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Search for pair-production of vector-like quarks in

p p collision events at vs = 13 TeV with at least one

leptonically decaying Z boson and a third-generation
quark with the ATLAS detector

The ATLAS Collaboration

A search for the pair-production of vector-like quarks optimized for decays into a Z boson
and a third-generation Standard Model quark is presented, using the full Run 2 dataset
corresponding to 139 fb~! of pp collisions at /s = 13 TeV, collected in 2015-2018 with the
ATLAS detector at the Large Hadron Collider. The targeted final state is characterized by
the presence of a Z boson with high transverse momentum, reconstructed from a pair of
same-flavour leptons with opposite-sign charges, as well as by the presence of b-tagged jets and
high-transverse-momentum large-radius jets reconstructed from calibrated smaller-radius jets.
Events with exactly two or at least three leptons are used, which are further categorized by the
presence of boosted W, Z, and Higgs bosons and top quarks. The categorization is performed
using a neural-network-based boosted object tagger to enhance the sensitivity to signal relative
to the background. No significant excess above the background expectation is observed and
exclusion limits at 95% confidence level are set on the masses of the vector-like partners T
and B of the top and bottom quarks, respectively. The limits depend on the branching ratio
configurations and, in the case of 100% branching ratio for 7 — Zt and 100% branching ratio
for B — Zb, this search sets the most stringent limits to date, allowing my > 1.60 TeV and
mp > 1.42TeV, respectively.
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1 Introduction

The Standard Model (SM) has had astonishing success in describing the interactions of elementary particles,
culminating in the discovery [1, 2] of the Higgs boson by the ATLAS and CMS collaborations. Nevertheless,
there remain some shortcomings, such as the quadratically divergent corrections predicted to contribute to
the square of the Higgs boson mass [3]. In many theories beyond the SM, including Composite Higgs [4, 5]
and Little Higgs [6, 7] models, a recurrent theme that addresses these issues is the existence of vector-like
quarks (VLQs): coloured spin-1/2 fermions that have left- and right-handed components transforming
identically under the SM gauge group. In such models, VLQs are often assumed to couple preferentially to
a third-generation quark [8—11], potentially regulating the divergent corrections to the Higgs boson mass.
The VLQs therefore decay into SM quarks and a W/Z (V) or Higgs (H) boson, with branching ratios (BR)
that depend on the VLQ masses and their configuration in weak-isospin multiplets. In renormalizable
extensions of the SM that include VLQs, the canonical representation of VLQs constitutes one of seven
multiplets: two singlets, three doublets, and two triplets. Vector-like partners, T and B, of the top and
bottom quarks can exist with electric charges (2/3)e and —(1/3)e, respectively, and can be arranged in
singlets, doublets, and triplets. VLQs with exotic charges can also exist, namely X and Y with electric
charges (5/3)e and —(4/3)e, respectively, which can be arranged in doublets and triplets with the T and
B. Assuming an almost degenerate VLQ mass hierarchy [11], the singlet and triplet representations are
phenomenologically similar in terms of chiral structure and BR composition. As a consequence, the singlet
and doublet representations are those that are primarily assumed in searches at the Large Hadron Collider
(LHC). While models with extreme values of 100% BR for decay into a third-generation quark and either a
W /Z boson or a Higgs boson are often used as benchmarks, intermediate BR configurations are expected
in the more physically motivated singlet and doublet models. In the former, the BR for7 — Ztor B — Zb
reaches ~25% at high VLQ masses [11]. For the (7, B) and (X, T) doublets the BR for T — Zt reaches
~50% [11], as does the BR for B — Zb for the (B, Y) doublet.

VLQs were searched for at ATLAS and CMS focusing mainly on the pair-production mode [12-25].
Constraints on VLQ production were also derived recently [26] from a range of differential cross-section
measurements at the LHC, complementing the direct searches. VLQ pair production, proceeding primarily



Figure 1: Feynman diagram showing the pair production of 7 or B quarks in which at least one of the VLQs decays
into a Z boson in association with a SM ¢- or b-quark, respectively. In this analysis, events in which the Z boson
decays into a pair of electrons or a pair of muons are targeted. At least one b-tagged jet is required to be present after
pair production of either type of VLQ, and additional leptons can be produced in the decays of V (W/Z), or H bosons
on the second leg of the VLQ pair production.

via the strong interaction with a cross-section that depends only on the VLQ mass, is expected to be
the dominant mode for masses up to approximately 1 TeV. The most stringent limits at 95% confidence
level (CL) on T and B masses depend on the assumed BR configuration; for 100% BR for T — Zt,
T — Ht,T — Wb, and B — W¢, masses up to 1.48 TeV, 1.50TeV, 1.50TeV, and 1.56 TeV are excluded,
respectively [25]. For 100% BR for B — Zb and B — Hb, B masses up to 1.39 TeV and 1.57 TeV are
excluded, respectively [20]. A singlet T is excluded for masses below 1.48 TeV and a singlet B is excluded
for masses below 1.47 TeV, while in the (7', B) doublet case, T and B masses below 1.49 TeV and 1.37 TeV
are excluded, respectively [12, 25, 26]. Single VLQ production has also been searched for [13, 15, 27-33],
but the interpretation [34] of the search results depends on an additional coupling constant for the coupling
to electroweak bosons.

