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1 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 phenomena, 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 corrections 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
Model [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 interaction, whereas pair production takes
place via the strong interaction. The cross-section for pair production depends 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 8(Q — Wq) =1,
and for single production, masses below 685 GeV are excluded for a weak-isospin singlet Q, corresponding
to B(Q - Wq:Zq: Hg)=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
measurements to VLQs.

The present search focuses on pair production of VLQs that decay into a W boson and a light quark
(00 — WqWq, with g = u, d, or s) using 140 fb~! of pp collisions with 4/s = 13 TeV collected by the
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Figure 1: Illustrative 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.

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 selection targets the final state where one
W boson decays leptonically, which greatly reduces the multijet background, and the other W boson decays
hadronically, which has a large branching ratio. Events are selected in this channel, requiring a high-pt
charged lepton (£ = e or w), 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 background,
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 (ml\“,aLdQ) are reconstructed from
the final-state particles after employing several kinematic requirements 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.

2 ATLAS detector

The ATLAS experiment [24] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.! It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2T axial magnetic field,
electromagnetic and hadronic calorimeters, and a muon spectrometer. The inner tracking detector
covers the pseudorapidity range |r7| < 2.5. It consists of silicon pixel, silicon microstrip, and transition
radiation tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM)
energy measurements with high granularity within the region || < 3.2. A steel/scintillator-tile hadronic
calorimeter covers the central pseudorapidity range (|| < 1.7). The endcap and forward regions are

I 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 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, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
E+p.c
E-p.c

defined in terms of the polar angle 6 as 7 = —Intan(6/2) and is equal to the rapidity y = % In ( ) in the relativistic limit.

Angular distance is measured in units of AR = v/(Ay)2 + (Agp)2.



instrumented with LAr calorimeters for EM and hadronic energy measurements up to |i7| = 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 T m 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 |r7| = 2.4. The luminosity is measured mainly by the LUCID-2 [25]
detector, which is located close to the beampipe. A two-level trigger system is used to select events [26].
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. 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.

3 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 GEanT4 [31] to simulate the response
of the detector. Data-driven corrections were applied to simulated W+ jets, t7, 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, simulated 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
MabpGrAPH 5 [34] using the NNPDF3.0nLo [35] parton distribution function (PDF) set, and interfaced
with PyTHia 8.186 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 elements (ME) 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
Suerpa 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 GeV 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 ¢7 events was modeled using the PowneG Box v2 [48-51] generator at NLO with the
NNPDF3.0nLo PDF set and the Agamp parameter2 set to 1.5mp [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 NNPDF2.310 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 MMHT20141.0 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 MADGraPHS_AMC@NLO 2.6.0 [58] interfaced with Pyta1a 8.230.
The MADGRrRAPHS _AMC@NLO calculation used the NNPDF3.0nLo PDF set, and PyTHiA 8 used the
NNPDEF2.3r0 PDF set with the A14 tune. The potential impact of underestimating the amount of initial-state
radiation (ISR) is assessed by comparing the nominal sample with another that increases the hgamp value
to 3 my,p, halves the renormalization and factorization scales, and utilizes the “Var3cUp” weight from
the A14 tune. Conversely, a possible overestimation of the amount of ISR is examined by doubling the
renormalization and factorization scales in another sample and selecting the “Var3cDown” weight from the
A14 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 production of single-top-quark events. The main
contribution to this background comes from top quarks associated with a W boson (¢W), while ¢- and
s-channel single-top production gives only a minor contribution. The single-top background was modeled
by the Pownec 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 PyTaia 8.230, which used the A14 tune.
Comparisons with samples generated by MADGrRAPH5_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, HErwic 7.04, 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 ¢f
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 production of two bosons, either two vector bosons
(VV) or a vector boson and a Higgs boson (V H), 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 SueErpa 2.2.2, whereas the VH samples were
generated with PyTHriA 8.186. Fully leptonic final states and semileptonic final states, where one boson
decays leptonically and the other hadronically, 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

2 The hgamp 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-pt radiation against which the 7 system recoils.



provided by the OpENLoops library. The NNPDF3.0nNLO set of PDFs was used, along with a dedicated set
of tuned parton-shower parameters developed by the SHERPA authors. Finally, production of 7V events
was modeled using the MADGRrRAPHS_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].

