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Abstract A search for pair-production of vector-like lep-
tons is presented, considering their decays into a third-
generation Standard Model (SM) quark and a vector lep-
toquark (Up) as predicted by an ultraviolet-complete exten-
sion of the SM, referred to as the ‘4321° model. Given the
assumed decay of U into third-generation SM fermions, the
final state can contain multiple r-leptons and b-quarks. This
search is based on a dataset of pp collisions at /s = 13 TeV
recorded with the ATLAS detector during Run 2 of the Large
Hadron Collider, corresponding to an integrated luminosity
of up to 140 fb~!. No significant excess above the SM back-
ground prediction is observed, and 95% confidence level lim-
its on the cross-section times branching ratio are derived as
a function of the vector-like lepton mass. A lower observed
(expected) limit of 910 GeV (970 GeV) is set on the vector-
like lepton mass. Additionally, the results are interpreted for
a supersymmetric model with an R-parity violating coupling
to the third-generation quarks and leptons. Lower observed
(expected) limits are obtained on the higgsino mass at 880
GeV (940 GeV) and on the wino mass at 1170 GeV (1170
GeV).

1 Introduction

The Standard Model (SM) adequately explains sub-atomic
particles and their interactions at the sub-TeV scale. However,
a number of phenomena require additional understanding,
such as the fine-tuning problem of the Higgs boson mass, the
mass hierarchy of the SM particles, the similarities in the lep-
ton and quark flavour generations, the nature of dark matter
in the universe, the origin of neutrino oscillations; a selec-
tion of them has been discussed in Refs. [1-4]. In the quest to
give a coherent explanation of the experimental results which
point to deviations from the SM expectation in semileptonic
B-meson decays, denoted as ‘flavour anomalies’ [5-11], a
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number of beyond-the-SM (BSM) theories are constructed.
The minimal requirements for a unified explanation of all
anomalies are new physics contributions in neutral currents
(b — spp [12]) and charged currents (enhanced decay rates
of b — ctv [13]), as argued in Ref. [14]. At the same
time, the BSM theory also needs to be consistent with the
non-observation of related signals in other flavour-changing
processes [15], electroweak (EW) precision observables, t-
lepton decays [16,17] and high transverse momentum (pt)
searches [18,19].

Typical attempts for the explanation of flavour anomalies
often lack consideration of additional observations, like in
Refs. [20-30]. Constraints from low-energy precision mea-
surements can be satisfied when considering mainly left-
handed semi-leptonic currents and flavour symmetry with
dominant couplings to third generation fermions. This can
be achieved by supplementing the SM with a single field
- a vector leptoquark Uy, where leptoquarks, through their
couplings to a quark and a lepton, induce semi-leptonic tran-
sitions of B-mesons at tree level. In order to have an ultra-
violet (UV) complete theory, massive vectors require either
compositeness (e.g. composite vector resonance [31-33]) or
a spontaneously broken gauge theory. The second approach
[34] of embedding the vector leptoquark U; into a spon-
taneously broken gauge theory is considered in the search
presented in this paper.

The gauge structure of the considered model is invari-
ant under the local group Gs3p; = SU@) x SU@B) x
SU(2); x U(1) [14], denoted as the ‘4321’ model, which
is fully calculable at the UV energy scale. It provides an
explanation of the ‘flavour anomalies’ by allowing sizable
(maximal) flavour violation in quark-lepton currents, where
the neutral current anomaly can be well accommodated in the
model. Consequently, the large leptoquark flavour violating
couplings trigger new physics contributions in charged cur-
rents. It is also compatible with additional observations, such
as the absence of any significant excess in searches for lepto-
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quarks [35—40], and the non-observation of flavour anomalies
in (first or second generation) purely hadronic and purely lep-
tonic channels [14,34,41,42]. The symmetry breaking leads
to the appearance of a TeV-scale vector leptoquark with quan-
tum numbers favoured by the flavour anomalies [4].

The particle content of the model has three heavy gauge
bosons: a colour octet (G’), a weak isospin-singlet vec-
tor leptoquark (Ui, electric charge 2/3¢), and a colour sin-
glet Z’ boson. Additionally, there are generations of vector-
like fermions: vector-like quarks (VLQ) U/D,C/S,T/B
and vector-like leptons (VLL) Ni/E, N2/ E>, N3/E3. The
VLLs in this model are set to be SU(2) doublets with a
charged and a neutral component. Only one generation of
VLLs is present in the model, and it is assumed to be fully
mass degenerate. The VLLs are hypothetical, non-chiral,
colour-singlet, spin-1/2 particles predicted in various BSM
scenarios, primarily aimed at addressing the flavour hierar-
chy in Higgs boson couplings and the fine-tuning problem
associated with the Higgs mass. They can be electrically neu-
tral or carry a charge of £1e, can decay to the SM leptons via
direct mixing or via other BSM portals while conserving their
electric charges and lepton numbers, and hence are classified
by the SM lepton generation number. This search targets the
pair production of VLLs in proton—proton (pp) collisions at
/s =13 TeV using the data collected by the ATLAS detector
during Run 2 of the Large Hadron Collider (LHC). A pre-
vious search for VLLs in the ‘4321° model was performed
by the CMS Collaboration, where a local 2.80 excess was
reported using the Run-2 data [43] at a representative VLL
mass, mvyy 1, of 600 GeV, while somewhat similar or milder
excesses are present for other mvyyy values in the range of
500 — 1100 GeV.

The analysis targets the EW production of a pair of VLLs
(EtN, ETE~ or NN) via decays of off-shell W* or Z/y*
bosons in the ‘4321’ model. Each VLL decays through U as
Et — Ujband N — Ut followed by U; — 19, or Uj —
bt™, as shown in Fig. 1. The branching ratios (BR) for E
and N decays are roughly 50% for all processes (BR(E™ —
bbtt), BR(EY — tbi;), BR(IN — btt~) and BR(N —
ftv;)), because U; decays with equal probability into ¢V,
and bt due to the SU(2) gauge symmetry. The myp is the
single free parameter of the model, investigated in the range
200-1500 GeV.

The search is performed probing simultaneously the
EtE~, EN and NN production, which gives rise to a
signature with a large number of jets, of which four con-
tain a b-hadron (b-jets), and up to four hadronically decay-
ing t-leptons (thaq). The search utilises the full Run-2 pp
dataset collected by the ATLAS experiment at a centre-
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of-mass energy /s = 13 TeV. Events are selected using
a combination of triggers satisfying selection requirements
for light leptons (= e, (1), Thad, b-jet, or missing transverse
energy (E%liss). The dataset selected with light leptons, Tpag,
or E%‘iss triggers corresponds to an integrated luminosity of
140 fb~!, while that selected with b-jet triggers corresponds
to 126 fb~ !

An additional interpretation is performed for a super-
symmetry (SUSY) model [44—49] with R-parity violation
(RPV), which can accommodate ‘flavour anomalies’ and
the (g — 2),, anomaly [50]. It is realized using the lepton-
number-violating RPV coupling to third generation quarks
and leptons (L Q D, where L, Q and D are the lepton dou-
blet, quark doublet and down-type quark superfields, respec-
tively). The corresponding interaction term has a coefficient
M35, where ‘333 denotes the assumed couplings to the third
generation fermions only. In the minimal SUSY extension of
the SM (MSSM) [51,52] the wino, bino and higgsino fields
are superpartners of SM gauge boson (W, y/Z), and Higgs
fields, respectively. These states mix to form mass eigenstates
at the electroweak scale: the charginos ( )le,:z) and neutrali-
nos ( )Z? 5 3.4)» With indices denoting increasing mass order.
The intéri)fetation focuses on two dominant particle mixing
scenarios: wino-dominated and higgsino-dominated states,
which differ in their production cross-sections. The models
assume highly decoupled sleptons, light and third generation
squarks and gluinos. The simultaneous production of fully
degenerate chargino-1 ( )Zli) and/or neutralino-1(2) ( 5(?’2) is
considered (pp — 7iEx0y. pp — ZEXE pp — 707D,
with an assumed 50% branching ratio each for decays of
)”(?’2 — btt~(bbv;) and )Zli — bbtE(btvy), as presented
in the Fig.2. A previous search [53] for a SUSY model with
RPV decays of )Zli or )210 , to second- or third-generation of
leptons, and third- generafion of quarks (1}5,) was performed
by the ATLAS Collaboration, excluding higgsinos (winos)
masses between 200-585 (200-670) GeV.

The paper is structured as follows: Sect.2 provides an
overview of the ATLAS detector, followed by a description of
the data and simulated samples in Sect. 3. Event reconstruc-
tion, object identification, and trigger selections are detailed
in Sect.4. The search strategy, including signal region def-
initions and the optimisation of signal classification using
neural networks, is outlined in Sect.5. Background estima-
tion and systematic uncertainties are discussed in Sects. 6
and 7, respectively. Finally, Sect. 8 presents the results along
with their statistical interpretation, and Sect.9 concludes the
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(b)

Fig. 1 Vector-like lepton pair production and decays in the ‘4321° model for a pp — E*N,b pp - EYE~,c¢ pp - NN

(a)

(©

Fig. 2 Diagrams for SUSY R-parity violation model with 1%, coupling for wino or higgsino production of a pp — )Zli )282, b pp — )Zli x.e

pp = X%
2 ATLAS detector

The ATLAS detector [54] at the LHC covers nearly the entire
solid angle around the collision point." It consists of an
inner tracking detector surrounded by a thin superconduct-
ing solenoid, electromagnetic and hadron calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing toroidal magnets.

The inner-detector system is immersed in a 2 T axial mag-
netic field and provides charged-particle tracking in the range
[n| < 2.5. The high-granularity silicon pixel detector covers
the vertex region and typically provides four measurements
per track, the first hit normally being in the insertable B-layer
installed before Run 2 [55,56]. It is followed by the silicon
microstrip tracker, which usually provides eight measure-
ments per track. These silicon detectors are complemented
by the transition radiation tracker (TRT), which enables radi-
ally extended track reconstruction up to || = 2.0. The TRT
also provides electron identification information based on the

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. 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 0 as
n = —Intan(0/2) and is equal to the rapidity y in the relativistic limit.
Angular distance is measured in units of AR = /(Ay)? + (Ag)Z.

fraction of hits (typically 30 in total) above a higher energy-
deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range
In] < 4.9. Within the region |n| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering || < 1.8 to cor-
rect for energy loss in material upstream of the calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
[n] < 1.7, and two copper/LAr hadron endcap calorimeters.
The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the superconduct-
ing toroidal magnets. The field integral of the toroids ranges
between 2.0 and 6.0 T m across most of the detector. Three
layers of precision chambers, each consisting of layers of
monitored drift tubes, cover the region || < 2.7, were com-
plemented by cathode-strip chambers in the forward region,
where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in
the barrel, and thin-gap chambers in the endcap regions.
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Interesting events are selected by the first-level trigger sys-
tem implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger (HLT) [57]. The first-level trigger accepts events
from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record
events to disk at about 1 kHz.

