. Events in either SR must have
zero b-tagged small-R jets, at least one W-tagged large-R
jet, Ag¢(lepton, EF™*) < 0.5, AR(Wiep, Whaa) > 0.8, and
St > 2000 GeV, where Sy is the scalar sum of the EMss
and the transverse momenta of the charged lepton and
selected small-R jets. This variable has higher discrimi-
nating power due to the large expected mass of the VLQ. A
final requirement separates the events into either SR1 or
SR2. SR1 requires A¢(lead jet, EFS) < 2.75, resulting in
a higher S/+/B. SR2 requires A¢(lead jet, EP'*) > 2.75,
selecting signal events not assigned to SR1, at the expense
of a small contribution from multijet events.

Three reweighting regions, WRwR, fRwR, and
multijetRwR, are used to correct for mismodeling in the
W —+ jets [81], ¢ plus single-top, and multijet background
predictions, respectively. In addition, the validation regions
WVR, VR, and multijetVR are defined in order to
validate the modeling of the W + jets, 7, and multijet
backgrounds in independent regions. Kinematic require-
ments for the SRs, RwRs, and VRs are summarized in
Table II in addition to the usage of region in the fit model of
the statistical analysis. The normalization of the multijet
MC samples is determined using multijetRwR. Both
tIRwR and WRwR are used to correct the normalization
and shape of the respective MC event distributions.

VI. BACKGROUND ESTIMATION

The background for this analysis is primarily due to W +
jets events, followed by #7 and single-top events. Except for
these and the multijet backgrounds, all other backgrounds
such as Z + jets, 1V, and diboson (VV and V H) events are
combined due to their small contributions and labeled as
“Other Bkgs.” These other backgrounds are estimated
purely from the MC simulations. Utilizing the RwRs
described above, reweighting factors are derived for W +
jets events, multijet events, and the combined #7 plus single-
top events. This reweighting is performed to correct the
normalization and shape of the St distribution for the W +
jets and ff plus single-top events. The reweighting is
determined by fitting the ratio of the observed data, after
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TABLE II. Selection criteria for the two signal regions and three reweighting and validation regions used in the analysis.
Variable SR1 (SR2) MultijetRwR MultijetVR WRwR WVR tIRwWR 1tVR
Nb»tags =0 =0 =0 =0 =0 >1 >1
Ny_ags >1 =0 >1 =0 >0 >1 =0
AR(Wlep, Whad) >0.8 <0.8 <0.8 >0.8 <0.8 <0.8 >0.8
Ag(lepton, ETiss) <05 <0.1 <0.1 > 0.1

St > 2000 GeV

Ad(leading jet, EWss) <275 (=2.75)

Included in fit Yes No No No No No No

subtracting the SM predictions for processes other than the
one being corrected, to the prediction for the process being
corrected. A normalization reweighting factor is derived for
the multijet background, while the normalization and shape
reweightings for W + jets events and the combined 7 plus
single-top events pertain to their St distributions, with the
above-described ratio fitted to a function of form

f(St) = Py +exp(P;S), (1)

where P, and P, are the fitted parameters. The reweight-
ings are derived in an iterative procedure, which terminates
when all reweightings change by less than 1% from the
previous iteration. In the first step of the first iteration,
the multijet normalization reweighting is derived in the
multijetRwR. In the second step of the first iteration, the
previously derived multijet reweighting is applied to
multijet events and then the /7RwWR is used to derive the
reweighting function for 77 and single-top events. For the
last step of the first iteration, the previously derived
reweightings are applied to the multijet events and the
ft and single-top events, and the reweighting for the
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W + jets background is derived in the WRwR and applied
to the W + jets events. These steps are repeated in the next
iteration. However, at the start of each step of this iteration,
only reweightings derived for samples other than the one
under consideration are applied to the relevant samples.
The previously derived reweighting for the sample under
consideration in the step is not used. For example, in the
first step of the second iteration, the multijet normalization
reweighting is rederived, but with only the reweightings
obtained for #7 plus single-top and W + jets from the first
iteration applied to the 77, single-top, and W + jets sam-
ples. This procedure was found to converge after just two
iterations, and a third iteration produced reweighting
factors almost identical to those obtained in the second
iteration.