This Letter presents a search for pair production of 7 and B in events with at least two electrons or
muons where at least two same-flavour leptons with opposite-sign charges originate from the decay of a Z
boson. Various BR configurations for the decay of the VLQ into a V or H boson and a third-generation
quark are considered, including the singlet and doublet models, assuming that only one type of VLQ is
present, and it is also assumed that the VLQ signal kinematics are similar for different configurations. It
is further assumed that the production of VLQ pairs is dominated by the strong interaction and that the
contribution from electroweak processes is negligible. A diagram illustrating the targeted event topologies
is shown in Figure 1. The search is performed across several different event categories included in a
maximum-likelihood fit, improving on a previous ATLAS search [13] in the same final state. In addition to
benefiting from the larger dataset, the search is also improved by the use of a deep neural network (DNN)
to classify the jets in each event as originating from either a Z or W boson, H boson, or top quark.

2 ATLAS detector

ATLAS [35] is a multipurpose particle detector at the Large Hadron Collider (LHC) with a forward—
backward symmetric cylindrical geometry and a near 4 coverage in solid angle.! It consists of an

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



inner tracking detector (ID) [36, 37] surrounded by a thin superconducting solenoid providing a 2T
axial magnetic field, electromagnetic and hadron calorimeters, and a muon spectrometer (MS). The ID
covers the pseudorapidity range || < 2.5 and 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. A steel/scintillator-tile hadronic calorimeter covers the central
pseudorapidity range (|n7| < 1.7). The endcap and forward regions are instrumented with LAr calorimeters
for both EM and hadronic energy measurements up to || = 4.9. The MS surrounds the calorimeters and
uses three large air-core toroidal superconducting 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 MS includes a system of precision
chambers for tracking and fast detectors for triggering [38]. 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 [39] is used in the reconstruction and analysis of real and simulated data, in detector operations, and
in the trigger and data acquisition systems of the experiment.

3 Data and simulated event samples

The analysed dataset comprises pp collisions at a centre-of-mass energy /s = 13 TeV recorded by ATLAS
between 2015 and 2018 with all detector subsystems operational and with the LHC operating in stable beam
conditions with 25 ns bunch spacing. The combined Run 2 dataset corresponds to an integrated luminosity
of 139 fb~! with an average of about 34 simultaneous interactions per bunch crossing (pile-up).

All the nominal Monte Carlo (MC) simulation samples used in the analysis were produced with the ATLAS
full-simulation framework [40] based on GEaNT4 [41]. In all samples, pile-up was modelled by combining
simulated inelastic pp events with the physics event. The nominal sample for Z boson production in
association with jets (Z+jets) was generated with SHERPA 2.2.1 [42-45] and the nominal diboson (VV)
sample was generated with SHERPA 2.2.2, with the NNPDF3.0 [46] next-to-next-to-leading-order (NNLO)
parton distribution function (PDF) set. The Z+jets sample includes events generated with up to two partons
at next-to-leading order (NLO) and up to four partons at leading order (LO) and is normalized to the
NNLO cross-section [47]. The VV sample is normalized to the SHERPA NLO cross-section and includes
qg-initiated events with up to one parton at NLO and up to three partons at LO and gg-initiated processes
generated using LO matrix elements for up to one additional jet. For both samples, Comix [44] and
OprenLoops [48] were used and the matrix element (ME) was merged with the SHERPA parton shower [45]
according to the MEPS @NLO prescription [49]. To estimate modelling uncertainties, an additional Z+jets
sample was produced with MADGrRAPHS_AMC@NLO 2.2.3 [50], using the NNPDF3.0nLo PDF set and
interfaced to PyTHia 8.210 [51] with the A14 set of tuned parameters (tune) [52] and the NNPDF2.31.0
PDF for showering. These samples were generated including LO matrix elements for up to four jets [53].

The nominal SM ¢ background sample uses the Pownec method [54, 55] implemented in Pownec Box v2 [56,
57] with the NNPDF3.0nLo PDF set. PowneG Box was interfaced with PyTaiA 8.230 with the A14 tune
for showering. The sample is normalized to the NNLO cross-section in QCD including resummation
of next-to-next-to-leading logarithmic (NNLL) soft gluon terms calculated with Top++ [58—64]. For

upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6§ as 7 = —Intan(6/2). Angular distance is measured in units of

AR = (An)? + (Ag)2.



the evaluation of modelling uncertainties, samples were produced with the same ME generator as the
nominal sample, but HErwiG 7 was used with the H7-UE-MMHT tune [65] for the showering. Additional
samples[66] were generated with MADGrRAPHS_AMC@NLO 2.3.3 and the NNPDF3.0nLo PDF set, using
the same showering configuration as the nominal sample.

The nominal sample including ¢7 production in association with a vector boson (7 + X) was generated with
MaDGrAPHS_AMC@NLO 2.3.3 interfaced with PyThia 8.210 for showering, using the NNPDF2.3.0 PDF
set and the A14 tune. The sample includes 77 + Z and #f + W events normalized to the NLO cross-sections
calculated with MADGRrAPHS_AMC@NLO. To evaluate modelling uncertainties, samples were produced
using SHERPA 2.2.1. Alternative samples were also produced with the nominal sample’s ME generator,
and in these samples either the A14 tune was varied or HErwiG 7 was used with the H7-UE-MMHT tune
for the showering. The nominal 77 + X sample also includes ¢7¢f and tfWW events generated at LO and
normalized to cross-sections calculated [50, 67] with NLO QCD and EW corrections.

The single-top processes were simulated with Pownec Box [68, 69] using the NNPDF3.0nLo PDF set and
interfaced to PyTHiA 8.234 with the A14 tune. The samples are normalized to their respective NLO QCD
cross-sections [70, 71] for the t-channel and s-channel, and with additional NNLL soft gluon terms for Wt
production [72-74]. The diagram-removal scheme [75] was used in the generation of Wt events to address
overlaps with the ¢7 sample.