A software suite [58] 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

A dataset of pp collisions at a centre-of-mass energy of
A/s = 13TeV collected by the ATLAS experiment from
2015 to 2018, and corresponding to integrated luminosity
of up to 140 tb~!, is used for this analysis. The number of
additional pp interactions per bunch crossing (pile-up) in
this dataset ranges from about 8 to 70, with an average of 34.
Only events recorded under stable beam conditions and for
which all relevant detector subsystems were known to be in
a good operating condition are used [59].

Monte Carlo (MC) simulation samples are produced for
the different signal and background processes. Pile-up is
modelled by overlaying the simulated hard-scattering event
with inelastic pp events generated with PYTHIA 8.186 [61]
using the NNPDF2.3; o set of parton distribution functions
(PDF) [77] and the A3 set of tuned parameters [78] (referred
to as the ‘tune’). The MC samples are produced using either
a detailed ATLAS detector simulation [79] based on GEANT4
[80] or a faster simulation where the full GEANT4 simulation
of the calorimeter response is replaced by a parameterisation
of the shower shapes [79]. In both cases, the simulated events
are processed through the same reconstruction software as the
dataset of pp collisions. For all samples of simulated events,
except those generated using the SHERPA generator [62—-65],
the EVTGEN program [66] is used to describe the decays of
bottom and charm hadrons. The top-quark mass m; is set to
172.5 GeV and the Higgs boson mass m g is set to 125 GeV
in all relevant samples.

Corrections are applied to the simulated events so that the
particle candidates’ selection efficiencies, energy scales and
energy resolutions match those determined from data con-
trol samples. The simulation samples are normalised to their
cross-sections, and generated to the highest order available
in perturbation theory.

Signal samples for the ‘4321’ model [14,42,81] are gen-
erated for VLL masses in the range 200-1500 GeV in inter-
vals of 100GeV. The production via Z’ is suppressed by
setting the Z’ mass to 100 TeV and its couplings to 0. Sim-
ilarly, G’ is not relevant in this search, as this gauge boson
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couples only to coloured particles. Its mass is therefore set
to 5 TeV, in order to suppress processes via its exchange.
To suppress the EW production of VLQs, all VLQ masses
are set to 3.5 TeV. To accommodate flavour anomalies, the
model favours vector leptoquark U; and VLL decays to third-
generation fermions, as shown in Ref. [42]. Decays to the first
two generations are suppressed by fixing the correspond-
ing couplings to 0, while U; couplings to third-generation
fermions are set to 1. The U; width is constrained to 500
GeV by adjusting its couplings to VLLs and VLQs to be
between —0.5 and 1. The U; couplings to the SM fermions
and mass are chosen to also align with flavour anomalies,
resulting in two scenarios [42]: one not allowing right-handed
currents (,32’ = 0) and one with maximal right-handed cur-
rents (,BIb-f = —1). Due to similar kinematics and cross-
section for the two scenarios, only the ﬂf{ = ( scenario is
investigated. The mass and universal coupling of U; are set
to 3.5 TeV and 3, respectively. This brings to off-shell U
decays, allows for consistency with flavour anomalies, and
preserves compatibility with the model previously studied
by the CMS Collaboration [43]. The VLL widths are in the
very narrow range of 1072-107% GeV, resulting in 3-body
VLL decays. VLL pair production and decay was done using
MADGRAPH5_AMC@NLO 2.2.3 [60,82] at leading order
(LO) with the PyTHIA 8.186 [61] interface for the parton
shower (PS), hadronisation and underlying event modelling,
utilising the A14 tune [69]. The matrix element (ME) is cal-
culated at tree level, with emission of up to two additional
partons. The PDF set used is NNPDF3.0r o [68], and the ME-
PS matching uses the CKKW-L prescription [83,84]. The
VLL pair production cross-section is calculated using MAD-
GRAPH at next-to-leading order (NLO) accuracy in Quantum
Chromodynamics (QCD). The RPV SUSY signal samples
are generated using MADGRAPH5_AMC@NLO 2.9.9atLO,
with up to two initial state radiation jets at LO in QCD, and
the PYTHIA 8.307 [85] interface for the PS, hadronisation
and underlying event modelling, utilising the A14 tune [69].
The matching scale is set to 1/4 of the produced SUSY par-
ticle mass. The cross-section is calculated at NLO in QCD,
with added resummation of soft gluon emission at next-to-
leading-logarithmic accuracy (NLL) using Resummino [86].
The nominal cross-section and uncertainty are calculated
from an envelope of calculations using different PDF sets
and factorisation and renormalisation scales following the
prescription described in Ref. [87].

Samples for 77 production, single top production, vector
boson (V) production in association with the Higgs boson
(V H), and the associated production of a top-quark pair and
a Higgs boson (¢7 H) are generated using the NLO generator
POWHEG- Box [70,76,88-90] with the NNPDF3.0NLO PDF
set; interfaced with PYTHIA 8.2 with the A14 tune. The Zdamp
parameter, which controls the pr of the first additional emis-
sion beyond the Born configuration and therefore regulates
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the high-pr radiation, is set to 3(2m; + mpg)/4 in the 1t H
sample and to 1.5m; in the 7 + jets and single top samples.

The Z(— [T17) + jets and W(— [v) + jets events are
simulated using the SHERPA 2.2.1 generator [73] with NLO-
accurate MEs for up to two partons and LO-accurate MEs
for up to four partons. The MC yields are normalised to the
next-to-NLO (NNLO) cross-sections, computed using FEWZ
[91] with the MSTW2008NNLO [92] PDF set.

The sample used to model the W (11Z/y*) background
process is generated using SHERPA 2.2.10 (SHERPA 2.2.11),
where the ME is calculated for up to one (zero) additional
parton at NLO in QCD and up to two partons at LO in QCD
using CoMIX [63] and OPENLOOPS [62] and merged with the
SHERPA PS [64] using the MEPS@NLO prescription [65]. A
CKKW merging scale of 30 GeV is used for the /7W sam-
ple. These samples are generated using the NNPDF3.0NNLO
PDF set. Both the factorisation and renormalisation scales
are set to ug = up = Hr/2 in the W sample, where
Hr is defined as the scalar sum of the transverse masses

+/ p% + m? of all final state particles. The t#W LO EW con-
tributions are obtained from a dedicated sample simulated
with SHERPA 2.2.10 and are added together with the NLO
QCD sample described above.

Diboson (WZ, ZZ and WW including off-shell produc-

tions) background processes are simulated with SHERPA 2.2.2.

The ME is calculated using CoMIx and OPENLOOPS at NLO
accuracy in QCD for up to one additional parton and at LO
accuracy for up to three additional partons, and merged with
the SHERPA PS model using the MEPS@NLO prescription.
The NNPDF3.0NNLO set of PDFs is used, along with the ded-
icated set of tuned PS parameters developed by the SHERPA
authors.

Table 1 shows the configurations for all MC samples used
in this analysis, with the samples in parentheses indicating
those used to estimate the systematic uncertainties.

4 Event reconstruction and object identification

Events are selected using requirements involving the recon-
structed primary interaction vertex, triggers, and recon-
structed jets, b-jets and 1,9 candidates. Additionally, events
with light leptons are used to estimate the background from
tt and Z + jets processes. The primary interaction vertices
of the pp collision events are reconstructed based on at least
two tracks that are consistent with originating from the beam
collision region and have pt higher than 500 MeV. Of all
primary vertex candidates, the one associated with the high-
est sum of squared pr for its associated tracks is taken as
the hard-scatter primary vertex [93]. Events are required to
satisfy data quality criteria to remove significant noise in the
calorimeters or data corruption [59]. Additional quality cuts

are applied to discard jet candidates originating from non-
collision sources or detector noise, as well as to remove muon
candidates with significantly worse momentum resolution.

Electron candidates are reconstructed from energy clus-
ters in the electromagnetic calorimeter that are associated
with charged particle tracks reconstructed in the inner detec-
tor [94-96]. These candidates are required to satisfy pt > 10
GeV and |ncluster] < 2.47, and they must not be in the tran-
sition region between different electromagnetic calorimeter
components, 1.37 < |ncpuster] < 1.52. A multivariate likeli-
hood discriminant combining shower shape and track infor-
mation is used to distinguish real electrons from hadronic
showers [94,96]. A loose electron discriminant working
point, denoted as ‘LooseLLH’, is employed for the preselec-
tion, which is further tightened to ‘TightLH* working point
in certain analysis regions.

Muon candidates are reconstructed by combining inner-
detector tracks with track segments or full tracks in the muon
spectrometer [97,98]. Candidates are preselected with the
Loose identification working point, and they are required to
satisfy pr > 10 GeV and || < 2.5.

The electron (muon) candidate track is associated with the
primary vertex by restricting the significance of its transverse
impact parameter, do, to be such that |do/o(dp)| < 5(3),
where o (dp) denotes the measured uncertainty in dp. Fur-
thermore, the longitudinal impact parameter zp must sat-
isfy |zgsin@| < 0.5 mm, where 6 is the polar angle of the
track. The electron or muon candidates are also required to
be isolated in the tracker and in the calorimeter. A track-
based lepton isolation criterion is defined by calculating the
quantity Iz = pfrrk, where the scalar sum includes all
tracks (excluding the lepton candidate itself) within a cone
defined by AR < Ry around the direction of the lepton.
The value of Ry is the smaller of rpiy, and 10 GeV/ pff,
where rpij is set to 0.2 (0.3) for electron (muon) candidates
and where p% is the lepton pt. All lepton candidates must
satisfy Ig/ p% < 0.15. Additionally, electrons (muons) are
required to satisfy a calorimeter-based isolation criterion: the
sum of the transverse energy within a cone of size AR = 0.2
around the lepton, after subtracting the contributions from
pile-up and the energy deposit of the lepton itself, is required
to be less than 20% (30%) of p.