Figure 2 shows the St distribution in the WRwR and
tIRwR after applying the reweighting for W + jets, #7, and
multijet events as determined in their respective reweight-
ing regions. The red marker in the data-to-background ratio
represents the ratio before the reweighting is applied,
whereas the black marker represents the ratio after the
reweighting is applied. The derived reweighting factors

—
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FIG. 2. Reconstructed St distribution in the (a) WRwR and (b) f7RwR after applying the reweighting corrections. The uncertainty
band includes all systematic uncertainties, as described in detail in Sec. VII. The lower panel shows the ratio of data to the SM prediction
before (red points) and after (black points) applying the reweighting corrections.
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Reconstructed mass distribution of leptonically decaying VLQ candidates in the (a) WVR and (b) 7VR after applying the

reweighting corrections. The uncertainty band includes all systematic uncertainties, as described in detail in Sec. VII. The lower panel
shows the ratio of data to the SM prediction before (red points) and after (black points) applying the reweighting corrections.

improve the modeling in the high-St regions. The mass of
leptonically decaying VLQ candidates is used as a dis-
criminating variable in the final likelihood fit. Improvement
in modeling is further validated in Fig. 3 by plotting this
discriminating variable, ml\?EQ, in the respective VRs for
W + jets and 77 backgrounds after applying the reweighting
and showing the data/MC ratios before and after the
reweighting.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties can be categorized into two
main types: modeling uncertainties and experimental
uncertainties. Modeling uncertainties encompass uncertain-
ties related to the modeling of specific physical processes
and the parameters chosen within those models. These
uncertainties are often related to calculations and assump-
tions in the underlying theory. Experimental uncertainties
concern detector setup, the modeling of the detector’s
response to the various objects, and the uncertainties in
the data-driven corrections.

The uncertainty in the combined 2015-2018 integrated
luminosity is 0.83% [28], obtained using the LUCID-2
detector [25] for the primary luminosity measurements.
Pileup corrections are performed by adjusting the pileup
distribution in simulated data to match the real data.
Uncertainties are then calculated by varying the correction.

Uncertainties related to electron and muon energy-scale
calibration and resolution, and electron and muon
reconstruction, identification, and isolation efficiencies
are considered [62,63,82]. Variations are also applied to
account for uncertainties in the muon spectrometer’s track
resolution and momentum scale.

Uncertainties in the jet energy scale and jet energy
resolution [67] are taken into account for both small-R jets
and large-R jets. In addition, the jet mass scale [83] and jet
mass resolution [84] are considered for both the small-R
and large-R jets. The systematic uncertainty associated with
the JVT requirement is estimated by varying the scale factor
used to raise or lower the JVT efficiency in simulation
within its uncertainties.

The b-tagging efficiency corrections include uncertainties
from the b-tagged-jet selection. An uncertainty in extrapo-
lating of the b-tagging efficiency calibration to high jet pr is
considered. Systematic uncertainties in the W-tagging
efficiency and inefficiency corrections are applied [74].

Uncertainties in data-driven corrections to simulated
events, as described in Sec. VI for processes such as
multijets and #7, are considered in the analysis. For ¢ and
W + jets, two shape uncertainties apply to the calculated
reweighting corrections, corresponding to uncertainties in
the Py and P; parameters of the function f(St) = Py +
exp(P,St) introduced in Eq. (1). A uniform 40% normali-
zation uncertainty is assigned to 7 events based on the
prefit uncertainty at high St for these events. The limit is
not sensitive to the normalization of W + jets so it is
included as a free parameter in the final fit.

Uncertainties due to the choice of QCD scales are
estimated for the main backgrounds, from W + jets, f7,
and single-top events. These uncertainties are evaluated with
a six-point variation of the chosen renormalization and
factorization scales, evaluated by either doubling or halving
each, or both, from the nominal values. The uncertainty
due to the choice of PDF is estimated by using alternative
PDFs and also the PDF4LHC15 combined PDF set [85]. For
the W + jets samples, the uncertainties associated with
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matching the matrix elements to the parton showers, and
merging different jet multiplicities into an inclusive sample,
are estimated from comparisons between the samples with
altered CKKW merging/matching scales and QSF param-
eter values listed in Sec. III.

The effects of using an alternative MC generator, ISR and
FSR model, parton shower model, and shower matching
scheme are estimated by comparing the nominal 77 sample
with alternative samples, as explained in Sec. III. Similar
uncertainties were evaluated for the single-top events. In
addition, the uncertainty due to the choice of scheme to
eliminate interference and overlap between (W and 17
production is evaluated by comparing the nominal single-
top MC sample produced with the DR scheme with the
alternative sample produced with the DS scheme [52,60,86].