Signal samples for the pair production of 7" and B quarks were generated with Protos [76] interfaced
with PyTHia 8.186 using the NNPDF2.3L0 PDF set and the A14 tune. The samples were generated under
the assumption that the coupling is small therefore the width of the VLQ is driven by the experimental
resolution. The generated VLQ masses have widths typically smaller than 2% of the mass. Masses from
600 GeV to 2 TeV were simulated in the singlet model, but with the BR for each of the three decays to a
vector or Higgs boson fixed to 1/3 for all samples. A BR reweighting procedure is performed event-by-event
in order to achieve any BR configuration for a given VLQ mass, including the configurations expected for
the doublet models. Dedicated signal samples in the doublet models for the 700 GeV and 1.2 TeV mass
points were also produced to validate the reweighting procedure and to verify that the singlet and doublet
signal kinematics are indistinguishable in the analysis as is assumed. The signal sample cross-sections
were calculated with Top++ at NNLO+NNLL in QCD using the MSTW2008~NLo [77-79] PDF set.

4 Object reconstruction

Events are required to have at least one vertex candidate with at least two tracks with transverse momentum
prt > 0.5GeV. The primary vertex (PV) is defined to be the candidate with the largest X p%, where the sum
is performed over all associated tracks.

Electrons are reconstructed [80] from clusters in the EM calorimeter matched with ID tracks and must fulfil
the tight likelihood identification criteria. Electrons are calibrated and are required to have pr > 28 GeV and
to be reconstructed within |n| < 2.47, excluding the barrel-endcap transition regions (1.37 < || < 1.52).
In order to maintain a high acceptance for the expected signal events, no isolation requirements are applied
to electron candidates beyond those implicit in the trigger requirements. Furthermore, electron candidates
must be associated with the PV by requiring that the longitudinal impact parameter with respect to the PV
satisfies |zg - sin 8] < 0.5 mm and that the transverse impact parameter with respect to the beamline (dy)
has a significance |dg|/o"(dp) < 5.



Muons are reconstructed [81] from combined tracks in the MS and the ID and must fulfil medium
identification criteria. Muons are calibrated [82] and are required to have pt > 28 GeV and to be
reconstructed within |57 < 2.5. Muon candidates must also satisfy the track-based isolation requirements
defined by the FixedCutTightTrackOnly working point. This working point uses the scalar sum of the pr
of all tracks that are within a cone of size AR = min {0.3, 10GeV/pr(u)} around the muon candidate,
where pt(u) is the candidate muon pr. The track associated with the muon candidate under consideration
is excluded from the sum. The muon is selected if this sum is less than 15% of pt(u). Finally, muon
candidates are required to have |z - sinf| < 0.5 mm and a dj significance smaller than 3.

Jets are reconstructed using the anti-k, algorithm [83, 84] with a radius parameter of 0.4 from topological
clusters of energy deposits in the calorimeter [85, 86]. Jets are calibrated to an energy scale obtained from
a combination of simulation-based corrections and measurements in data [87] and are required to fulfil
pr > 25GeV for |n| < 2.5 and pt > 35GeV for 2.5 < || < 4.5. To reduce jet contributions from pile-up,
a ‘jet vertex tagger’ algorithm using a two-dimensional likelihood discriminant [88] is applied to jets with
In] < 2.4 and pr < 60GeV. The MV2c10 algorithm [89] is used to identify jets in the central region
(In] < 2.5) containing a b-hadron decay (b-tagging) with a working point corresponding to a b-tagging
efficiency in simulated ¢f events of 77%, a c-jet rejection factor of ~6, and a light-jet rejection factor of
~130.

The missing transverse momentum [90], with magnitude E?iss, is defined as the negative vectorial sum
of the transverse momenta of all the calibrated reconstructed lepton and jet candidates in the event and
includes a ‘soft term’ with contributions from tracks emanating from the PV but not associated with any of
the reconstructed objects.

A procedure to remove potential overlaps between reconstructed leptons and jets is performed sequentially
as follows. First, any muon that leaves energy deposits in the calorimeters and shares a track in the ID with
an electron is removed. After such muons have been removed, any electron sharing an ID track with one of
the remaining muons is removed. Next, any jet within AR = 0.2 of an electron is removed, followed by the
removal of electrons within AR = 0.4 of any remaining jet. Subsequently, any jet with at most two tracks
with pt > 0.5 GeV within AR = 0.2 of a muon is removed, unless it has been b-tagged. At the end of the
procedure, any muon within AR = min {0.4,0.04 + 10 GeV/p1(u)} of any remaining jet is removed.

Finally, large-radius ‘reclustered’ (RC) jets [91] are reconstructed by applying the anti-k, algorithm with a
radius parameter of 1.0, using the set of selected and already calibrated smaller-radius jets defined above.
To reduce dependence on pile-up, the RC jets are trimmed [92] by removing all constituent jets with
pt below 5% of the RC jet pr. These RC jets are used only for event categorization, and therefore no
additional checks for potential overlaps with the previously defined objects are performed.