The th,g candidates are reconstructed from energy clus-
ters in the calorimeters and associated inner-detector tracks
[99]. They are required to have either one or three associated
tracks (referred to as 1-prong and 3-prong thyq candidates,
respectively), with a total charge of £1e. The candidates are
required to satisfy pr > 20GeV and |n| < 2.5, exclud-
ing the electromagnetic calorimeter’s transition region. A
recurrent neural network discriminant using calorimeter- and
tracking-based variables is used to identify real ty,g candi-
dates and suppress mis-reconstructed jet backgrounds [100].
Three identification working points of 1-prong and 3-prong
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Table 1 The configurations used for event generation of signal and
background processes. The samples used to estimate the systematic
uncertainties are indicated in grey between parentheses. V refers to the
production of an EW boson (W or Z/y*), and [ refers to a lepton (e, u
or 7). The column labelled ‘Parton shower’ refers to the generator used
for the parton shower (PS), hadronisation and underlying events. The
parton distribution function (PDF) used for the matrix element (ME)

is shown. Tune refers to the underlying-event tune of the PS genera-
tor. MG5_AMC refers to MADGRAPHS_AMC@NLO 2.2 or 2.3 [60];
PYTHIA 8 refers to version 8.2 or 8.3 [61]; MEPS@NLO refers to the
method used in SHERPA [62—65] to match the ME to the PS. Samples
using PYTHIA 8 have heavy flavour hadron decays modelled by EvT-
GEN 1.2.0[66]. All samples include leading-logarithm photon emission,

either modelled by the PS generator or by PHOTOS [67]

Process Generator ME order Parton shower PDF Tune

VLL signal MG5_AMC [60] LO PYTHIA 8 [61] NNPDF3.0 NLO [68] Al4[69]

RPV SUSY signal MG5_aMC LO PYTHIA 8 NNPDF3.0 NLO Al4

tf + jets POWHEGBOX [70] NLO PYTHIA 8 NNPDF3.0 NLO Al4
(POWHEGBOX) (NLO) (PYTHIA 8, p%“d =1 (NNPDF3.0 NLO) (Al14)
(POWHEGBOX) (NLO) (HERWIG7.1.3 [71]) (NNPDF3.0 NLO) (H7.1 default)

(tibb) (POWHEGBOXRES [72]) (NLO) (PYTHIA8) (NNPDF3.0 NLO) (Al14)

Z(— IT17) + jets SHERPA 2.2.1 [73] NLO SHERPA NNPDF3.0 NLO SHERPA default

W(— lv) + jets SHERPA 2.2.1 NLO SHERPA NNPDF3.0 NLO SHERPA default

titt MGS5_AMC NLO PYTHIA 8 NNPDF3.1 NLO Al4
(SHERPA 2.2.11) (NLO) (SHERPA) (NNPDF3.0 NNLO) (SHERPA default)

trw SHERPA 2.2.10 NLO SHERPA NNPDF3.0 NNLO SHERPA default
(MG5_aMC) (NLO) (PYTHIA 8) (NNPDF3.0 NLO) (A14)

ttH POWHEGBOX NLO PYTHIA 8 NNPDF3.0 NLO Al4
(POWHEGBOX) (NLO) (HERWIG7.0.4 [74]) (NNPDF3.0 NLO) (H7 default)
(MG5_aMC) (NLO) (PYTHIA 8) (NNPDF3.0 NLO) (A14)

tH(Z)y* — IT17) SHERPA 2.2.11 NLO SHERPA NNPDF3.0 NNLO SHERPA default
(MG5_AMC) (NLO) (PYTHIA 8) (NNPDF3.0 NLO) (Al4)

Single top: POWHEGBOX [75,76] NLO PYTHIA 8 NNPDF3.0 NLO Al4

tW, s-, t-channel

VH POWHEGBOX NLO PYTHIA 8 NNPDF3.0 NLO Al4

VV,qqVV,VVV SHERPA 2.2.2 NLO SHERPA NNPDF3.0 NNLO SHERPA default

t(Z/y*) MG5_aMC NLO PYTHIA 8 NNPDF2.3 LO Al4

tHjb MGS5_aMC NLO PYTHIA 8 NNPDF2.3 LO Al4

tW(Z/y*) MGS5_aMC NLO PYTHIA 8 NNPDF2.3 LO Al4

tWH MGS5_aMC NLO PYTHIA 8 NNPDF2.3 LO Al4

tiwtw- MGS5_aMC LO PYTHIA 8 NNPDF2.3 LO Al4

tt MGS5_aMC LO PYTHIA 8 NNPDF2.3 LO Al4

1727 MADGRAPH [60] LO PYTHIA 8 NNPDF2.3 LO Al4

ttHH MADGRAPH LO PYTHIA 8 NNPDF2.3 LO Al4

ttWH MADGRAPH LO PYTHIA 8 NNPDF2.3 LO Al4

Thad candidates are used for different levels of efficiencies
and background rejections. The selected tg candidates are
referred to as ‘Loose’, ‘Medium’, and ‘Tight’, respectively
[100]. The loose working point has a target efficiency of
85% (75%) for 1-prong (3-prong) thaq candidates, with an
expected rejection factor against light-jets of 21 (90). The cor-
responding efficiencies and rejections for the medium work-
ing point are 75% (60%) and 35 (240) for 1-prong (3-prong)
Thad candidates, respectively. The tight working point has
average efficiency of 60% (45%) for 1-prong (3-prong) Thaq
candidates, respectively. Electrons that are reconstructed as

@ Springer

1-prong thaq candidates are removed using a boosted decision
tree algorithm [100]. The tpag reconstruction and identifica-
tion efficiencies and the 7,9 energy scale in the simulation
are calibrated to those measured in a data control sample of
Z — t1T77 events [101], and the associated uncertainties
are considered in the analysis.

The constituents for jet reconstruction are identified by
combining measurements from both the inner-detector and
the calorimeter using a particle flow (PFlow) algorithm
[102,103]. Jet candidates are reconstructed from these PFlow
objects using the anti-k; algorithm [104,105] with a radius
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parameter of R = 0.4. They are calibrated using simula-
tion with corrections obtained from in situ techniques in data
[103]. Only jet candidates with a pt > 25 GeV and within
[n| < 2.5 are selected. In order to reduce the effect from pile-
up, each jet with pt < 60 GeV and |n| < 2.4 is required to
satisfy the tight working point of the jet vertex tagger (JVT)
[106] criteria used to identify the jets as originating from the
selected primary vertex.

Jets containing b-hadrons are identified (b-tagged) via the
DL1r multivariate discriminant combining information from
the impact parameters of displaced tracks with topological
properties of secondary and tertiary decay vertices recon-
structed within the jet [107,108]. Each jet can be sorted into
a pseudo-continuous binned distribution of the DL 1r discrim-
inant score, where each bin corresponds to a certain range of
b-tagging efficiencies defined by the working points corre-
sponding to an average efficiency of 60, 70, 77 and 85% for
b-jets with pt > 20 GeV and || < 2.5 in tf events. The
85% working point is used in the event selection of chan-
nels used for background estimation in this analysis (> 14
channels). The 77% working point is applied in channels
of both signal and control regions (0¢ channels). Operating
at the 77% working point, the tagging algorithm achieves a
rejection factor of about 170 against light-jets (jets that do
not contain b- or c-hadrons) and of approximately 5 against
c-jets. The pseudo-continuous b-tagging information is used
as an input variable in the signal region optimisation.

The E‘T]rliss is defined as the magnitude of the negative vec-
tor sum of the transverse momenta of all objects in the event.
It also includes a term for the transverse momentum coming
from all soft particles that are not associated with any of the
objects in the event [109], which is calculated from inner
detector tracks that can be matched to the primary vertex.

In order to resolve ambiguities in object reconstruction,
an algorithm is used to avoid double counting of two dif-
ferent close-by objects that pass the selection requirements
and overlap with each other. The overlapping objects are
removed according to the following procedure. Electrons
and muons that pass the loose selections are considered for
overlap removal, together with calorimeter jets which pass
the JVT requirement and tp,q candidates identified using the
Loose criteria. If the electron and muon share a track, the elec-
tron is removed if the muon is associated with a signature in
the muon spectrometer, otherwise the muon is removed. For
a surviving electron which overlaps with a jet within AR <
0.2, the jet is removed. If an electron and a jet overlap within
AR < 0.4, the electron is removed. If a muon and a jet over-
lap with AR < 0.2, the jet is removed, unless the number of
tracks in the jet is more than 2. If a muon and a jet overlap
with AR < 0.4, the muon is removed. If a surviving electron
overlaps with a loose thag Within AR < 0.2, the electron is
kept and the 1,59 Object is removed. If a surviving muon over-
laps with a loose th,q within AR < 0.2, the muon is kept and

the thag Object is removed. If a surviving jet overlaps with a
loose thag within AR < 0.2, the jet is removed.

4.1 Trigger selection

The analysis employs different trigger strategies for the 0¢
events, which contain at least one th,q and no isolated light
leptons. The > 1¢ channels, which include at least one iso-
lated light lepton and are used only for the background
estimations, are selected using single-light-lepton (SLT) or
double-light-lepton (DLT) triggers.

The various types of triggers considered in the analysis
are described in the following. At the HLT, the ErTniss trig-
gers (MET) [110] have minimum thresholds ranging from
90 GeV to 110 GeV depending on the data-taking period.
The single-th,q triggers (STT) [111] select a 1,9 candidate
satisfying HLT quality criteria and with a pt threshold rang-
ing from 80 GeV to 160 GeV, where the 160 GeV threshold
is used for the majority of the data-taking period. The di-
Thad (DTT) triggers have kinematic thresholds on two Thag
candidates, as well as on the leading? and sub-leading jet
pr in certain triggers depending on the data-taking period,
as described in Ref. [112]. The pr threshold of the lead-
ing (sub-leading) thag is 35(25) GeV across all data-taking
periods. For the years 2017-2018, a subset of triggers intro-
duces an additional requirement on the angular separation
AR (Thad, Thad) between two Th,q candidates. This subset also
includes a single jet requirement. These requirements were
designed to reduce trigger rates by suppressing back-to-back
Thad pairs. There are b-jet triggers (BJET) [113] employed
during the data taking period from 2016-2018, which require
at least one jet with pt above 100 GeV or 110 GeV depend-
ing on the data-taking period and two b-tagged jets iden-
tified with the HLT algorithm based on multivariate anal-
ysis techniques. The b-tagged jets have pt above the 35—
55 GeV range depending on the data-taking year. Further-
more, the data are selected using a combination of SLT or
DLT triggers, with requirements on the identification, isola-
tion, and pr of the light leptons to maintain a high efficiency
across the full momentum range while controlling the trigger
rates [114,115]. The electron (muon) SLT has the lowest pt
thresholds of 24-26 (20-26) GeV, while the electron (muon)
DLT has the lowest pt threshold requirements of 12-24 (14—
22) GeV for the leading lepton, depending on the data-taking
period and trigger combination.