4 Object reconstruction

Electrons are reconstructed from energy clusters in the EM calorimeter matched with ID tracks. Electron
candidates must be located in the central region of the detector (|n| < 2.47), have p. > 27 GeV, and
be matched to a track with |zpsinf8] < 0.5 mm and |d0 / 0'd0| < 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 zo is its
longitudinal impact parameter. Candidates in the transition region between the EM calorimeter’s barrel
and endcap 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 identification criteria, with loose isolation

requirements [62]. The first isolation requirement is EiTSOClone /p% < 0.2, where p£ is the electron candidate’s

P> and EIT“C’IOne is 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 p‘f"lar /p% < 0.15, where pl“’la is the sum of the track p, excluding the electron candidate, within a cone
of size AR = min(0.2, 10 GeV/p%). 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 p,. of all tracks that are within a cone of size
AR = min(0.3, 10 GeV/ p"T‘ ) around the muon candidate, where p# is the muon candidate’s p.. 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 |zg sin 6| < 0.5 mm and fdo / 0'd0| < 3.
Muons are required to have p > 25 GeV, and a reconstruction limit of || < 2.5. Efficiency scale factors
are applied to account for differences in muon reconstruction, identification, vertex association, isolation,
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 p. > 25 GeV
and |n| < 2.5. To reject jets originating from pile-up interactions, jet candidates with || < 2.4 and
20 < pp < 60 GeV must satisfy the tight jet-vertex-tagger (JVT) criterion [68]. Small-R jets containing a
b-hadron decay are identified using the DL1r 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 p > 200 GeV and || < 2.

A W-boson tagging algorithm identifies high-p. 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 ETmiSS and is required to exceed 250 GeV. In
signal events, a significant amount of £ 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 |57| =~ 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/p#) of a jet.

An additional procedure to resolve overlaps between small-R jets and large-R jets is described in Section 5.

5 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 pt > 25 GeV. In addition
to this, at least three small-R jets with pt > 25 GeV, and E‘T]rliss > 250 GeV, are required. These basic
event-level requirements ensure the identification 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 1, the
preselection requires exactly one charged lepton, large E%li“, 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 (Wjep) is reconstructed by combining the lepton and the reconstructed neutrino; where the neutrino
is reconstructed using the event’s E‘TniSS 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 (Whaq), is defined as
the leading W-tagged large-R jet. If no large-R jet meets the W-tagging criteria, then the Wy,q 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,4 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.



Table 1: Common preselection criteria for all analysis regions.

=1 isolated lepton (f = e or u) with p{% > 60 GeV
EF" > 250 GeV
> 1 large-R jet with p. > 200 GeV
> 2 small-R jets with p. > 25 GeV
> 1 small-R jet with p, > 200 GeV
AR(small-R jets, Wp,q) > 1.0

The input for the VLQ pair reconstruction algorithm consists of the Wyaq and Wiep, 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

: lep _  had | ;
smallest mass difference |mVLQ mVLQl 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/VB for a signal mass of 1400 GeV, since this is close
to the expected mass reach of the analysis for signal events in the WgW ¢ decay channel.