5 Event selection and categorization

An initial preselection of events is performed as follows. Events are required to satisfy at least one of the
single-lepton triggers operating during Run 2 [38, 93, 94]. These triggers had varying p thresholds for
electrons and muons for different data-taking periods, as well as isolation requirements that were typically
more relaxed with increasing pt threshold. For data collected in 2015, the thresholds are 24, 60, and
120 GeV for electrons and 20 and 50 GeV for muons. For the remainder of the dataset, the thresholds
are slightly increased to 26, 60, and 140 GeV for electrons and to 26 and 50 GeV for muons. Events are
additionally required to have at least two opposite-sign-charge, same-flavour (OS-SF) leptons and to have



at least two jets in the central region. The pair of OS-SF leptons with an invariant mass m (££) closest to
mz = 91.2 GeV is referred to as ‘the Z boson candidate’ and only events with |m (¢£€) — mz| < 10 GeV are
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Figure 2: Distributions, normalized to unit area, obtained from MC simulation for the sum of all the background
processes (solid area) and for benchmark signal processes (dashed lines): (a) lepton multiplicity, (b) b-tagged jet
multiplicity, (c) transverse momentum of the Z boson candidate, pt (£€), and (d) scalar sum of the jet transverse
momenta, Hr(jet). The signal processes concern the pair production of vector-like T or B quarks with a mass of
1.2 TeV in either the singlet or doublet configurations. The last bin contains the overflow.



0.4 ATLAS Simulation
02 Vs =13 TeV

—V -jets fromV -class
= =bkg jets fromV -class

— H-jets fromH-class
= =+bkg jets fromH-class

]
QT T A Y W AN e

Fraction of Events
o
R

0.08 . :, > —top jets from top class 7

= bkg jets from top class

0 0.2 0.4 0.6 0.8 1
DNN output ofV-/ H-/ top-/ tagger

Figure 3: The distributions of the DNN output of MCBOT for the V boson, H boson, and top quark classes for RC
jets with pt between 150 GeV and 1 TeV. For each tagger (V, H, or top) the response to the corresponding signal jets
(solid lines) is compared with the response to the background jets (dashed lines). The responses to signal jets other
than the corresponding signal for each tagger are not shown for simplicity. Signal jets are defined by geometrically
matching the RC jets to the corresponding generator-level particles. Background jets are obtained from multijet
events. The colours red, green, and blue indicate the DNN output values for the V-, H-, or top-tagger, respectively.
The RC jet pt is reweighted together with the RC jet 1 to be uniform over the full range. All distributions are
normalized to unit area. The y-axis is split for better readability.

Preselected events are divided into two orthogonal and individually optimized channels: one requiring
exactly two leptons (dilepton, labelled as 2£’) and a second requiring at least three leptons (trilepton,
labelled as ‘3¢”). The channels are combined statistically to obtain the final result, taking advantage of the
relatively high signal acceptance achieved by the 2¢ channel and the higher signal purity offered by the 3¢
channel.

Figure 2 shows distributions of example kinematic variables for the expected background and for benchmark
signal processes obtained from MC simulation. In addition to the lepton multiplicity, the analysis exploits
the high multiplicities of jets, large-radius jets, and b-tagged jets expected for pair-produced VLQ signal.
Requirements on the momentum of the Z boson candidate, pt (£€), and the scalar sums of the transverse
momenta of objects reconstructed in the events, Hr, are applied to suppress the background. Furthermore,
the analysis uses RC jets as an input to a ‘multi-class boosted object tagger’ (MCBOT) in order to identify
(tag) the origin of each RC jet as being either a hadronically decaying V boson, H boson, or top quark.



MCBOT is based on a multi-class DNN using the Keras [95] and TensorFlow [96] software libraries.
The DNN is trained using RC jets from simulated Z’ — tf events, W — WZ events, and events with a
Kaluza—Klein graviton in the bulk Randall-Sundrum model [97] decaying into a pair of H bosons which
each decay into bb with a BR fixed to 100%. These dedicated events are generated so that RC jets with
a mass of at least 40 GeV are uniformly distributed in an RC jet pt range between 150 GeV and 3 TeV.
The three signal labels (V, H, top) are assigned by matching the RC jet to the corresponding hadronically
decaying boson or top quark within a AR of 0.75 at generator level. Simulated multijet events are used to
obtain the RC jets with a background label. The RC jets in these four classes are reweighted such that their
distributions are uniform in RC jet pt and 7. The 18 input variables of the DNN are the RC jet pr and
mass, the number of the RC jet constituent smaller-radius jets, the four-momentum vectors of the three
highest-pt constituent jets, and the b-tagging decisions for those three jets. The DNN consists of four
fully connected hidden layers with Rectified Linear Unit [98] activation functions and a four-dimensional
output layer in which nodes are activated using the softmax [99] function. The first hidden layer uses 32
nodes, reduced to 27, 14, and 12 nodes for the second, third, and fourth hidden layer, respectively. The
ADAM [100] optimizer is used to minimize the categorical cross-entropy as a loss function in order to
find the optimal weights. The set of hyper-parameters as optimized for a related ATLAS analysis [14] is
used. The projections of the four-dimensional output of the DNN are used to define a working point for
each of the signals in order to define a V-tag, a H-tag, and a top-tag. Figure 3 shows an example set of
these projections for RC jets with pt between 150 GeV and 1 TeV. In cases where the same RC jet satisfies
the requirements for more than one tag, the tag with the highest neural-network output value is retained.
Therefore, at most one signal label can be assigned to any RC jet. For the selected working point, and
for TT signal with m7 = 1400 GeV in the singlet configuration, efficiencies of 55%, 41%, and 54% are
measured for V, H, and top signals, respectively.