The analysis also has a small contribution from the
single-top and multijet backgrounds as well as other
backgrounds, which include Z + jets, ¢V, and diboson
(VV and VH) events. An uncertainty of 10% is assigned to
the cross section for the “other backgrounds” sample.
Studies showed that varying the uncertainties for the
single-top and multijet backgrounds between 10% and
100% had a negligible impact on the VLQ mass limit
expected in the absence of a signal, so a conservative
uncertainty of 100% is applied to these backgrounds.

All systematic uncertainties are found to have negligible
impact on the sensitivity compared to the statistical
uncertainty due to the data sample size.

VIII. STATISTICAL ANALYSIS AND RESULTS

The statistical analysis tests for the presence of VLQ
pair production by performing a fit over the two SRs. The

fit utilizes the reconstructed mass of the leptonically
decaying VLQ, ml\?EQ, as the fit variable of choice due
to the discriminating power provided by the VLQ mass
peak not present in SM backgrounds.

The SRs are fitted to maximize a binned likelihood
function £(u, ). This likelihood function L(u, ) is con-
structed from a product of Poisson probability terms over
all bins considered in the analysis. This function depends
on the parameter of interest, the signal strength parameter y,
which is a multiplicative factor applied to the theoretical
signal production cross section, and 6, a set of nuisance
parameters (NPs) which account for the effects of system-
atic uncertainties on the number of observed signal and
background events. The NPs are implemented as Gaussian
or log-normal priors in the likelihood. Therefore, the
number of events expected in a particular bin depends
on the parameters u and 6. The signal strength p is
determined by u = 6''/chY, where ¢ is the cross
section for VLQ pair production used in the fit and 6" is
the theoretical prediction. The NPs @ provide variations in
the signal and background event counts consistent with
systematic uncertainties. The fitted values of @ account for
the deviations from the nominal expectation that provides
the best fit to data.

To determine the statistical significance of our results,
the test statistic g, is taken to be the profile likelihood ratio:

g, = —2In (L(u, @,)/[Z(ﬁ, 0)) where o and 0 are the
parameter values that maximize the likelihood function,
subject to the condition 0 < ji < p, and 9ﬂ are the NP values
that maximize the likelihood function for a given value of p.

The results of the fit in the two SRs for the background-
only hypothesis, which assumes y = 0, are shown in Fig. 4.

[2] [}
g 70 ATLAS ¢ Data = ® [ ATLAS ¢ Data 7
it s = 13TeV, 140 fo" Ow +jets ] W 4oo[ Vs = 13TeV, 140 o Ow +jets -
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FIG. 4. Distribution for the reconstructed mass of the leptonically decaying VLQ, ml\?ﬁQ, in (a) SR1 and (b) SR2 after the fit using the
background-only hypothesis. For comparison, the shape of the VLQ signal distribution is overlaid for B(Q — Wq) = 1 with my o =
1400 GeV and normalized to the total background. The uncertainty bands include all systematic uncertainties described in Sec. VII. An
arrow in the bottom panel indicates that the given data point falls outside the range of the plot.
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TABLE III.  Event yields in the two SRs after the fit to the data
under the background-only hypothesis. The uncertainties include
statistical and systematic uncertainties.

Process SR1 SR2

W + jets 104 + 20 124 + 23
1t 13£11 23+ 15
Single top 11+16 12+ 15
Other backgrounds 21.3+3.0 304
Multijet 09=£09 34+£33
Total 150 £ 10 192 £ 12
Data 156 186

TABLE IV. Expected QQ event yields in the SRs for the
scenario B(Q — Wq) = 1. The uncertainties include statistical
and systematic uncertainties.

1300 31.0£2.9 150£1.2
1400 193£22 94+£0.38
1500 119+17 58+£05

The corresponding yields are listed in Table III. From this
fit one can see that the data are in good agreement with the
SM background prediction. The expected QQ event yields
for three different mass points in the SRs for the scenario
B(Q — Wq) =1 are listed in Table IV. To maximize the
sensitivity of the search, the two signal regions are
combined statistically, allowing the limits on the signal
strength to be translated into limits on the total cross
section. Upper limits at 95% confidence level (CL) are set
on the pair-production cross section for VLQs with masses
from 800 to 2000 GeV. Figure 5 shows the results for two
benchmark scenarios, one with B(Q — Wgq) =1 and
the other with B(Q — Wq:Zq:Hq) = 0.5:0.25:0.25 in

ire) I L
s 10g a7LAs —— ObservedLimit
G [ Vs=13Tev, 140" Expected Limit ]
(@] 1 ; B(Q- Wqg) =1 I Expected Limit + 16 ;
T % Limits at 95% CL Expected Limit + 26 g
g;. r —— Theory ]
& 107 E
102 <
10°E E

o b L b L L
800 1000 1200 1400 1600 1800 2000
My [GeV]