Two signal regions, SR1 and SR2, are defined for this analysis. Using two SRs increases the sensitivity
since SR1 has a higher §/VB 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, A¢(lepton, EITniSS) < 0.5,
AR (Wiep, Whag) > 0.8 and St > 2000 GeV, where St is the scalar sum of the E‘TnlSS and the transverse
momenta of the charged lepton and selected small-R jets. This variable has higher discriminating 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, ETT“iSS) < 2.75, resulting in a higher S/VB. SR2 requires A¢(lead jet, E%“iss) >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], 7 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,
tt, and multijet backgrounds in independent regions. Kinematic requirements for the SRs, RwRs and VRs
are summarized in Table 2 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 #f/RwR and WRwR are
used to correct the normalization and shape of the respective MC event distributions.

6 Background estimation

The background for this analysis is primarily due to W+ jets events, followed by ¢ and single-top events.
Except for these and the multijet backgrounds, all other backgrounds such as Z + jets, ¢V, and diboson
(VV and VH) 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 ¢ plus single-top



Table 2: Selection criteria for the two signal regions and three reweighting and validation regions used in the analysis.

Variable SR1 (SR2) multijetRWR  multijetVR ~ WRwR WVR #RwR VR
Np-tags =0 =0 =0 =0 =0 >1 >1
Nw-tags 21 =0 >1 =0 >0 >1 =0
AR(Wiep, Whad) >0.8 <0.8 <0.8 >08 <08 <08 =08
Ag¢(lepton, E%mss) <0.5 <0.1 <0.1 > 0.1

St A > 2000 GeV

A¢(leading jet, EY*®) < 2.75 (2 2.75)

Included in Fit Yes No No No No No No

events. This reweighting is performed to correct the normalization and shape of the St distribution for the
W+ jets and 7 plus single-top events. The reweighting is determined by fitting the ratio of the observed
data, after 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(S1) = Py +exp(P1S1), ey

where P and P; are the fitted parameters. The reweightings 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
t{RwR is used to derive the reweighting function for ¢7 and single-top events. For the last step of the first
iteration, the previously derived reweightings are applied to the multijet events and the ¢ and single-top
events, and the reweighting for the 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 17, single-top, and W+ jets samples. 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 ZRwR after applying the reweighting for W+ jets,
tf, and multijet events as determined in their respective reweighting 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 improve the modeling
in the high St regions. The mass of leptonically decaying VLQ candidates is used as a discriminating
variable in the final likelihood fit. Improvement in modeling is further validated in Figure 3 by plotting this
discriminating variable, ml\ng, in the respective VRs for W+ jets and ¢7 backgrounds after applying the
reweighting, and showing the Data/MC ratios before and after the reweighting.
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Figure 2: Reconstructed St distribution in the (a) WRwR and (b) t7RwR after applying the reweighting corrections.
The uncertainty band includes all systematic uncertainties, as described in detail in Section 7. The lower panel shows
the ratio of data to the SM prediction before (red points) and after (black points) applying the reweighting corrections.

7 Systematic uncertainties

Systematic uncertainties can be categorized into two main types: modeling uncertainties and experimental
uncertainties. Modeling uncertainties encompass uncertainties related to the modeling of specific physical
processes and the parameters chosen within those models. These uncertainties are often related to
calculations and assumptions 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 extrapolating of the b-tagging-efliciency calibration to high jet p. is considered. Systematic uncertainties
in the W-tagging efficiency and inefficiency corrections are applied [74].

10



P R s B B s e e B B P — T
§ 6: ATLAS ¢ Data R § 250 ATLAS ¢ Data =
it F Vs=13Tev, 140 fb"! CW+Hets 4 it F Vs=13TeV, 140 fbl CWHets
5— QQ— Wg+X Wt — [ QQY wg+Xx Wt ]
C WVR, Post-correction [ISingle Top 20 ttVR, Post-correction [ISingle Top -
C [ Other Bkgs L Ny [ Other Bkgs |
41— NN I Multijet ] C [ Multijet ]
rC A Uncertainty 15; A Uncertainty 7
3 — C ]
C 7 10} {
i3 E S ]
1= - =
Ml = L =
2 | gE ¢ Before Reweighting = 2 gL ¢ Before Reweighting e =
@ T7F ¢ AferReweighing _t @ T7F ¢ Aerrew S
3 5 DHDIBIR 3 AN MM nng
= 1] Mk = S
T 3 N T A E
[a} E i a) A A EE A R R I I T
r NN Fr T EEEEERNIANNNNN AR R TH TN
0.5F ; = 0.5F AN