In the 2¢ channel, events are required to satisfy pr (¢€) > 300 GeV in order to select leptonic Z boson
candidates originating from the decay of a heavy VLQ. In addition, given the large amount of jet activity
expected in signal events and to take advantage of a potentially invisible decay of the Z boson in the decay
chain of the second VLQ in the pair, requirements are placed on the scalar sum of the jet transverse momenta,
Hr(jet), and ErTniSS. Two exclusive signal regions (SR) are defined by requiring Hr(jet) + E%li“ > 1380 GeV
and either exactly one b-tagged jet (1o SR) or at least two b-tagged jets (2b SR). The chosen kinematic
requirements are motivated by the selection criteria of the earlier ATLAS analysis [13] and are optimized
using a procedure that maximizes the expected sensitivity for a few benchmark signal models. The most
relevant event selection criteria are shown in Table 1, which additionally shows the definitions of the signal
regions and background control regions. The events in each SR are divided into exclusive categories based
on combinations of the numbers of signal-tagged RC jets of various types identified by MCBOT. A signal
significance optimization procedure is used to group the possible tagging combinations so as to reduce
the set of categories to seven, as shown in Table 2. These include ‘Double tag’ categories with different
combinations of at least two RC jets with tags of any signal type, as well as a final ‘Overflow’ category
that includes events with more than two tags but also leftover two-tag combinations that are not included
in the former categories. In order to recover some of the events in which RC jets might be misidentified,
combinations with more than one V or H boson are included even though one of the two VLQs is required
to decay to a leptonically decaying Z boson in the targeted event topology.

In the 3¢ channel, the Z candidate transverse momentum requirement is relaxed to pr (£€) > 200 GeV to
increase signal efficiency given the significant background suppression due to the three-lepton requirement.
To take advantage of the additional lepton activity, events must also satisfy Hr(jet+lep) > 300 GeV,
where Hr(jet + lep) is the scalar sum of the jet and lepton transverse momenta. Events in the 3¢ SR are



Table 1: Definitions of analysis regions and the most relevant event selection criteria. The final discriminating
variables used in the fit are also indicated for each region: m(Zb;) and m(Zb,) refer to the mass of the system of
the Z boson candidate and either the leading b-jet or subleading b-jet, respectively. Hy(jet) is defined as the scalar
sum of the transverse momenta of all selected jets, while Hy(jet + lep) is defined as the scalar sum of the transverse
momenta of all selected jets and leptons.

Preselection > 2 central jets
at least two SF leptons with pt > 28 GeV
at least one pair of OS-SF leptons |m (£€) — mz| < 10 GeV

Channel 2¢ 3¢
definitions =20 > 3¢
pt (£6) > 300 GeV pt (£€) > 200 GeV
Hr(jet) + ET™ > 920 GeV Hr(jet +lep) > 300 GeV

Region 15 SR 2b SR 16 CR 2b CR SR VV CR
definitions Hr(jet) + EMs > 1380GeV  Hr(jet) + EM < 1380 GeV - -

=1 b-jet > 2 b-jet =1 b-jet > 2 b-jet > 1 b-jet =0 b-jet
MCBOT categories 7 7 - - 5 -
Fitted variable m(Zb) m(Zbs) Hr(jet) + ErTniss Hr(jet + lep)

also required to have at least one b-tagged jet and are divided into five exclusive categories based on the
number of MCBOT tags, similarly to the 2¢ channel, as shown in Table 2.

The signal efficiency, defined as the ratio of the number of events selected by the signal regions to the
number of events generated in the signal samples, for the benchmark of a 1.2 TeV singlet 7', is 0.3% and
0.5% in the 15 and 2b 2¢ signal regions, respectively, and 0.5% in the 3¢ signal regions.

The SM background contribution is estimated using MC simulation and is adjusted in the final simultaneous
maximum-likelihood fit to the data with the help of signal-depleted control regions (CR), designed to be
similar in phase-space to the SR. Leading backgrounds include Z+jets, which is the dominant background
for 2¢, as well as VV and ¢f + X, which are dominant for 3. Smaller backgrounds include those from ¢,
single top quark and four top quark.

The inputs to the fit are binned distributions of final discriminants optimized for each of the two channels.
In the 2¢ channel, in all the 15 SR categories, the invariant mass of the leptonically decaying Z candidate
and the leading b-tagged jet, m(Zb), is used as a final discriminant, while for the 25 SR categories
the subleading b-tagged jet is used instead and the discriminating variable is m(Zb;). Two 2¢ CR
corresponding to each SR are defined by requiring 920 GeV < Hry(jet) + E‘TniSS < 1380 GeV. These CR are
not further categorized using MCBOT and participate in the fit using the distribution of Hr(jet) + EJ"*.
In the 3¢ channel a single VV CR is defined by requiring exactly zero b-jets. The final discriminant for all
3¢ SR categories and for the VV CR is Hr(jet + lep).

6 Systematic uncertainties

Several experimental and theoretical systematic uncertainties that can affect the normalization or the
shape of the fitted distributions are considered. For each considered source of uncertainty, variations
representing the —10- and +10 confidence interval are derived. The analysis selection, including the
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Table 2: Definitions of the categorization of events in the 2£ and 3¢ channels based on the number of MCBOT tags.
Unless otherwise noted, the columns indicate the exact number of required tagged RC jets for each type. Categories
labelled as ‘Double tag’ include combinations with exactly two tags of any type. Categories labelled as ‘Overflow
(OF)’ include all the tagging combinations that are not explicitly included in the other categories.