In the 0¢ channels, events are selected using a combination
of triggers in order to enhance the signal acceptance. These
triggers are used with a set of requirements on the kinematic
thresholds of the th,4, light-jet, or b-jet candidates, or the
Efrniss. Events are classified into orthogonal categories based

2 In this paper, the offline physics objects are ordered in pr, with the
leading object referring to the one with the highest pr.
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Fig. 3 Trigger selection strategy for 0¢ channels using multiple trig-
gers to maximise signal acceptance, where the kinematic selections in
the analysis are chosen in the plateau region of the trigger efficiency,
followed by corresponding trigger matching and trigger decisions. The
E&"i“ (MET) trigger category targets events with E‘Tniss >200 GeV, the
single-thaq (STT) triggers select events with single t,q of pT above the
thresholds indicated in the diagram, the di-th,g (DTT) triggers recover

on the kinematic selections which are chosen in the plateau
region of trigger efficiency. This methodology was previ-
ously used in Refs. [112,116]. Furthermore, in the offline
analysis, the reconstructed thyq are geometrically matched
to the HLT 149 that triggered the event. A diagram laying
out the trigger strategy in the 0¢ channels can be found in
Fig. 3.

There are four different trigger chains based on the type
of the trigger used in the 0¢ event selection. The selection
starts with MET triggers, which are fully efficient for events
with E‘T‘rliss > 200 GeV. No efficiency corrections are applied
to simulated events selected with MET triggers. For events
with E%liss < 200 GeV, the STT triggers are used, where the
reconstructed thyq candidate satisfy pr thresholds, as illus-
trated in Fig.3, with efficiencies at plateau. The selection
threshold is up to 20 GeV above the trigger threshold. Sig-
nal events with one t,g Or two or more Th,q that pass the
orthogonal offline selections have an STT trigger efficiency
ranging from 88 to 92%, depending on the 71, multiplicity
and signal mass. The events that do not meet the criteria for
MET and STT triggers are recovered with the use of the DTT
triggers that have requirements on the pt of two thag candi-
dates and the leading jet. The reconstructed thag candidate
pt must be 5 GeV above the trigger threshold applied to the
Thad at HLT, as highlighted in Fig. 3, while the leading recon-
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events with two 7,9 with relatively lower thresholds, and the b-jet
(BJET) triggers recover events that have low 1,9 pT but a large mul-
tiplicity of b-jets. The MST category refers to events that pass either
the STT or the MET trigger chain. Similarly, events that belong to the
STT, the DTT, or the MET trigger chains are collectively labelled as
MSDT. Variations in the offline thresholds are due to changes in trigger
thresholds across different data-taking periods

structed jet must have pt > 80 GeV. For the events selected
with DTT triggers that required two or more jets, a lower
threshold of 45 GeV is used for the leading jet. The DTT
trigger efficiency for signal events with two tp,q passing the
offline selection ranges from 82-90%, depending on the sig-
nal mass. The STT and DTT trigger efficiencies are corrected
in the simulated events. Other remaining events that fail to
satisfy the above triggers are selected with BJET triggers if
the events contain at least four jets with pt > 40 GeV. The
BJET trigger efficiency ranges from 56 to 90%, depending
on the signal mass. Events from the BJET trigger category
have efficiency corrections related to b-tagging. These cor-
rections are evaluated using a technique previously applied
in Ref. [116].

SLT and DLT triggers are used to select events with two
or more light leptons that have ETmiSS < 200 GeV. The recon-
structed leptons in the event are required to be matched to
the triggered objects at the HLT from the SLT or DLT, with
reconstructed lepton pt 1 GeV higher than the threshold set
on the HLT trigger object. To allow full trigger efficiency, the
events having an E%‘iss of at least 200 GeV are selected with
the MET trigger. These events are used in the determination
of kinematic dependent corrections for the ¢7 and Z + jets
processes, and for the estimations of the scale factors for the
misidentified tp,4, as will be discussed in Sect. 6.
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Fig. 4 A sketch of the analysis regions considered in this ‘4321” VLL
search. The regions labelled with ‘SR’ (‘CR’) refer to the signal (con-
trol) regions, as summarised in Tables 2 and 5. They are used in the
simultaneous profile likelihood fit, as discussed in Sect. 8. The regions
labelled with ‘SF’ are used for the derivation of correction factors which
depend on event kinematics for the 17 + jets, Z + jets, fake thaq and
multijet background. The validation region ‘VR’ is used to verify the
modelling of the fake th,q background mainly originating from ¢7 + jets

5 Search strategy

Based on the considered model, the analysis targets VLL
pair production in the final state with one or more tp,g can-
didates and three or more b-jets. A set of orthogonal anal-
ysis regions are defined to constrain the background and to
maximise the signal sensitivity. Given the different thresh-
olds and topologies of the triggers considered, the analysis
regions are categorised with a combination of trigger selec-
tions to capture events with a single high- pt Thaq candidate,
multiple thaq candidates with softer pr, large multiplicity of
b-jets, or high EXS. Furthermore, the signal events are split
depending on the number of 7,9 and the number of b-jets,
leading to five signal regions (SRs) in total, as highlighted
in the schematic diagram of Fig.4 and described in Sect.5.1.
These regions are devoid of any isolated light leptons satisfy-
ing loose identification with a minimum p of 10 GeV. Each
of these categories shows a different composition of back-
ground, with main contributions from ¢7 + jets (with real

0

and W/Z + jets processes. The selections for ‘SF” and ‘VR’ regions
are summarised in Table 4. The Z 4 LF (Z + HF) region is enriched in
Z boson events without (with) additional b-tagged jets. A few analysis
regions with different trigger selections are labelled with abbreviated
notations: MST for the combined MET and STT trigger categories,
MSDT for the combined MET, STT and DTT trigger categories, and
MLT for the combination of MET triggers with SLT or DLT triggers

Thad OF With jets misidentified as Th,g, also called fake thaq),
Z +jets and multijet productions. Multivariate analysis tech-
niques are used to search for a VLL pair in all signal regions,
and the distribution of a neural network (NN) discriminant
score is used in the final likelihood fit discussed in Sect. 8 to
extract the signal yield.

The data-driven estimation of ¢7 4 jets and Z + jets back-
grounds is carried out in two main steps. First, kinematic-
dependent corrections are derived to address MC mismod-
elling using dedicated scale-factor (SF) regions and are then
applied to the respective background events in all relevant
analysis regions. Dedicated regions enriched in either 77 +jets
or Z + jets featuring two light leptons, as shown in Fig. 4, are
used only for deriving these corrections. In a second stage, the
normalisation of individual processes, categorised into light-
and heavy-flavour additional jets, is determined from the like-
lihood fit. The associated production of ¢¢ with additional
b-jets or c-jets from QCD emissions is known to be poorly
modelled in the MC simulations [117,118]. Three individual
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Table 2 Summary of the selections in each of the five signal regions.
The ‘OS’ refers to an opposite-charge Tp,q pair. A few combinations of
trigger selections used in the analysis regions are labelled with abbrevi-
ated notations: MST for the combined MET and STT trigger categories,

and MSDT for the combined MET, STT and DTT trigger categories.
The last row refers to the neural network (NN) score distributions in the
specified event categories considered for the optimisation of the signal
classification, as described in Sect.5.2

Signal Region | 17haa3b MST | 17hag 24b MST | 1734436 BIET | ltyeq >4b BIET | >2Thaa 2 3b MSDT
Triggers MET U STT | BIET MET SIT | DIT
Number of 7jaq 1 >2 2 (0S)or >3
Thad 1dentification Tight >1 Loose | >1 Medium | >2 Medium
Number of b-tags @77% 3 ‘ >4 ‘ | >4 >3
Number of jets >4 >3
NN score distribution NN (17h,g MST) ‘ NN (17,4 BJET) NN (= 214,¢ MSDT)

categories are hence considered for the ¢7 + jets process, and
the corresponding normalisations are determined from the fit
to data, as discussed in Sect.6.1.

Dedicated control regions, as shown in Fig. 4, are defined
to estimate the multijet background separately in events with
1Thaq and > 21p,g using data-driven techniques as described
in Sect. 6.

5.1 Signal region definitions

The signal events selected with at least one tp,g satisfying
loose identification with pt above 20 GeV and three or more
b-jets with pt > 25GeV are required to pass either of the
four trigger categories: STT, DTT, MET and BJET. The th,q
identification criteria are further tightened depending on the
Thad multiplicity and the trigger selections, as summarised
in Table 2 for the five signal regions. Events consisting of a
single thaq candidate passing the high pr threshold STT or
MET trigger are dominated by backgrounds from ¢7 + jets
with real or fake tp,q, while those passing the BJET trigger
category have substantial contributions from multijet events.
Due to these differences in the background composition, the
single Thaq events are categorised into MST and BJET trig-
gers, which are further split into two regions: one select-
ing exactly three b-tagged jets (3b), and the other at least
four b-tagged jets (>4b) thus allowing an improved estima-
tion of the background with higher heavy-flavour jet content.
The MST refers to the combined MET and STT trigger cat-
egory. No further splitting is done in the region with two
or more Tpad, because of limited statistics. This region is
referred to as > 21 >3b MSDT, where the acronym MSDT
refers to the combined MET, STT and DTT trigger cate-
gories. The events selected by the BJET triggers are not
considered in this region given their negligible additional
contribution to the signal acceptance. The main background
source in this region is 77 + jets with substantial contribu-
tions from processes with fake 74,9 candidates. The signal
acceptance times efficiency is presented in Fig. 5 for the three
categories of selections: 1thag >3b MST, 11459 >3b BJET,
and > 2tpag > 3b MSDT, illustrating complementary contri-
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Fig. 5 The expected acceptance times efficiency (including object
identification and reconstruction, trigger selection, and event selection)
for VLL signal as a function of mvyy 1. for the combined signal regions as
well as for three signal region categories: 1thyq > 36 MST, 1149 >3b
BJET and > 2159 > 3b MSDT. The region 1thyg > 3b MST refers
to the combination of the 174,30 MST and 11,9 > 4b MST signal
regions, while the region 11,4 > 3b BJET refers to the combination of
the 1thag3b BJET and 11,9 >4b BIET signal regions

butions to the signal acceptance from various trigger com-
binations. The 1thag > 3b MST region is the combination
of the 17h,03b MST and ltheg > 4b MST signal regions,
whereas the region 11h,9 > 3b BJET is the combination of
the 171,935 BJET and 1thaq >4b BJET signal regions.