0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000

lep lep
My q [GeV] My o [GeV]
(@ (b)

Figure 3: Reconstructed mass distribution of leptonically decaying VLQ candidates in the (a) WVR and (b) tfVR
after applying the reweighting corrections. The uncertainty band includes all systematic uncertainties, as described
in detail in Section 7. The lower panel shows the ratio of data to the SM prediction before (red points) and after
(black points) applying the reweighting corrections.

Uncertainties in data-driven corrections to simulated events, as described in Section 6 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(P1St) introduced in Eq. (1). A uniform 40% normalization uncertainty is
assigned to ¢7 events based on the pre-fit 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, ¢7, 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 PDFALHC15
combined PDF set [85]. For the W+ jets samples, the uncertainties associated with 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
parameter values listed in Section 3.

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 ¢7 sample with alternative samples, as explained
in Section 3. 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 ¢f 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, #tV, 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
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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.

8 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\fEQ, 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 £ (u, 6)
is constructed 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 systematic 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 ¢ and 8. The signal strength y is
determined by u = /oM"Y where o' is the cross-section for VLQ pair production used in the fit
and ohe°"Y is the theoretical prediction. The NPs 6 provide variations in the signal and background event
counts consistent with systematic uncertainties. The fitted values of 8 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, 0 WL, 6)) where /i and  are the parameter values that maximize the likelihood

function, subject to the condition 0 < g < u, and éﬂ are the NP values that maximize the likelihood
function for a given value of u.

The results of the fit in the two SRs for the background-only hypothesis, which assumes u = 0, are shown
in Figure 4. The corresponding yields are listed in Table 3. 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 8(Q — Wq) = 1 are listed in Table 4. 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 GeV to 2000 GeV.
Figure 5 shows the results for two benchmark scenarios, one with 8(Q — Wgq) = 1 and the other with
B(Q - Wq:Zqg:Hgq)=0.5:0.25:0.25 in 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 — Wq) = 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 mvyrq > 1500 GeV 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
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Figure 4: Distribution for the reconstructed mass of the leptonically decaying VLQ, ml\SEQ, 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 — W¢q) = 1 with my1g=1400 GeV and normalized to the total background. The uncertainty bands
include all systematic uncertainties described in Section 7. An arrow in the bottom panel indicates that the given data

point falls outside the range of the plot.

Table 3: 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
tr 13 +11 23 +15
Single Top 11 =16 12 +15
Other Bkgs 213+ 3.0 30 =+ 4
Multijet 09+ 09 34+ 33
Total 150 +10 192 +12
Data 156 186

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 Section 4. 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.
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Table 4: Expected QQ event yields in the SRs for the scenario 8(Q — W¢q) = 1. The uncertainties include statistical

and systematic uncertainties.

SR1

SR2

31,0+ 29 15.0+1.2
193+22 94+0.38
119+17 5805
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Figure 5: 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) 8(Q — Wq) = 1 and (b) the SU(2) singlet model.
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 for the given model.
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Figure 6: (a) Expected and (b) observed lower limit on the VLQ mass for various branching ratio ($) 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 — Zqg)=1-8B(Q — Wq) — 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.
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9 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 momentum, multiple jets, and a large-radius jet identified as originating
from the hadronic decay of a W boson. No 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 — Wgq) = 1, and masses below 1150 GeV are excluded for
the scenario with 8(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 8(Q — Wgq) = 1 is raised
by 840 GeV and 685 GeV compared to the Run 1 analyses conducted by ATLAS and CMS, respectively.
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