2¢ channel 3¢ channel
Category 15 SR | 2b SR =
V-tags H-tags top-tags ‘ V-tags H-tags top-tags ‘ V-tags H-tags top-tags
No tag 0 0 0o | o 0 0o | o 0 0
V tag 1 0 o | 1 0 0 | =1 0 0
H tag 0 1 0 | o0 1 o | o0 =1 0
Top tag 0 0 1| o 0 1| o 0 > 1
2 0 0 2 0 0 -
0 2 0 0 2 0 -
Double tag 1 1 0 1 1 1 0 _
- 0 0 2 -
0 1 1 0 1 1
Double tag 2 0 0 ’ B B
1 1 0 1 0 1 0 >1 >1
Overflow (OF) or > 2 tags or > 2 tags > 1 0 >1
— - >1 >1 0
_ - >1 >1 >1

MCBOT categorization, is applied on each variation to estimate their effect on the final discriminants.
Several of these modelling uncertainties are constrained after the fit due to the significantly larger number
of events in the control regions compared to the signal regions. However, these constraints do not impact
the final limit. Furthermore, the analysis is dominated by statistical uncertainties; the expected lower limits
on the VLQ masses decrease by no more than 4% when all the systematic uncertainties are included in the
analysis.

Experimental uncertainties include effects on the electron energy scale and energy resolution [80], the
muon momentum scale and resolution [81], as well as uncertainties in the data-to-MC correction factors for
the electron and muon trigger, reconstruction, identification, and isolation efficiencies [80, 81]. Jet energy
scale and resolution uncertainties are also included, as obtained from studies in data and simulation [87].
A 10% uncertainty [101] is assigned to the small-radius jet mass, which is not calibrated but is used
in the RC jet mass calculation. Flavour-tagging uncertainties include uncertainties in the b-jet tagging,
c-jet tagging, and light-jet mis-tagging efliciencies, and uncertainties due to extrapolations to regions
not covered by the data used for the efficiency measurements [89, 102, 103]. Subdominant uncertainties
include uncertainties related to the soft term in the E‘Tniss calculation [90] and to the E%“iss energy scale and
resolution, uncertainties in the reweighting of the MC event samples to match the pile-up conditions in
data, and a 1.7% [104] uncertainty in the integrated luminosity of the combined 2015-2018 dataset.

Theoretical uncertainties include cross-section and other modelling uncertainties for all background
samples. The cross-section uncertainties considered are of order 5% to 6% for the Z+jets, tf, and VV
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samples [105, 106] and of order 10% [105] ¢7 + Z samples. A conservative 50% uncertainty is used for the
tt + W sample. Uncertainties due to the choice of generator or showering algorithm are estimated using
additional samples from alternative generators. The uncertainties due to the choice of factorization and
renormalization scales, the modelling of ISR and FSR, and the choice of PDF set are estimated by varying
the nominal sample via additional generator weights, if available, or by using alternative samples. An
additional shape uncertainty is applied to the modelling of the heavy-flavour fraction (HF) of jets in the
Z+jets and V'V samples. This uncertainty is estimated by separating, using generator-level information, the
events with jets originating from b or ¢ quarks from events with jets originating from light quarks and
rescaling the HF contribution by 50%. In the 2¢ channel, the HF uncertainty is uncorrelated between the
categories requiring exactly one or at least two b-tagged jets. In the 3¢ channel, the HF uncertainty is
applied in a correlated way across the SR categories and the VV CR, since both regions have the same
b-tagging requirements. Uncertainties in the VLQ pair-production cross-section similarly include the
independent variation of the factorization and renormalization scales and variations in the PDF and strong
coupling constant, following the PDFALHC [107] prescription with the MSTW 2008 68% CL NNLO,
CT10 NNLO [108, 109] and NNPDF2.3 5f FFN PDF sets.

7 Results

The compatibility of the data with the background-only hypothesis or with the signal-plus-background
hypothesis is tested with a binned likelihood fit of the discriminating variables in the categories of each
individual channel. The uncertainties are included as nuisance parameters (NP) with Gaussian constraints
in the likelihood fit. Additional NPs are included to take into account the statistical uncertainties in each bin
for each event category due to the limited size of the simulated samples. The likelihood function L(u, 5)
is constructed as a product of Poisson probabilities for each bin in the discriminating variable in each
category and depends on the signal-strength factor u, which multiplies the expected signal Cross- section o,

and the set of all NPs 6. Test statistics are based on the profile-likelihood ratio 4, = L(p, ﬂ) JL(4, u)

where (i and 9 are the values of u and 6 that maximize the likelihood function, and 0 are the values of 6
that maximize the likelihood for a given u [110]. Hypothesis tests are performed w1th RooStaTts [111]
with statistical models implemented using RooFrr [112] and HistFactory [113]. The fit procedure was
first validated in pseudo-data obtained by the sum of the expected background contributions. Subsequently,
the procedure and the modelling of the background were tested by including in the fit those categories in
which the benchmark signal contribution is expected to be smaller than 3% of the total background. Before
the final full unblinding of the data, an additional check was performed by including in the fit all bins in all
analysis categories with expected signal contributions smaller than 5% of the total background in those
bins.