5.2 Optimisation of signal classification with neural
networks

Three NNs are optimised based on the type and composition
of backgrounds in specific signal regions, while the statisti-
cal interpretation is performed using the score distribution in
the five SRs as the final discriminant variables to extract the
signal. The NN are parameterised in terms of the VLL mass
to obtain optimal signal sensitivity and smooth interpolations
across the mass range [119]. This approach is equivalent to
training the signal against the background for each signal
mass hypothesis separately. Each NN is conditioned on a
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Table 3 Summary of variables used as input to the parameterised neural network trained for three different event categories

Variable

Event category

1Thag >3b MST

1Thad 236 BJET > 21,9 >3b MSDT

ntrig V4
PT, 71,0 v
PT,1h04.1
pT,Thad,Z
Njets v
NThad
HT,jets
ETmISS
M (Thad,0» Thad,1)
M (Thad,0, bo)
m(bob1, Thad,0)
m(boby, EX"*)
5, PCB

ThadID

SNEN

SSENENEN

n
min(Ad;(E‘T“iSS,jets))
min(Ag(EF™S, Thaa))

Thad
Ntrk

Q Thad,0
ZQ Thad

SNENENEN

v

SNENEN

SSENENEN
N NN N N N N N N N N NENEN

signal mass parameter which scans the range of VLL masses
under investigation. For each VLL mass point considered, a
distinct NN score distribution for the signal, the SM back-
ground, and data is evaluated. Hence, the statistical analysis
is performed separately for each assumed mass value of the
VLL signal model, as the data and background distributions
of the NN score change with the mass value. The NN consists
of two hidden dense layers with 35 nodes each and an output
layer with two nodes, implemented in Keras [120] with the
Tensorflow [121] backend.

Three event categories are used to train separate NNs, as
listed in Table 3. The NNs are trained using input variables
based on jet and 1,9 multiplicities, b-jets and thag identifi-
cation qualities, the trigger categories, and kinematics and
angular quantities. The input variables are defined below:

e 12 is a trigger category index referring to which trigger
has selected the event inside the category, i.e. 1 for MET,
2 for STT, and 3 for DTT. This variable is used as an
input to an NN only when the multiple event categories
are merged.

DT, h,4,0 1 the pr of the leading Thaq in the event.

DT, a1 18 the pr of the sub-leading thaq in the event.
DT, .2 18 the p of the third-leading Thaq in the event.
Nies is the number of reconstructed jets.

Nqy,,q 1s the number of 7,9 candidates.

HT jets is the scalar sum of pr of all jets in the event.
Efrniss is the missing transverse energy.

M (Thad,0, Thad,1) 1S the invariant mass of the two leading
Thad candidates.

m(Thad,0, bo) 1s the invariant mass of the leading thag and
the leading b-jet.

m(bob1, Thad,0) is the invariant mass of the system of the
leading b-jets pair and the leading Thaq.

m(bybq, E'Tniss) is the invariant mass of the system of the
two leading b-jets and the EJ"'*5.

2bHPCB is the sum of the pseudo-continuous b-tagging
efficiency score for all jets in the event. Each jet score
ranges from 1 to 5, corresponding to a certain range of b-
tagging efficiencies defined by the working points: 100—
85%, 85-77%, T7-70%, 710—-60%, and < 60%.

n™adlD jg apn integer variable (0—8) that encodes the Thaq-
identification working points of up to two leading Thaq
candidates in an event. The exclusive identification work-
ing points considered are Loose-not-Medium, Medium-
not-Tight, and Tight. The event score is determined by
the combination of working points assigned to the lead-
ing and sub-leading tpq.

min(Aq&(E%“ss, jets)) is the minimum angle in the trans-
verse plane between the E‘TniSS and any jets.
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Fig. 6 Post-fit background
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e min(A¢(E %‘iss, Thad)) is the minimum angle in the trans-
verse plane between the E‘TniSS and any Thyq.

e N is the number of reconstructed tracks associated
with the leading Thaq.

® (.4 is the charge of the leading Thag.

e X (0 ,denotes the sum of charges of up to four Thag
candidates ordered in pt. This variable is considered in

events with two or more Th,q candidates.

A selection of representative input distributions, after the
background corrections described in Sect. 6 and the final fit
outlined in Sect. 8, are presented in Figs.6, 7, and 8 for the
1Thad =>3b MST, the 1thaq >3b BIET, and the > 21,9 >3b
MSDT signal regions, respectively. The 1th,g > 3b MST
region is dominated by contributions from ¢ +jets processes,
the 1thag > 3b BJET region has substantial contributions
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from the multijet production, while the > 21,9 >3b MSDT
region suffers from large contributions from the ¢7 + jets
processes with real or misidentified th,q. The input variables
in these regions are consistent between the data and the SM
background predictions within two standard deviations.
The NN are trained against the main ¢7 + jets, Z + jets,
and multijet backgrounds taking into account both the true
and misidentified 7,9 components with the latter corrected
as described in Sect. 6. The jet multiplicity and additional jets
flavour components are corrected in the 77 + jets sample, as
described in Sect. 6, before employing them for training. For
the signals, the generated mass myL is used as a parame-
terisation input in addition to the input variables described
above, while in the case of the backgrounds a pseudo-mass
is assigned based on the generated m vy [, value such that the
training is dependent on the mvyy [, mass. Sample weights are
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calculated such that the signal-to-background ratio is bal- 6 Background estimation

anced across all mass points. Comparing the output between
the training dataset and an independent testing dataset shows  The composition of the SM processes varies in different sig-
no sign of overtraining. The resulting NN score distributions, nal regions, with major contributions arising from 7 + jets
which peak at higher values for VLL signals than for the back- events with real or fake th,g components and from multi-
ground processes, are used as the analysis discriminants. The  jet production. The Z + jets process enhanced in heavy-
NN score distributions are binned to maximise the signal sig-
nificance against the background in each SR while ensuring

sufficient statistics in each bin.
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Fig. 8 Post-fit background (filled histograms) and data (dots with sta-
tistical error bars) distributions of representative NN input variables in
the 2thag > 3b MSDT signal region: a Hr jets and b 7 (Thad,0, Thad,1)-
The normalisation and shape of the backgrounds are determined from
the background-only likelihood fit to data and the ratios of the data to the

flavour component, labelled Z + HF hereafter, contributes
as a small background. As the processes with a large heavy-
flavour content contributing to the analysis regions are poorly
modelled, the contributions from these aforementioned pro-
cesses are estimated using data-driven techniques in dedi-
cated control regions, where the signal contamination is neg-
ligible. Other rare processes contributing as irreducible back-
ground are estimated using MC simulations. The modelling
of background processes is validated in the five SRs with
17Thag and > 21h,q event selections using the lower bins of
NN score variable distributions. The data-driven estimation
of the t7 + jets, Z + jets and multijet background processes
are described in the following sections.

6.1 tf + jets background

The 7 + jets processes are an important background in this
search, in particular the processes with at least one addi-
tional heavy-flavour jet. The jets mis-tagged as b-jets further
enhance the background rate. The state-of-the-art predictions
of 17 +jets processes at NLO in QCD suffer from large uncer-
tainties in the phase space with multiple jets. The kinematics
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sum of the predicted backgrounds are shown in the lower panels. The
hatched band indicates the combined statistical and systematic uncer-
tainty in the total background prediction. The expected distributions for
0.6 TeV and 1.0 TeV VLL signals, normalised to the background yields,
are overlaid (dashed lines). The last bin includes the overflow

of the top quark as predicted in the NNLO+NNLL QCD
and NLO EW calculation [122] better describe the measure-
ments as compared with the predictions at NLO. However,
these calculations are inclusive in additional jet flavour, and
may not describe the data well at high jet multiplicities. It
is therefore crucial and common to constrain the modelling
of tf + jets process using data. The 77 process with both
top quarks decaying semileptonically (into e or 1) provides
a much cleaner final state compared to that with hadronic
decays (into hadrons or th,g). A scale factor region selected
with an electron, a muon and two or more jets is used to
first derive 77 modelling corrections for the reconstructed jet
multiplicity spectrum and for the composition of additional
flavoured jets in the 77 + jets sample. The final normalisa-
tion of ¢7 4 jets with heavy-flavour components in the signal
regions is determined from the simultaneous fit to data in the
signal and control regions selected with at least one Ty, and
no light leptons. The multiple steps involved in deriving the
corrections are described in the following.

First, the MC simulated 7 events are reweighted using
an iterative recursive procedure to correct the parton level
distributions of the top quark pr, invariant mass of the 77



Eur. Phys. J. C (2025) 85:1335

Page 150f42 1335

Table 4 Summary of the selections which define the regions used to
determine the reducible background shape correction to the 77 + jets,
Z +jets and fake 7,54 processes, and to validate the fake tp,q modelling.
The ‘SF’ (‘VR’) stands for the scale factor determination (validation)
region. The ‘OS’ refers to an opposite-charge light-lepton pair, mg,

denotes the invariant mass of two light leptons, and m 7 is the Z boson
mass. The two columns under the fake 74,9 SF category refer to the
regions enriched in 77 + jets and Z + jets, in respective order. The ‘SS’
refers to the same-charge t,q pair

Selections tf + jets Z +jets Fake Thaq Multijet

SF SF ‘ SF \ VR SF
Triggers SLT U DLT U MET MET || BJET STT || BJET STT || DTT
Number of b-tags — ‘ 1 or2 @85% ‘ lor2 @77% 1@77% 0,1,2, >3@77%
Number of jets >2 >1 >3
Number of 7h,q 0 1 1 2(SS)
Number of e/u enOS eeOS or uuOS | euOS | eeOS or upOS ‘ 1 (same charge as Thaq) 0

Lepton pr [GeV]
Lepton identification

(20, 20)

Mmee [GCVJ
|mee — mz| < 10 [GeV]

> 15

yes

Electron: TightLH
Muon: Medium

yes

system, and the pr of the ¢f system to those predicted by
the NNLO+NNLL QCD and NLO EW corrections [122].
Second, the corrections for the jet multiplicity are determined
for the reweighted ¢7 sample using a scale factor region as
described in the second column of Table 4. The background
contamination from other processes is less than 11% in this
region. The corrections are defined as the ratio of data events
after subtracting all non-77 background to the predicted 77
events in each jet multiplicity bin. They range from 5% for
events with two jets to about 30% for 10 or more jets.

In the next step, the MC events in the above mentioned
scale factor region are further categorised (following the def-
initions described in Ref. [123,124]) depending on the truth
flavour of additional QCD jets produced with z. If there is at
least one additional b-jet, the event is classified as t7+ > 1b;
if there is no additional b-jet, but an additional c-jet is present,
it is classified as 17+ > lc, or else, as t7 + light. Templates
are created for the three components of 77 in terms of a dis-
criminating variable defined as the sum of b-tagging score
(ZbPCB), where each jet score refers to a range of average
b-tagging efficiencies. A likelihood fit is performed to data in
the scale factor determination region for the estimation of the
normalisation factors of the three 17 + jets categories. These
estimated normalisation factors are used as initial corrections
to the 17 MC events in all analysis regions.