(a)

FIG.5.

the SU(2) singlet model. Comparing the observed limits on
the cross section with the theory prediction, VLQs with
masses below 1530 GeV are excluded for B(Q — Wgq) = 1
and VLQs with masses below 1150 GeV are excluded for
the SU(2) singlet model, while the expected limits for these
two cases allow myy o > 1500 and 1230 GeV, respectively.
This is an improvement of 840 GeV on the previous
ATLAS limit [15] and 685 GeV higher than the latest
CMS limit [16].

Although this analysis was optimized to search for VLQs
that decay into a W boson and a light quark, it also has
some sensitivity to signal events with neutral-current
decays via a Higgs or Z boson. The sensitivity to Z boson
decays is larger given the similarities in the topology of a
hadronically decaying Z and W boson. The likelihood of
this occurring for a Higgs boson is much lower given the
parameters used in the tagging algorithm discussed in
Sec. IV. Assuming no other decay modes, the signal MC
samples are reweighted to obtain different branching ratio
combinations, which can then be used in the final fit.
Figure 6 shows 95% CL lower limits on the mass of the
VLQ for various branching ratios.

IX. CONCLUSION

A search for the pair production of heavy vectorlike
quarks (QQ), where each subsequently decays into a W
boson and a light quark, was performed using 140 fb~! of
13 TeV pp collision data recorded with the ATLAS
detector during run 2 of the LHC. The analysis specifically
targets events in the semileptonic final state, requiring the
reconstruction of one leptonically decaying W boson and
one hadronically decaying W boson. The final state is
characterized by a high-transverse-momentum isolated
electron or muon, substantial missing transverse momen-
tum, multiple jets, and a large-radius jet identified as
originating from the hadronic decay of a W boson. No

o) I T T T T T
s 10¢ ATLAs —— Observed Limit E
G [ Vs=13Tev, 140" Expected Limit ]
&} 1 | SU(2) Singlet Q [ Expected Limit1s |
T g Limits at 95% CL Expected Limit + 26 g
g.; r —— Theory ]
5107 E
1072 E
10°E E

e b by b e b Yy
800 1000 1200 1400 1600 1800 2000
My [GeV]

(b)

Expected (dashed black line) and observed (solid black line) 95% CL upper limits on the VLQ pair-production cross section as

a function of the VLQ mass for (a) B(Q — Wq) = 1 and (b) the SU(2) singlet model. The green and yellow bands correspond to +1 and
42 standard deviations around the expected limit, respectively. The thin red line shows the theoretical prediction for the given model.
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(a) Expected and (b) observed lower limit on the VLQ mass for various branching ratio (1) configurations at 95% CL. The

x-axis shows the branching ratio for decay to a W boson, while the y-axis shows the branching ratio for decay to a Higgs boson. The
branching ratio to a Z boson is determined by the requirement that B(Q — Zq) = 1 — B(Q — Wgq) — B(Q — Hgq). The white region
above the solid black line is excluded due to the sum of the individual branching ratios being greater than one. In the white region below
this line the lower limit on the VLQ mass is below 800 GeV. The yellow marker indicates the branching ratios for the SU(2) singlet

scenario.

significant excess is discovered in the reconstructed
vectorlike quark mass distribution, and 95% CL upper
limits are derived on the signal production cross section as a
function of the vectorlike quark mass. The analysis sets
constraints on the mass of the vectorlike quarks for various
combinations of their decays to SM bosons and light
SM quarks. Notably, masses below 1530 GeV are excluded
at 95% CL for B(Q — Wq) =1, and masses below
1150 GeV are excluded for the scenario with
B(Q - Wq:Zq:Hg) =0.5:0.25:0.25. With increased
center-of-mass energy and integrated luminosity, as
well as improved analysis tools, the exclusion limit for
B(Q - Wq) = 1 is raised by 840 and 685 GeV compared
to the run 1 analyses conducted by ATLAS and CMS,
respectively.
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