A background-only fit to the data, in which u is set to zero, is performed using go [110] as the test
statistic and no significant excess over the background expectation is observed. To obtain the final result, a
simultaneous fit of all the regions and categories of both channels is performed. The results are found to be
insensitive to variations of the correlation model and the following approach was adopted: all experimental
and cross-section uncertainties are treated as fully correlated between the two analysis channels, while the
remaining, modelling-related, uncertainties are treated as uncorrelated. Figure 4 shows the background
and observed data yields in all the analysis categories after the combined background-only fit (post-fit).
Post-fit distributions of the fitted variables in the background control regions and in selected signal region
categories are shown in Figure 5 for the 2¢ channel and in Figure 6 for the 3¢ channel. The figures include
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the expected distributions for 7T signal with m7 = 1.2 TeV generated in the singlet configuration. The
event yields for the dominant backgrounds in each event category after the background-only fit are also
summarized in Table 3, which includes the number of events observed in data. The table also includes
the expected yields in number of events for 7T and BB production in the singlet configuration with
mvyrq = 1.2TeV. These yields and their uncertainties are provided before any fit is performed (pre-fit).
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Figure 4: Summary of data and background yields in all analysis categories after the background-only fit. The
expected yields for singlet 77T signal with mz = 1.2 TeV are also shown for comparison. The bottom panel shows the
ratio of the data over the total background prediction. The shaded band includes statistical and post-fit systematic
uncertainties.

Upper limits on the pair-production cross-section as a function of the VLQ mass are derived at 95% CL
for the T and B quarks. These limits are derived by using g, [110] as the test statistic with the CL;
technique [114, 115] in the asymptotic approximation [110]. The limits are found to agree within a few
percent with the limits obtained with pseudo-experiments. For the 10~ uncertainty contours, the limits
agree within 10%, with the —10 band being slightly too narrow in the asymptotic approximation and the
+10 band being slightly too wide. The expected and observed upper limits on the cross-section obtained
from the combination of the two channels are shown in Figure 7. To demonstrate the complementarity of
the two channels, their individually obtained expected limits are also shown. Three benchmark scenarios
for each of B and T are shown, namely the singlet, doublet, and 100% BR configurations, with increasingly
high BR to Zb or Zt. Comparisons with the respective theoretical predictions of the cross-sections give
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Figure 5: Distributions of the final discriminants for the 2¢ channel in the control regions and in selected event
categories of the signal regions: (a) control region and (b,c) categories requiring exactly one b-jet or (d) control region
and (e,f) categories requiring at least two b-jets. The distributions are shown after the combined background-only fit.
The distributions expected for singlet TT signal with mr = 1.2 TeV are also shown in overlay. The bottom panels
show the ratio of the data over the total background prediction. The two blue triangles indicate points beyond the

vertical range. The last bin contains the overflow.
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Figure 6: Distributions of the final discriminants for the 3¢ channel in the (a) VV control region and in (b,c) selected
event categories of the signal region. The distributions are shown after the combined background-only fit. The
distributions expected for singlet 7T signal with mz = 1.2 TeV are also shown in overlay. The bottom panels show
the ratio of the data over the total background prediction. The two blue triangles indicate points beyond the vertical
range. The last bin contains the overflow.

Table 3: Summary of observed and predicted yields in the control regions and signal region categories. The
background prediction is shown after the combined likelihood fit to data under the background-only hypothesis across
all control region and signal region categories. The uncertainties include statistical and systematic uncertainties. Due
to correlations, the total background uncertainty is not necessarily equal to the sum in quadrature of the uncertainties
of the individual background processes. The expected yields for benchmark signals with myy g = 1.2 TeV obtained by
using their theoretical cross-sections are also shown with their pre-fit uncertainties. Dashes indicate negligible yields.