Finally, the normalisation of ti+ > 1b, ti+ > lc and
tf + light processes is determined in the simultaneous likeli-
hood fit to data in the signal and control regions consisting of
one or more Thyq but depleted in light leptons. The fit setup
is outlined in Sect. 8. The control region, as summarised in
Table 5, is characterised by events with one th,q, at least
four jets, of which two are b-tagged at the 77% efficiency
working point [108], and ETmiss above 100 GeV. Events are
required to satisfy the MET or STT triggers. The normal-
isation of t7+ > 1b, ri+ > lc and 7 + light categories

in the alternative 7 + jets samples used to estimate system-
atic uncertainties are scaled to the estimation of 17+ > 1b,
ti+ > 1lc and t7 + light yields in the nominal ¢ sample,
such that only the shape uncertainties are taken into account
in the final fit. The measured normalisation factors (includ-
ing the initial normalisation corrections estimated from scale
factor regions selected with light leptons) are 0.93 £ 0.10,
1.27 4+ 0.53, and 1.41 % 0.32 for ¢¢ + light, 17+ > 1c and
tt+ > 1b components, respectively, where the quoted error
includes all uncertainties. The correlation factor between the
tt + light (rt+ > 1c) and ¢+ > 1b normalisation estima-
tors is about 50% (60%), whereas the normalisation factors
of t7 + light and t7+ > 1c have an anti-correlation factor
of 60%. The measured values refer to the case where the
NN score is evaluated for data and the SM background cor-
responding to a VLL mass of 1 TeV, they do not change
significantly for the other mass values.

6.2 Z + jets background

The corrections to the MC simulated Z + jets events are
derived in terms of the reconstructed jet multiplicity using the
region consisting of two opposite-charge same-flavour light
leptons, each with pt above 20 GeV and with an invariant
mass within 10 GeV of the Z boson mass. The number of
jets exhibits good consistency between the data and MC at
low multiplicity of up to five jets. However, it requires a
correction at the level of 25% when it increases to 10 jets.
After the scale factors are applied to the Z+jets MC events
correcting for the reconstructed jet multiplicity, the normal-
isation of Z + jets is determined using events containing at
least two Th,q and no light leptons. The Z+jets MC events are
split in two orthogonal components, denoted as as Z+LF and
Z + HF, depending on the truth flavour of the jets produced
in association with the Z boson. The Z + HF component
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Table 5 Summary of the selection requirements for each of the seven
control regions. Each control region is labelled depending on the combi-
nation of triggers, the multiplicity of th,q candidates, number of b-jets,

and other kinematic requirements. The E-‘rmf; (E-‘rmlff) refers to the low

(high) E%‘i“ regions. The m!  (m ) refers to regions with low

(high) range of the invariant mass variable n%! as described in Sect. 6.2.
The ‘OS’ refers to opposite charge th,g pair. The Z +LF (Z +HF) refers
to the region enriched in Z boson events without (with) additional b-
tagged jets

77,lo0 77, hi
Control region tf + light Multijet Z+LF Z + HF Multijet
lrhad2b E:lP,ll:: lThade E”rlp,ll:w lThade Eflfl’ll:W ZThadOb mi‘i{hi 2Thad0b m?r(ir“,low 2Thad1b m?ro-il,low ZThade
MST MST BJET
Triggers MET U STT ‘ BJET MET U STT U DTT
Number of Tpaq 1 2 (0S) or >3 (STT, DTT), or >2 (MET)
Number of e/u 0
Number of jets >4 >3
Number of b-tags 2@77% 0@77% | 1@77% 2@77%
m<ol - >120GeV | <120 GeV -
Eqiss > 100 GeV | < 100 GeV -
Fit variable Event yield ‘ pThaalD

consists of events with at least one reconstructed jet matched
to a truth b-jet or c-jet, and all remaining events are classi-
fied as Z 4-LF. Two orthogonal control regions selected with
events containing two th,g candidates and at least three jets
are summarised in Table 5. One region is dominated with
Z + LF events with the presence of no b-tagged jet and the
other, having one b-tagged jet, is enriched in Z + HF events.
A mass variable mi‘;” is constructed under the approxima-
tion [125] that the neutrino is collinear with the visible decay
products of th,q and is the only source of E%‘isg in the event.
It is defined as Mz,7.0/ /X thad 0 X thad.1» WHETE My 4z, 18
the invariant mass of the Thag pair and x4 o (X7,,,) i the
fraction of the original pt of the leading (sub-leading) recon-
structed tp,q that is carried by its visible decay products. The
original pr refers to the total estimated pr of thaq, obtained
by combining the visible decay products with a component
of the E%‘iss associated with neutrinos from tau decay. The
variable xq, , o, expressed in terms of the kinematic variables

of Thaq and E'TniSS is given by

PT,thad,0/1
™ (in(@ gmiss)=$in(@q,1/0)) ’

Sin(¢fhad,0/l )_Sin(¢fhad. 1 /0)

Xhaa,0/1 =

DT, thagoy1 T

where ¢ Emiss is the azimuth coordinate of the missing trans-
verse momentum, and ¢, , (Pr,,q ) is the azimuth coordi-
nate of the leading (sub-leading) thaq. The Z + jets enriched
region is selected with the requirement of mS' below
120 GeV. The measured values of normalisation factors for
Z + LF and Z + HF determined from the fit to data in the
signal and control regions considering the background-only
hypothesis and an mvyrp, of 1 TeV for the NN score distri-
bution are 1.23 +0.11 and 1.13 £ 0.10, respectively, where
the quoted error includes all uncertainties. The fitted values
of the Z + LF and Z + HF normalisation factors have a
correlation factor of about 50%.
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6.3 Fake tp,q background in non-multijet production

The 7 + jets process also contributes as a non-negligible
background when at least one of the jets is misidentified
as a Thaq. This is one of the important contributions in the
> 2Thaq > 3b MSDT signal region. The background is esti-
mated using a semi-data-driven approach, where the predic-
tions from the MC simulations are taken as baseline, and
corrections are applied to the MC simulated events contain-
ing one or more fake th,g depending on each fake thag pr
and number of associated tracks. The corrections are derived
using a dedicated region enriched in 7 + jets events con-
sisting of one tpag With a minimum pt of 20 GeV, as sum-
marised in Table 4. As discussed in Sect.6.1, the ¢7 + jets
MC events are first corrected for the mis-modelling in the
top quark kinematics at the truth level, the reconstructed jet
multiplicity mis-modelling, and for the relative contributions
of tt+ > 1b, tt+ > lc and tf + light processes. The scale
factors are defined as the ratio of observed yields in the con-
trol region after subtracting the non-fake-t,9 background
to the simulated fake tp,q predictions in bins of the p and
associated track multiplicity (1-prong or 3-prong) of the fake
Thad- They are also separated in terms of exclusive efficien-
cies of Th,q identification. The fake thg With pt < 100 GeV
have scale factors ranging from about 0.7 to 1.2 (0.8 to 1.2)
for 1-prong (3-prong) fake 7,44, depending on the pr and the
identification working point. The relative statistical uncer-
tainties in these corrections range from 10 to 30%. The scale
factors for fake th,q with pr > 100 GeV range between
0.5 and 0.9 (0.9 and 1.2) for 1-prong (3-prong) fake Thad,
with statistical uncertainties of up to 30% (20 — —60%).
The fake th,q rate depends on whether th,q originates from
a quark jet or a gluon jet. Any mis-modelling depending on
the fake thaq origin from quark- or gluon-jets is accounted
for as systematic uncertainties in the scale factors. As the
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composition of quark and gluon jets is different between the
tt+jets and Z + jets processes, the scale factors are similarly
derived using an alternative determination region dominated
by Z + jets events, as listed in the right sub-column of the
fake thaq SF column in Table 4. These alternative SFs are
consistent with the nominal within 10%. They are used as
systematic variations to cover for potential differences in the
fake tpag origin across the control regions and the signal
regions.

The estimated scale factors are validated in an indepen-
dent validation region selected with one light lepton and one
Thad With the same charge, as summarised in Table 4. Events
selected with the MET or BJET trigger category, at least two
jets (of which one or two are b-tagged) and exactly one light
lepton include fake tp,g contributions arising from various
processes, such as 17 + jets, W + jets and Z + jets. These
processes lead to different jet flavor composition faking tpaq.
The data show consistency with the modelling of the fake
Thad backgrounds. The validation of fake 7h,q scale factors
is further demonstrated in the distributions of Hr jes and
M (Thad,0 Thad,1), as shown in Fig. 8, in the 2tp,q > 3D region
where the fake 74,9 background is the dominant contribution.

6.4 Multijet production background

The multijet background originating from QCD processes is
estimated using two data-driven methods: for channels with a
single th,q the fake factor method [126] is used, while for two
or more Thyq channels the charge symmetry in the multijet
production is exploited. Details on the selection regions used
for the calculation of the scale factors can be found in Table
4.

The multijet QCD background estimate in the single Thaq
selection uses the fake factor method and relies on Loose,
Loose-not-Tight and Tight 7,5 identification working points,
where Loose-not-Tight refers to the 7,4 identification pass-
ing the Loose but failing the Tight definition. Two indepen-
dent control regions are used to estimate this background:
1) a region with Loose-not-Tight thag, but otherwise the
same event selection as the 17,9 SRs described in Table 2;
2) a region with Loose thyq and with one b-tagged jet, as
described in the second-to-last column of Table 4. A trans-

fer factor parameterised in p{™, defined as eqcp(pr™!) =
Thad

NgCD(p?‘“d) /NIQCD(PT ), is derived using the region 2),

where ]\NJSCD( pr) and N(%CD( pr“) represent the number

of Tight and Loose data events, after subtracting the non-
QCD background. The eqcp(pr™?) is used to evaluate the
number of QCD data events, NgCD( prd), inthe 1thaq > 3b
SRs with Tight selection:

T eQep(p1™)
Noep(pP™) =~
eEPT T 1 — eqen(p1™)

T—L /__Tha T-L Tha
[Ndata (pTh d) - NnonQCD(pTh d):|

where N (;El;]“( p%had) refers to the observed event count pass-
ing Loose-not-Tight tp,q in region 1) and N;FO;(LQCD (pr™) is
the non-QCD event yield from the simulation in the same
selection. This method uses the fact that the number of data
events in the Loose region equals the sum of events in the
Loose-not-Tight and Tight regions. The parameterised eqcp
estimate is done in binned pr?‘“d distributions separately for
1- and 3-prong tp,q in each of the STT and BJET selections.
A shifted inverse power-law (linear) fit function is used for
the 1-prong (3-prong) Thad.

The estimated multijet background, derived from the
parameterised fit functions is validated using events con-
taining single Tight-th,q, One b-jet, and at least four jets in
the MST and BJET trigger categories. The data show good
agreement with the predicted th,g pr and jet multiplicity dis-
tributions, both before and after the fit. Furthermore, Fig.7
shows that the multijet background in the > 3b region is
well-modelled across key kinematic variables used in NN
training.

Channels containing two oppositely charged thaq candi-
dates use the charge symmetry method to obtain the multijet
background. In this method, the multijet yields in regions
with two opposite-charge 7,9 and two same-charge thag are
assumed to be equal, Nérc‘%jos = Nérc"gss. The number of
events in the 27,,4SS selection is obtained from the data sub-
tracted by the non-QCD MC events, for which corrections
are applied as highlighted in Sects. 6.1 to 6.3.

The final normalisations of multijet background in the sig-
nal regions are determined in the simultaneous fit to data in
the signal and control regions, as summarised in Tables 2
and 5, respectively. The measured values of the three nor-
malisation factors in the 1tpyq > 3b MST, 1th,q >3 BIET,
and 27,9 > 3b MSDT regions are 0.97 £ 0.20, 0.89 £ 0.04,
1.02 £ 0.04, respectively, with correlations of less than 20%
among the corresponding fitted parameters. These values
refer to the scenario where the NN score distributions in a
signal region are evaluated considering the signal generated
mass of 1 TeV. The multijet background estimate is vali-
dated using regions selected with 0b, 1b, 2b and > 3b and
two opposite-charge tp,g for the STT and DTT trigger cat-
egories, with an additional requirement of at least three jets
in the region, and good agreement is found in all regions.

7 Systematic uncertainties

Various sources of systematic uncertainties are considered in
the analysis. These include the uncertainties from the recon-
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structed objects and from the theory modelling of various
physics processes that can impact the estimated signal and
background rates and the shape of the fitted distributions in
multiple event categories. The uncertainty on the integrated
luminosity is 0.83% [127].

The uncertainties in the scale factors applied to correct for
the efficiency differences between the data and MC simula-
tions in Thag [111], b-jet and E‘TniSS triggers, Thad reconstruc-
tion and identification [100, 101, 128], jet reconstruction and
vertex tagging [129,130], b-tagged jet identification [107],
and for the pile-up modelling [131] in the simulated events as
discussed in Sect. 4, are accounted for and they have a minor
impact on the results. Furthermore, uncertainties are consid-
ered for the energy scale and resolution of the jets [103], Thaq
[100] and E%‘iss [109], and are found to be negligible. All
of these experimental uncertainties are treated as correlated
among the signal and background processes.

In order to estimate the effect of higher-order corrections
in the calculations, the impact of variations in the QCD renor-
malisation (u r) and factorisation (i ) scales, with respect to
the nominal scales, as well as the uncertainties in the PDFs are
evaluated on the VLL signal acceptance in the signal regions.

Modelling uncertainties associated with the ¢7 + jets pro-
cesses are evaluated by comparing the fit distributions from
the nominal MC 7 samples with those from the alternative
MC generator predictions, as listed in Table 1. For these
uncertainties, the nuisance parameters (NPs) representing the
tt+ > lc and 7 + light processes, as well as those repre-
senting various 7+ > 1b processes (¢t + 1b with the addi-
tional b-jet containing one b-hadron, ¢7 + 1B with the addi-
tional b-jet containing more than one b-hadrons, tf + 2b,
and tt+ > 3b) are treated independently in the fit. Further-
more, the overall acceptance and shape effects are estimated
separately. The impact of producing the additional b-jets by
an NLO QCD calculation is evaluated using the ¢7bb four-
flavour scheme sample as listed in Table 1. Additional uncer-
tainties are evaluated from variations of the renormalisation
and factorisation scales in the matrix element calculations
by a factor of 0.5 and 2 and from the upward and downward
variations of QCD scales for the initial- and final-state radi-
ations as implemented in the parton shower model. As the
tf + jets events are reweighted according to NNLO+NNLL
QCD and NLO EW theory predictions in terms of top quark
pr and the 7 system pr and mass, the corresponding uncer-
tainties are applied in the analysis. As mentioned in Sect. 6.1,
the normalisations of t7+ > 1b, ri+ > 1c¢ and 7 + light pro-
cesses in each alternative 1 MC sample are scaled, before
employing the corresponding distributions in the fit, to the
respective estimated yields in the nominal 1z MC sample.

For the Z + jets process, which has a very small con-
tribution in the signal regions, only the uncertainties in the
Z + LF and Z 4 HF normalisation parameters are taken
into account. The W + jets process gives a negligible con-
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tribution, so only a 5% theory uncertainty in the production
cross-section is taken into account [132]. The multijet back-
ground has corresponding uncertainties assigned depending
on the estimation method used for 17,9 and > 21p,4 regions.
The statistical and systematics uncertainties in the fake thyq
scale factors, as discussed in Sect. 6.3, are taken into account
depending on the th,q pr and prongness. The diboson pro-
cesses have negligible contributions in the signal and control
regions. The uncertainties due to the modelling of these pro-
cesses are evaluated by varying the QCD renormalisation
and factorisation scales by a factor of 0.5 and 2, relative to
the nominal scales. A 4% uncertainty is taken in the inclu-
sive production cross-section, and an additional uncertainty
of 30% is considered for the process with heavy-flavour jets
[133].

Theory uncertainties due to the modelling of 1tW, t7Z,
and 17 H processes are included in the analysis. The uncer-
tainties are evaluated by comparing the fit distributions from
nominal MC samples to those from the alternative MC gen-
erator predictions of each process, as listed in Table 1. Fur-
ther uncertainties are evaluated from the QCD renormalisa-
tion and factorisation scale variations by a factor of 0.5 and
2, relative to the nominal scales used in each MC sample.
Uncertainties of 50% [133], 15%, [134,135] and 11% [136]
are assigned on the theory cross-sections for the 1t W, 11 Z,
and t7 H processes, respectively.

Uncertainties in the modelling of other rare processes
(such as t(Z/y™*), tW(Z/y*), tit, ttWTW~, VH, tribo-
son) are taken into account by assigning uncertainties up to
50% in the production cross-sections. These are conservative
uncertainties to account for limited information on the cor-
rect modelling of these background processes. The choice
of the size of these uncertainties has a negligible impact on
the results. The #7¢7 cross-section is scaled to the measured
value [137] and a 29% uncertainty is assigned as normalisa-
tion uncertainty on this background.

The impact of various categories of uncertainties on the
observed signal-strength parameter w is quantified. The
parameter u is defined as a multiplicative factor applied to
the predicted yield for the pair-produced VLL signal. Table 6
summarises the impact on p for the 0.4 TeV and 1 TeV VLL
signal hypotheses. The impact of each NP on the p is eval-
uated by comparing the nominal best-fit value of u with the
result of the fit when fixing the considered NP to its best-fit
value shifted by its post-fit uncertainty.

8 Results

A maximum-likelihood fit is performed for each signal
hypothesis on all bins of the seven CRs and five SRs defined
in Sect.5 to determine the VLL signal cross-section and
the normalisation factors of the tr4+ > 1b, tt+ > lc,
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Table 6 Contribution of different uncertainties to the combined like-
lihood fit for the observed signal strength 1, assuming a VLL mass of
either 0.4 TeV or 1 TeV. The impact of each nuisance parameter (NP) is
computed by comparing the nominal best-fit value of p with the result
of the fit when fixing the considered NP to its best-fit value shifted by
its post-fit uncertainty. The impact of a group of NPs is obtained by
summing in quadrature the impacts of all nuisance parameters in this

category. The fractional contribution of an uncertainty source refers to
the ratio of the uncertainty in u resulting from the fit when fixing the cor-
responding NP to the uncertainty in the best-fit value of u. The ‘Other
background’ category refer to the uncertainties from the fake thyq and
the rare SM background contributions such as 17 W and ¢7t7, the relative
contribution of these backgrounds vary with the signal mass

Uncertainty component

Fractional contribution [%]

Fractional contribution [%]

myrL = 0.4 TeV myrL =1 TeV
Experimental
Jet energy scale 5.2 35
Jet energy resolution 4.6 1.9
Thad €nergy scale 9.7 1.1
Thad identification 6.3 2.5
Flavour tagging 6.0 4.3
BJET trigger scale factors 6.2 2.1
STT trigger scale factors 0.2 0.3
DTT trigger scale factors 0.8 1.6
E{-"i“ scale and resolution 1.7 0.8
Others (JVT, pileup reweighting, luminosity) 43 1.1
Signal and background modelling
Background normalisations 34 16
tf + jets modelling 47 11
QCD modelling 14 8
Other background 10 11
Signal modelling 0.1 0.1
MC statistics 34 39
Total systematics 74 46
Data statistics 67 88

tf + light, Z + LF, Z + HF, Multijet 1thoq > 3b MST,
Multijet 1tpag > 30 BJET and Multijet 21,9 > 30 MSDT
processes. The Multijet 27,92 control region is binned in
the n™d!D distribution, whereas the total event yield (i.e. a
single bin) is used in the remammg control regions.

The likelihood function £(u, A 0) is constructed as a
product of Poisson probability terms over all bins consid-
ered in the search. It depends on u, X, the normalisation
factors for several backgrounds (see Sect.6), and 5 a set
of NPs encoding systematic uncertainties in the signal and
background expectations [138]. The predicted signal yield
depends on the assumed mass myyy. Systematic uncertain-
ties, summarised in Sect.7, can impact the estimated signal
and background rates, the migration of events between cate-
gories, and the shape of the fitted distributions. Both u and A
are treated as free parameters in the likelihood fit. The NPs
6 allow variations of the expectations for signal and back-
ground according to the systematic uncertainties, subject to
Gaussian constraints in the likelihood fit. Their fitted values
represent the deviations from the nominal expectations that
globally provide the best fit to the data. Statistical uncer-

tainties in each bin due to the limited size of the simulated
samples are taken into account by dedicated parameters using
the Beeston—Barlow ‘lite’ technique [139].

The test statistic g, 1s deﬁned as the proﬁle likelihood
ratio: ¢, = —2In(L(k, )\M, GM)/E(M,

k , and 9 are the values of the pararneters that maximise

u)) where [i,

the likelihood function, and A x and 9 u are the values of the
parameters that maximise the likelihood function for a given
value of 1. The test statistic g, is evaluated with the RooFit
package [140]. A related statistic is used to determine the
probability that the observed data are compatible with the
background-only hypothesis (i.e. the discovery test) by set-
ting u = 0 in the profile likelihood ratio (gg). The p-value
(referred to as pg) representing the probability of the data
being compatible with the background-only hypothesis is
approximated using the asymptotic formulae given in Ref.
[141], above the observed value of gq.