Event category Data | Total background Vv tr+X Single-top Z+jets tr Singlet TT Singlet BB
‘ H mr=12TeV mp=12TeV
2¢1b CR 610 598 +24 50 =+18 13 +4 1.3 0.6 522 £30 11 +4 1.06 +0.08 1.27 £0.09
2( 1b SR No tag 72 76 + 6 55 %20 0.37£0.13 0.8 +09 68 6 1.8 £19 0.62+0.13 1.52+£0.23
201b SRV tag 18 19.6+ 2.6 22 +0.8 0.22+0.08 16.1 +2.1 1.1 £13 0.63 +0.07 1.31+0.13
2¢ 1b SR H tag 34 266+ 3.3 24 09 0.38 £0.09 - 22.8 +3.0 1.1 #£1.5 0.41+0.05 0.66 +0.09
20 1b SR top tag 32 435+ 3.1 36 1.3 1.25£0.22 - 383 £33 03 £0.6 1.29+0.14 1.40+0.14
2¢ 1b SR Double tag 1 7 83+ 1.2 1.3 0.5 0.20 £0.09 - 6.7 1.0 0.1 04 1.14+0.15 1.05£0.17
2¢ 1b SR Double tag 2 2 34+ 07 0.39+0.19 0.42+0.10 - 25 %05 0.11£0.31 0.27 +0.06 0.19 +0.06
2¢ 1b SR OF 9 6.0+ 1.6 09 +04 0.18 £0.05 - 47 +13 02 +0.7 0.62 +0.08 0.60 +0.11
2¢2b CR 160 152 +12 9 =+4 18 +6 1.2 +0.6 115 13 9.0 %35 1.58 £0.10 1.90+0.13
2¢2b SR No tag 14 107+ 1.9 09 +04 0.07 £0.08 03 *05 83 +1.1 12 14 0.27 £0.07 1.11+0.17
202b SRV tag 1 27+ 0.8 0.22+0.13 0.06 +0.05 1.9 0.5 05 +0.7 0.34+0.04 0.81 £0.08
2¢2b SR H tag 10 94+ 1.6 0.76 +0.34 0.26 +0.09 - 7.1 1.0 1.2 14 0.59 +£0.09 1.90 £0.16
2(2b SR top tag 10 13.0+ 1.9 08 +04 1.10£0.30 - 100 1.6 1.1 1.2 1.56 +0.18 1.97 +0.15
2(2b SR Double tag 1 4 45+ 10 0.40£0.25 12 £0.6 - 29 +0.8 0.01£0.19 1.71+0.11 1.71£0.18
2¢ 2b SR Double tag 2 0 37+ 12 0.25+0.14 0.78 £0.18 - 23 +0.6 04 x1.1 1.22+0.10 1.12+0.10
2(2b SR OF 2 2.8+ 0.7 0.28 £0.15 0.44£0.20 - 2.1 0.6 - 2.76 +0.25 2.02+0.26
3¢ VV CR 3149 3140 *70 2770  +90 98 +9 267 *1.6 210 *60 40 =+18 1.00 +0.14 0.90 +0.14
3( SR No tag 198 203 *11 59 £5 117 £10 173 +0.6 85 3.0 24 20 1.37+0.17 1.31£0.17
3¢ SRV tag 20 153+ 1.5 2.82+034 118 =15 0.42 +0.06 0.25+0.11 0.94 +0.07 0.71 £0.09
3¢ SR H tag 59 529+ 238 149 +1.2 347 +2.7 2.03 +0.14 1.3 04 - 1.44+0.10 0.96 +0.08
3( SR top tag 40 377+ 2.6 79 +0.6 276 =24 0.59 +0.07 1.0 £0.4 06 1.2 2.54+0.16 1.73+0.12
3¢ SR OF 4 43+ 09 0.68 £0.11 34 +08 0.07 +0.03 0.07 +0.05 2.07+0.16 0.69 +£0.13
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the lowest-allowed VLQ masses as summarized in Table 4. The higher signal purity in the 3¢ channel
results in an overall higher sensitivity for 7' than in the 2¢ channel, while the larger data sample and finer
categorization of the latter manifests in a performance that is dominant in the results for B. For models
with 100% BR to the Z boson and a third-generation quark, T (B) masses up to 1.60TeV (1.42TeV) are
excluded at 95% CL, while for the singlet and doublet configurations, masses are excluded up to 1.27 TeV
(1.20TeV) and up to 1.27 TeV (1.32 TeV), respectively. The combination of the two channels with their fine
categorization results in the observed sensitivity, however, the limits are evidently driven by the categories
with high expected signal-to-background fractions, namely, ‘21 2b SR OF’ (100%) and ‘31 SR OF’ (45%).

Intermediate BR configurations are obtained by reweighting the simulated signal events to any target BR
composition using generator-level information and assuming a total BR of 100% for the T — Z¢, T — Wb,
and T — Ht decay modes or the B — Zb, B — Wt, and B — Hb decay modes. The reweighting
procedure allows 95% CL upper limits on the production cross-section to be set across the BR plane for
each considered VLQ mass. By comparison with the theoretical prediction, lower limits on the 7 and B
masses as a function of the BR composition can be obtained, as shown in Figure 8. As can be seen, the
analysis is sensitive to a large subset of the possible BR compositions but the limits are more stringent
closer to the lower-left corner of the BR plane, and thus for a higher BR for VLQ decays to a Z boson.

Table 4: Observed (expected) mass limits in TeV for the T and B singlet, doublet, and models with 100% BR to Z for
the two channels and their combination.

Observed (Expected) Mass Limits [TeV ]

Model 2 3¢ Combination
TT Singlet 114 (1.16)  1.22(121)  1.27(1.28)
TT Doublet 134(132) 138(1.37)  1.46(1.44)
100% T — Zt 143 (1.43) 1.54(1.50) 1.60(1.56)
BB Singlet 114 (121) 1.11(1.10)  1.20(1.25)

BB Doublet 1.31(1.37)  1.07(1.04)  1.32(1.38)
100% B — Zb 140 (1.47) 116 (1.18)  1.42 (1.48)
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Figure 7: Expected and observed combined limits at 95% CL on the production cross-section for (a,c, and e) TT and
(b,d, and f) BB for three representative BR compositions. The expected limits for the two individual channels are

also shown.
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8 Conclusions

A search for the pair production of vector-like quarks T or B, with electric charges (2/3)e and —(1/3)e,
respectively, is presented in which at least one of the VLQs decays into a leptonically decaying Z boson
and a third-generation quark. Two orthogonal channels based on the number of selected leptons are
separately optimized and their results are statistically combined to obtain the final result. In both channels
a multi-class boosted object tagger for large-radius jets reclustered from smaller-radius jets is used to
categorize events according to the numbers of V-tags, H-tags, and top-tags. The expected SM background
is modelled with MC simulation and a maximum-likelihood fit to the data is performed. No significant
excess over the background expectation is observed, and therefore 95% CL upper limits on the 7 and B
pair-production cross-sections are derived.

The combined results exclude 7 (B) masses up to 1.27 TeV and 1.46 TeV (up to 1.20 TeV and 1.32 TeV) for
the singlet and doublet configurations, respectively. For the doublet configuration, the lower limits on the T
mass are extended by 90 GeV compared to the most stringent previous ATLAS results, while the limits on
the excluded 7" and B masses are extended by more than 200 GeV compared to the earlier ATLAS analysis
using a subset of the Run 2 data. Finally, for exclusive VLQ decays to the Z boson and a third-generation
quark, this search marginally extends the limits on the 7 and B masses to obtain the most stringent limits to
date.
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