A comparison of the distributions of observed and expected
events in the five SRs is presented in Figs.9 and 10 after the
combined likelihood fit under the background-only hypothe-
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Fig. 9 Comparison between data and the background prediction for of the data to the background (‘Bkg.”) prediction is shown in the lower
the event yields in all four 17,,q signal region categories: a 1tpag3b panel. The size of the combined statistical and systematic uncertainty
MST, b 1thag > 4b MST, ¢ 1th,q3b BJET, and d 1t > 46 BJET, in the background prediction is indicated by the blue hatched band. The
with the NN distributions corresponding to myyy, =1 TeV. The back- blue triangles indicate points that are outside the vertical range of the

ground contributions after the likelihood fit to data (‘Post-Fit”) under the figure
background-only hypothesis are shown as filled histograms. The ratio
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Fig. 10 Comparison between data and the background prediction for
the event yields in the 21,9 > 3b MSDT signal region category with the
NN distribution corresponding to mvyy . =1 TeV. The background contri-
butions after the likelihood fit to data (‘Post-Fit") under the background-
only hypothesis are shown as filled histograms. The ratio of the data to
the background (‘Bkg.”) prediction is shown in the lower panel. The size
of the combined statistical and systematic uncertainty in the background
prediction is indicated by the blue hatched band. The blue triangles indi-
cate points that are outside the vertical range of the figure

Table 7 Summary of observed and predicted yields in the five signal
region categories, corresponding to their respective data luminosities.
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, while the NN score is evaluated fora 1 TeV
mass in the signal region. The expected signal yields that are obtained by
using their theory cross-sections are also shown with their pre-fit uncer-

10% ¢ E
% " i R
£ 098
0 0.96

h 75 h =2 ;2 2 ée
aq 2b & 20 2b £y % 26 g ”ad b py,c0 "2 Ob ,ncg,, hag Tb meor "aa 2
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Fig. 11 Comparison between data and the background prediction for
the event yields in the seven control region categories. The ratio of the
data to the background (‘Bkg.”) prediction is shown in the lower panel.
The size of the combined statistical and systematic uncertainty in the
background prediction is indicated by the blue hatched band

sis, considering a mass of 1 TeV in the evaluation of NN score
distribution. Overall, there is good agreement between the
data and the predicted background yields across all event cat-
egories, with the lowest p-value for data-background com-
patibility of 0.043 observed in the 17,9 36 MST region. After
the fit, no NPs show significant deviations or constraints from
their nominal values, indicating that all the systematic uncer-
tainties considered in the analysis are well-behaved. There
are also no strong correlation factors among the fitted values
of the normalisation parameters of ¢ +jets, Z-+jets and multi-
jet background. The main uncertainty in this analysis comes

tainties, assuming =1 for an myyp mass of 1 TeV. The uncertainties
correspond to the combined statistical and systematic uncertainties in
the predicted yields. Total background yield uncertainties are smaller
than the quadratic sum of individual backgrounds due to correlations in
uncertainty components and normalisation factors. The ‘Others’ con-
tribution is dominated by ¢777 and 1t W

17haa3b MST 1Thad >4b MST 1Thaa3b BIET 1Thaa >4b BJET >27paa >3b MSDT
(140 fo—1) (140 fb—1) (126 b~ 1) (126 b~ 1) (140 fo—1)
Data 3062 244 20020 2482 394
Total background 3070 + 50 250+ 13 20010 + 140 2490 + 50 398 + 18
1+ > 1b 720 + 140 141 £22 2300 + 500 620 £ 90 90 + 18
ti+ > le 590 =+ 230 41+ 17 1600 + 600 130 £ 50 41417
17 + light 1080 =+ 120 103 +29 2650 + 340 45+ 11 155433
Z + jets 16.6 £ 1.7 1.08 +£0.16 79 + 14 84+1.8 36.0 + 3.1
Multijets 200 + 40 1345 10200 + 500 1210 & 70 36 £9
Others 240 + 50 2744 480 + 110 85 + 12 18.9 £ 3.1
Fake Tpag 214 +23 18+ 4 2730 + 270 390 + 40 160 + 18
myrL 1.0 TeV 6.07 £0.23 437 +£0.24 1.32£0.13 1.10£0.14 3.41+£0.19
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Fig. 12 Observed (solid line with markers) and expected (dashed line)
95% CL upper limits on the VLL pair production cross-section (oyyy)
times branching ratio (BR) to third generation quarks and leptons as
a function of mvyyy. The limits presented in black lines are obtained
after combining all five signal regions. The inner green (outer yellow)
band corresponds to the =1 0 (£2 o) uncertainty around the combined
expected limit. The 95% CL expected upper limits in the three individ-
ual channels (1thag > 3b MST, lthag > 3b BJET and > 2thyq > 30
MSDT) are shown for comparison. The solid red line represents the
theory prediction of the VLL pair production cross-section at NLO in
QCD

from the limited data statistics. The corresponding post-fit
yields for the five SRs can be found in Table 7. The data and
expected yields in the seven CRs after the combined likeli-
hood fit under the background-only hypothesis are shown in
Fig. 11. As summarised in Table 6, the systematic uncertainty
with the largest impact on the signal strength originates from
the background MC statistical uncertainty as well as from the
tf + jets background modelling. In general, good agreement
between the data and predicted background yields is found
across all event categories. The observed pg is checked for
each explored signal scenario, and the smallest value is found
to be 0.13, corresponding to a local significance of 1.1, for
the 400 GeV signal point.

In the absence of any significant excess, upper limits on
the signal production cross-section for each of the signal sce-
narios considered are derived by using g, in the CLs method
[142,143]. For a given signal scenario, values of the produc-
tion cross-section (parameterised by ) yielding CLg < 0.05,
where CL; is computed using the asymptotic approximation
[141], are excluded at >95% confidence level (CL).

Figure 12 shows the 95% CL upper limits on the VLL pair
production cross-section times branching ratio as a function
of myrL. The observed and expected 95% CL lower lim-
its on myr are 910 GeV and 970 GeV, respectively. When
accounting for systematic uncertainties, the cross-section
limits degrade by only 8% for VLL masses around 1 TeV, and
they degrade by 25—70% for VLL masses below 0.6 TeV.
The upper limits on the VLL production cross-section, calcu-
lated using pseudo-experiments for the CLg method, are con-
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Fig. 13 Observed (solid line with markers) and expected (dashed line)
95% CL upper limits on the higgsino pair production cross-section
(Ohiggsino) times branching ratio (BR) to third generation quarks and
leptons as a function of mpiggsino. The limits presented in black lines
are obtained after combining all five signal regions. The inner green
(outer yellow) band corresponds to the £1 o (2 o) uncertainty around
the combined expected limit. The 95% CL expected upper limits in
the three individual channels (1thyq > 3b MST, 1th,q > 3b BJET and
> 2Thad > 3b MSDT) are shown for comparison. The solid red line
represents the theory prediction of the higgsino pair production cross-
section at NLO in QCD

sistent with the presented results within 5% in the most sen-
sitive regions. However, for mvyy 1, below 600 GeV or above
1100 GeV, the limits derived from pseudo-experiments are
up to 20% higher due to low background yields in the most
sensitive bins.

This analysis, the first search from the ATLAS Collab-
oration for VLLs decaying through U; to third generation
SM fermions, excludes the 600 GeV VLL mass, which is a
representative point within the mass range where the CMS
Collaboration reports an excess, including a 2.8c excess at
this specific mass [43]. The observed pg in the analysis pre-
sented here for the same representative signal mass point
is 0.18, corresponding to a local significance of 0.90. The
95% CL observed (expected) upper limit on the signal cross-
section for the VLL mass of 600GeV is 5.8 fb (4.1 fb).
In the CMS Collaboration analysis [43], the corresponding
expected upper limit is about 10 fb, with the most sensi-
tive channel selected with: a trigger requiring three b-tagged
jets and event selections with at least four jets (pt thresh-
olds of 80, 65, 50, and 50 GeV), three or more of which are
b-tagged jets, along with two or more thag (pr > 20 GeV),
Hr jers > 400 GeV and EF$ > 40 GeV. The ATLAS search
sensitivity is driven by the > 21,4 > 30 MSDT channel in the
investigated mass range (200 GeV-1500 GeV). At high mass
(myrL > 700 GeV), the 1th,q > 3b MST channels reinforce
the sensitivity further as illustrated in Fig. 12.

The NN optimised for the VLL signal is also applied to
the RPV SUSY signal, with the corresponding distributions
from the signal and control regions included in the simulta-
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Fig. 14 Observed (solid line with markers) and expected (dashed line)
95% CL upper limits on the wino pair production cross-section (oyino)
times branching ratio (BR) to third generation quarks and leptons as
a function of myine. The limits presented in black lines are obtained
after combining all five signal regions. The surrounding inner green
(outer yellow) band corresponds to the £1 o (2 o) uncertainty around
the combined expected limit. The 95% CL expected upper limits in
the three individual channels (1thag > 3b MST, lth,g > 3b BJET
and > 21,9 > 3b MSDT) are shown for comparison. The solid red
line represents the theory prediction of the wino pair production cross-
section at NLO in QCD

neous fit. The resulting cross-section times branching ratio
limits are derived for electroweakino pair production under
the higgsino or wino mixing assumptions in the RPV SUSY
models, as shown in Figs. 13 and 14. The kinematic distribu-
tions of the final states from these SUSY models, where the
chargino/neutralino decays into third generation fermions,
are close to those obtained from the VLL pair processes.
The signal cross-sections in these models show only minimal
differences compared to the background size, and the back-
ground normalisation factors obtained from the fit remain
unchanged. The 95% CL lower limits were set on the higgsino
mass Mhiggsino Of 880 GeV (940 GeV) and on the wino mass
Mywino Of 1170 GeV (1170 GeV) for the observed (expected)
values.

9 Conclusion

A search for electroweak production of vector-like leptons
as predicted in the ‘4321’ model is performed using the
A/s = 13TeV dataset collected with the ATLAS detector
at the LHC, corresponding to an integrated luminosity of
126 fb~! to 140 fb~!. The signal regions characterised by
the presence of b-jets and hadronically decaying t-leptons
are optimised using neural networks parameterised in the
generated mass of the vector-like lepton signal. The likeli-
hood fits to data using the discriminant score distributions
across the signal and control regions show good consistency
of data with the SM background predictions. Upper limits

(expected) limit on the vector-like lepton mass at 910 GeV
(970 GeV). The results are also interpreted in context of RPV
SUSY models leading to similar final states, for which the
observed (expected) lower limits on the higgsino mass in the
higgsino mixing model is 880 GeV (940 GeV) and on the
wino mass in the wino mixing model is 1170 GeV (1170
GeV).
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